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PREFACE

Copper (Cu), an essential trace element, is required for the survival of organisms
ranging from bacteria to mammals. Because Cu ions can adopt distinct redox states (oxi-
dized Cu[lI] or reduced Cu[l]), they play a pivotal role in cell physiology as catalytic
cofactors in the redox chemistry of enzymes involved in a broad spectrum of biological
activities. For example, copper is an important cofactor in mitochondrial respiration, iron
absorption, collagen and elastin crosslinking, and free radical scavenging.

Copper balance studies in volunteer human subjects have indicated a minimum require-
mentof 1.5-2.0mg per diem. Therefore, the RDA (Recommended Dietary Allowances) has
been set at 2—-3 mg per diem. In the United States, the average daily intake of Cu is approx
1 mg and diet is the primary source. The bioavailability of Cu from the diet is about 65—-70%
depending on a variety of factors including its chemical form and interaction with other
metals and dietary components. Although ingested Cu is readily absorbed, little excess is
stored. Therefore, it is both noteworthy and puzzling that symptoms of Cu deficiency have
not been identified in the general population. However, the biological half-life of dietary Cu
is 13-33 d with biliary excretion being the major route of elimination. In healthy persons,
serum Cu concentrations range up to approx 1.5 mg/L. Gastrointestinal symptoms occur at
whole blood concentrations near 3.0 mg Cu/L.

It is well known that Cu plays a fundamental role in the biochemistry of the human
nervous system. The dramatic neurodegenerative phenotypes of Menkes and Wilson
diseases underscore the essential nature of this metal in nervous system development and
the consequences of perturbation of neuronal Cu homeostasis. In addition, inherited loss
of ceruloplasmin, an essential ferroxidase contains 95% of the Cu found in human plasma,
is associated with progressive neurodegeneration of the retina and basal ganglia. Recent
studies also have implicated Cu in the pathogenesis of neuronal injury in Alzheimer's
disease and the prion-mediated encephalopathies, suggesting that further elucidation of
the mechanisms of Cu trafficking and metabolism within the nervous system will be of direct
relevance to understanding the pathophysiology and treatment of some neurodegenerative
diseases.

Free radical damage has been implicated in several pathological conditions of the
central nervous system (CNS) and multiple lines of evidence implicate redox-active tran-
sition metals as the mediators of the oxidative stress associated with these disorders. Free
radicals produce tissue damage through a variety of mechanisms, including excitotoxicity,
metabolic dysfunction, and disturbance of intracellular calcium homeostasis. Consider-
able research data implicate oxidative stress in ischemia/reperfusion injury and chronic
neurodegenerative disorders such as familial amyotrophic lateral sclerosis (ALS) and
Parkinson's disease. Gain-of-function missense mutations in the cytosolic Cu/Zn enzyme,
superoxide dismutase, are associated with the motor neuron degeneration of ALS and
current evidence suggests a direct pathogenic role for Cu in this process. It would appear
then that therapeutic approaches focused on limiting oxidative stress may be useful in
ameliorating such conditions.

The precise distribution of Cu in the cell occurs through diverse pathways. For
example, the delivery of Cu to Cu/Zn superoxide dismutase (SOD1) is mediated through a
soluble factor identified as Saccharomyces cerevisiae L'YS7 and human CCS (Cu chaperone
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for SOD). This factor is specific for SOD1 and does not deliver Cu to proteins in the mitochon-
dria, nucleus, or secretory pathway. Yeast cells containing a lys7Delta null mutation have
normal levels of SOD1 protein but fail to incorporate Cu into this enzyme which is, therefore,
devoid of superoxide scavenging activity. LYS7 and CCS specifically restore the biosynthesis
of holoSOD1 in vivo. Elucidation of the CCS Cu delivery pathway may aid development of
novel therapeutic approaches to human diseases that involve SOD1 such as ALS.

Recently, components of the Cu homeostasis system of humans have been character-
ized at the molecular level. These include Cu-transporting P-type ATPases, Menkes and
Wilson proteins, and Cu chaperones. The findings have contributed to a better understand-
ing of the physiology of both Cu deficiency and toxicity. For example, because Cu is
highly toxic, cellular uptake and intracellular distribution must be precisely orchestrated
processes. Thus, Cu homeostasis is maintained by the coordinated activity of a number of
proteins thatresults inits delivery to specific subcellular compartments and, subsequently,
Cu-requiring proteins without release of free Cu ions that could damage cellular compo-
nents. Genetic studies in prokaryotic organisms and yeast have identified membrane-
associated proteins that mediate the uptake or export of Cu from cells. Within cells, small
cytosolic proteins, the Cu chaperones, bind Cu ions and deliver them to specific compart-
ments and Cu-requiring proteins. The identification of mammalian homologs of these
proteins supports a structural and functional conservation of Cu utilization across the evo-
lutionary spectrum from bacteria to yeast to mammals. Furthermore, studies of the func-
tion and localization of the products of the Menkes and Wilson’s disease genes, which are
defective in patients afflicted with these diseases, have provided valuable insight into the
mechanisms of Cu balance and their role in maintaining appropriate Cu distribution in
mammalian cells and tissues.

In Wilson’s disease, a Cu toxicosis condition, and Menkes disease (including mild Menkes
disease and occipital horn syndrome [OHS]), a Cu deficiency disorder, Cu homeostasis is
perturbed by genetic mutation. Wilson’s disease is an autosomal recessive inherited disorder
of Cu metabolism resulting in pathological accumulation of Cu in many tissues and organs.
The Menkes disease complex of related disorders of Cu transport are responsible for abnor-
mal neurodevelopment and connective tissue pathology that can precipitate premature death.
In addition, excessive intake of Cu can result in early childhood cirrhosis (ECC, Indian
Childhood Cirrhosis [ICC] or, when found outside India, Idiopathic Cu Toxicosis [ICT]).

Menkes disease is arecessive, X-linked neurodegenerative disease that occurs in approx
1 in 200,000 live births. The affected males manifest a systemic Cu deficiency due to
malabsorption caused by a defect in the Menkes (ATP7A) gene, designated MNK, which
encodes a transmembrane Cu-transporting P-type ATPase that functions to export dietary
Cu from the gastrointestinal tract. Based on homology to known P-type ATPases, the
MNK gene product is highly evolutionarily conserved. Copper export from the gastrointes-
tinal tractis activated upon the binding of Cu(I) to the six metal-binding repeats in the amino-
terminal domain of the Menkes protein. Each of the Menkes protein amino-terminal
repeats contains a conserved -X-Met-X-Cys-X-X-Cys- motif (where X is any amino
acid). Such metal-binding repeats are conserved in other cation-exporting ATPases
involved in metal metabolism and in proteins, such as metallothionein, involved in cel-
lular defense against heavy metals intoxication. Owing to reduction/loss of Menkes pro-
tein activity and dietary intake, Cu accumulates in the cytoplasm of cells of the intestine
bound to metallothionein resulting, ultimately in the Cu deficiency syndrome pathogno-
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monic of Menkes disease. In addition to neurological perturbation, characteristic features
of the disease include arterial degeneration and hair abnormalities that can be explained
by the decrease in the activity of cuproenzymes.

Mild Menkes disease and OHS (a mild Menkes disease variant) also have been identified
as genetic disorders resulting from mutations within the Menkes disease gene. Because the
clinical spectrum of Menkes disease is broad, males with mental retardation and connective
tissue abnormalities should be screened for biochemical evidence of defective Cu transport.
The Menkes/OHS gene normally is expressed in nearly all human tissues and its Cu-trans-
porting P-type ATPase productlocalizes to the trans-Golgi network. Mutations of the Menkes
gene show great variety, including missense, nonsense, deletion, and insertion mutations.
In over 70% of the Menkes and OHS patients studied, expression of the gene is abnormal.
Major gene deletions, detectable by Southern blotting, account for 15-20% of Menkes/OHS
patients. The central region of the gene appears particularly prone to mutation and mutations
affecting RNA processing appear to be relatively common. Mutations in the Menkes gene
in patients with mild Menkes disease or OHS indicate these diseases to be allelic variants
of Menkes disease. Improved understanding of the molecular and cell biological mecha-
nisms involved in normal Cu transport ultimately may yield new and better approaches to
the management of these disorders. Of interest in this regard are mutations in the mottled
gene, the murine homolog of the Menkes gene. Mutations of this gene have been demon-
strated in mottled mutant mice that display biochemical and phenotypic abnormalities simi-
lar to those observed in patients with Menkes disease.

The objective in treatment of Menkes disease and OHS is to deliver Cu to the intracel-
lular compartments where cuproenzymes are synthesized. Currently, the treatment of choice
is parenteral Cu administration. Unfortunately, in patients with classical Menkes disease,
treatment started after the age of 2 mo does not prevent the characteristic neurological
degeneration. Even when treatment is initiated in newborns, neurological degeneration is
prevented only in some cases. Moreover, early treatment cannot improve non-neurological
problems such as perturbed connective tissue development.

The Wilson’s disease gene encodes a Cu-transporting P-type ATPase, ATP7B. In humans,
it is localized on chromosome 13. Approximately 100 mutations of the gene have been
documented. They occur throughout the gene. The most common is the His1069GlIn point
mutation. Wilson’s disease includes a variety of clinical conditions, the most common of
which are liver disease (ranging from acute hepatitis to fulminant hepatic failure and
chronic hepatitis to cirrhosis), hemolytic anemia and neuropsychiatric disturbances. The
diagnosis of Wilson’s disease usually is made on the basis of clinical findings (Kayser—
Fleischer rings, typical neurologic symptoms) and abnormal clinical laboratory values
(e.g., low serum ceruloplasmin, increased hepatic Cu content). Lifelong treatment with
chelating agents (D-penicillamine, trientine) or zinc usually is sufficient to stabilize the
patient and to achieve clinical remission in most.

Liver diseases of infancy and childhood generally are rare and, within the spectrum of
these disorders, only a few subtypes are related to abnormal hepatic Cu accumulation.
Idiopathic Cu toxicosis has been defined as such a subtype. Although this disease is
characterized by distinct clinical and pathologic features, its exact etiology is controver-
sial. Ithas been hypothesized that idiopathic Cu toxicosis is caused by synergistic interaction
between an autosomal recessive inherited defect in Cu metabolism and excess dietary Cu. In
this regard, numerous cases of infantile cirrhosis originating in several families in the
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Austrian province of the Tyrol have been investigated. Although termed Endemic Tyrolean
Infantile Cirrhosis (ETIC), this disorder is indistinguishable from Indian Childhood Cir-
rhosis (ICC) and Idiopathic Cu Toxicosis (ICT) and resembles the early form of Wilson’s
disease (WND). It was suggested that ETIC might be the manifestation of an allelic variant
of the WND gene, which codes for the ATP7B Cu-transporting P-type ATPase. Assuming
that the incidence of ETIC is the result of a founder effect, the possible role for ATP7B in
ETIC was investigated by association studies and haplotype sharing. Because of its lethal-
ity, the mapping of ETIC had to focus on obligate gene carriers, the parents of the patients.
The data obtained indicated that ETIC is a genetic entity separate and distinct from WND.
Cases of Cu-associated Early Childhood Cirrhosis (ECC) have been reported from Austria,
Australia, Germany, Ireland, and the United States. Cases occurring in India are designated
Indian Childhood Cirrhosis (ICC) while cases occurring outside of India are designated
Non-Indian Childhood Cirrhosis (NICC) or Idiopathic Cu Toxicosis (ICT ). It is of interest
to note that eight cases of infantile liver cirrhosis, classified as ICT, were reported in five
families in Emsland, a predominantly rural area in Northern Germany. In two of these cases,
although the children had been exposed to increased levels of dietary Cu, a diagnosis of ICT
could not be confirmed. However, in the remaining six cases, clinical presentation and liver
pathology were consistent with a diagnosis of ICT. Analysis of the pedigrees of the affected
families revealed complex relationships and occasional consanguinity among the parents
suggestive of an autosomal recessive mode of inheritance. Furthermore, the households
were served by private wells delivering water of low pH through Cu pipes. Thus, chronic
alimentary exposure to increased levels of Cu may have precipitated the condition. The
findings of this investigation support the hypothesis that ICT develops in genetically predis-
posed infants who are exposed to increased levels of dietary Cu. It should be emphasized
that, although reducing dietary Cu intake cannot prevent the development of Wilson's dis-
ease, it can alleviate the symptoms of ICT.

The gene associated with Wilson’s disease (ATP7B) as well as the Cu-transport genes h(CTR 1,
hCTR2, and ATOX1 have been excluded as etiologic agents both in NICC and Cu toxicosis in
Bedlington terriers (which is phenotypically similar to Wilson’s disease and ICC). A genome-
wide screen is being carried out to localize the NICC gene. If the NICC and Bedlington terrier Cu
toxicosis genes are homologous, the canine mutation should be of great utility in defining the
molecular pathology of NICC. If there is no homology, the genes will still represent an impor-
tant addition to the list of genes associated with mammalian diseases of Cu metabolism.

It has been suggested that elevated Cu concentrations in wheat and maize from an area
of China (Linzhou) at high risk area of esophageal cancer may be related to the etiology of
this cancer. Unfortunately, there is little information on the possible association of excess
dietary Cu and cancer. Indeed, there is little information on the relation (if any) of Cu status
and most diseases afflicting humans in particular and animals in general. This situation is
even less clear with regard to the plant kingdom and the so-called “lower organisms.”
Obviously, there is much work to be done. With this in mind, the Handbook of Copper
Pharmacology and Toxicology has been developed to provide researchers and students with
aview of the current status of research in selected areas of Cu pharmacology and toxicology
and to stimulate research in these areas. If the Handbook proves useful, updated versions will
be forthcoming. Therefore, we invite your comments and suggestions.

Edward J. Massaro
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Biochemistry and Molecular Biology
of Copper in Mammals

Maria C. Linder

1. NUTRITIONAL BIOCHEMISTRY AND METABOLISM

In this chapter, we review what we know about the availability of copper in foodstuffs, its intesti-
nal absorption, transport to cells and tissues, uptake by and distribution within cells, and its metabo-
lism, release, and excretion from the body. The emphasis is on the adult human being. More detailed
information may be found in books edited by Linder (/,2), Sarkar (3), and Leone and Mercer (4),
1996 reviews by Linder (5) and Linder and Hazegh-Azam (6), and more specialized reviews by
Harris (7), Pena et al. (8), Linder et al. (9,10), and others (11,12).

1.1. Dietary Copper Intake

Copper is an essential trace metal found in the Cu(II) and Cu(lI) states in all living organisms.
Table | presents average values for concentrations of copper in water, soil, and different kinds of
foodstuffs. For humans and other mammals, the best plant food sources are seeds, including whole
grains, nuts, and beans, where (like most trace elements and vitamins) it is concentrated in the germ
and bran. The best animal food sources are shellfish and liver. Even with copper piping, drinking
water does not normally contribute significantly to intake (/3).

In mammals, virtually all copper is taken in through the diet and absorbed from the gastrointesti-
nal tract, although small amounts can penetrate the skin when applied in specific ointments and even
by leaching into the sweat from copper bracelets (/4,15). Average intakes of copper by human adults,
at least in the United States and Western Europe, are about 1 mg/d, although they vary in the range
from 0.6 to 1.6 mg (1,16,17). Very recently, a US Recommended Daily Allowance (RDA) of 0.9 mg
for normal adult women and men (with higher levels for pregnant women) was hammered out by a
committee of the National Academy of Sciences (/8), replacing the earlier “safe and adequate intake”
range of 1.5-3.0 mg/d. This considerably lower recommended value is based in part on data obtained
from copper balance studies in young men maintained for 2.5-6 wk on diets delivering specific levels
of copper (from 0.66 to 0.38 and then 2.49 mg/d) (16—19). These studies showed that, at least acutely,
humans could adapt considerably to changes in copper intake, retaining more and excreting less
when intake was low, and vice versa. Even those on the lowest intake (0.38 mg/d) for 6 wk only,
lowered their plasma ceruloplasmin—copper concentrations about 10% (still among the most sensitive
indices of copper status). At higher intakes, the percentage of copper absorbed was less and body turnover
(excretion) was enhanced (/9). Excretion was the main factor controlling homeostasis. Although an

From: Handbook of Copper Pharmacology and Toxicology
Edited by: E. . Massaro © Humana Press Inc., Totowa, NJ
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Table 1
Copper Content of Water, Soil, Foods, and Mammalian Organs (Range of Average Values)
Item Copper content (Ug/mL or g wet weight)
Uncontaminated fresh water 0.0001-0.001 (proposed WHO limit 2 pg/mL)
Uncontaminated seawater
Surface 0.001
1000 m below 0.1
Soils (other than rocks, where most Cu is)
Inorganic >4
Organic 20-30
Vegetables 0.3-3
Fruits 0.4-1.5
Seeds and grains (whole) 3-8
Nuts (whole) 6-37
Potatoes 2.1
Maize 1.4
Yeast 8
Shellfish 12-37
Fish
Freshwater 0.3-3
Seawater 2-3
Liver and kidney 4-12
Heart 4.5-4.8
Brain 3.1-5.2
Muscle 0.9-1.0
Hair and nails 8-20

Note: Range of average values is from ref. /.

adaptability to copper intake is supported, at least indirectly by other research, not everyone will
agree that the recommended intake might not have some negative consequences, long term. It is true
that actual intakes of copper by Americans and Europeans are mostly within the recommended range
and that overt copper deficiency is rare. Overt deficiency (with severe developmental consequences)
occurs when there is a genetic defect in the functioning of a copper transporter (ATP7A), resulting in
Menkes disease or the milder Occipital Horn Syndrome (see Sections 1.2. and 1.5.). Marginal defi-
ciency is another question, and until we know how to define this better, some concerns about ad-
equacy of intake will continue.

1.2. Copper Absorption

In humans and other mammals where it has been tested, copper is absorbed primarily or ex-
clusively by the small intestine. (There may be some absorption in the stomach, but the available
data are contradictory [7].) The percentage of copper absorbed is inversely related to dose (7,5),
particularly in the extremes; at low doses, most of the copper in the diet is absorbed; at high
doses the percentage is much lower (only 10% in the case of rats given 10 times the normal
intake //]). In humans with normal intakes, 55-75% is absorbed; in rats, the average percentage
is somewhat less (30-50%). These values are based on the appearance of radioactive or heavy
isotopes of copper in blood and tissues. It should, however, be pointed out that in addition to the
approx 1 mg of copper received daily in the diet, a great deal more copper enters the digestive
tract daily from endogenous organs and tissues, and most of that is reabsorbed as well (1,5). In
humans, saliva (0.33-0.45 mg), gastric juices (1 mg), the bile (2.4 mg), as well as pancreatic
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(0.4-1.3 mg) and duodenal fluids (0.4-2.2 mg) daily contribute an average of between 4 and 7.5
mg of additional copper to the contents of the digestive tract, and all but about 1 mg of that
copper is reabsorbed. The 1 mg or so not reabsorbed represents most of copper excreted daily by
human adults. Very little copper exits the body by other routes (only 30—-60 pg/d in the urine of
adult humans) (7,5). This means that copper is very actively recycled between the digestive tract
and body fluids and tissues (particularly the liver) and that dietary copper is only a small propor-
tion of the total absorbed daily. Copper secreted via the bile is the least readily reabsorbed, thus,
the bile is the main route for copper excretion for the mammal (see Section 1.5.).

As concerns the details of intestinal copper absorption, the mechanisms by which it enters the cells
of the intestinal mucosa and crosses into the interstitial fluid and blood are still not well understood.
However, important recent progress has been made in identifying transporters and some other pro-
teins that are likely to be involved. Earlier studies, mainly with rodents, indicated that the uptake of
Cu(II) across the brush border involved both a nonenergy-dependent saturable carrier, active at lower
copper concentrations, and diffusion—at higher concentrations (/). At the basolateral membrane of
the cell, it was surmised that transfer into the blood and interstitial fluid was energy dependent and
more rate limiting for overall absorption, there being conditions in which much copper enters the
enterocyte but does not necessarily go further (and accumulates). However, at high concentrations,
there is increased uptake as well as overall absorption. For this, additional carrier systems and/or
diffusion may come into play, mediating additional transfer of copper across the basolateral/serosal
membrane. Thus, even though a decreased percentage of copper is absorbed at high doses, actual
absorption is greater at higher than at lower doses. It may be that some of the carriers (or transport
mechanisms) recruited at higher copper doses are those that specialize in the transport of other tran-
sition metals, such as Zn(II) and Fe(II/IIT): High doses of the latter metal ions can inhibit copper
absorption, and vice versa (1,20,21), particularly at the basolateral end of the enterocyte. Rates of
basolateral copper transport also vary with physiological condition, increasing with pregnancy and in
cancer (1,22), and decreasing (at least in female rats) upon repeated treatment with estrogen (22).
This implies that expression and/or deployment of copper transporters/transport systems can vary
and is regulated. In the conditions cited, retention of copper by the enterocyte varies inversely with
overall transport, accumulating when the serosal transfer system is less active, and not accumulating
when it is. Copper retained in the mucosal cells will be released back into the digestive tract when
these cells migrate to the tips of the villi and are sloughed off, thus contributing further to the pool of
copper available for reabsorption and excretion.

Whether and how nutritional copper status regulates copper absorption by the enterocyte has not
been examined much at the cellular level. The existing data suggest the possibility of a biphasic
response to copper dose. With the polarized Caco?2 cell monolayer model, it was found that pretreat-
ment with excess copper enhanced uptake and overall transport of 1 UM %*Cu (23), a response that is
opposite to what would be expected for homeostasis. We have recently confirmed these results
(Zerounian and Linder, unpublished) and examined, as well, the effects of copper deprivation. Cells
depleted of copper by three different chelators responded by markedly increasing their uptake and
overall transport of copper (24). Others have reported that copper deficiency or excess did not influ-
ence the expression of CTRI1 (25), a transporter thought to be involved at least in some aspect of
copper absorption (see later in this section).

Within the mucosal cell, most newly absorbed copper (about 80%) is retained in the cytosol, and
most of that is bound to metallothioneins and/or proteins of similar size (/). Metallothioneins are
small cysteine-rich proteins that store copper and other divalent metal ions (notably those of Zn, Mn,
and Cd) (see refs. 1-3). As the affinity of these proteins for Cu(Il) is higher than for most other
abundant metal ions [notably Zn(II)], the incoming copper will displace these ions. If metallothionein
concentrations in the mucosal cells are high (as when induced with high intakes of zinc), the binding
of copper to metallothionein will interfere with its transfer across the serosal surface. Thus, high
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cytochrome
¢ oxidase

Fig. 1. Possible mechanisms of copper uptake and transport in the intestinal cell (see text for details). Start-
ing at the brush border (top of the cell model), copper may enter through CTR1 and DMT 1. Copper is picked up
on the inside of the brush-border membrane by several chaperone carriers that deliver the metal ion to specific
sites: HAH1/ATOX1 to MNK in the trans-Golgi network (TGN); COX17 to the mitochondria; CCS to superox-
ide dismutase (SOD). Glutathione (GSH) and metallothionein (MT) may also pick up the copper directly, pos-
sibly to shuttle it to the basolateral end of the enterocyte. There, it might be released to albumin and transcuprein
in the circulation (perhaps via CTR1). Alternatively, copper arriving at the ATP7A (MNK protein in the TGN)
may be pumped into developing vesicles for exocytic release.

doses of zinc are used to inhibit intestinal copper absorption in Wilson disease, where accumulation
of excess copper is a problem (see Section 1.5.).

With regard to the potential transporters and carrier systems for intestinal absorption, several genes
and gene products have emerged in the last several years that are likely to participate, although many
functional details still need to be verified or established. Most of these mammalian copper transport
genes and their products were identified by using sequence information from analogous genes in
yeasts (8,12,26-28). CTR1, cloned in humans (29) and more recently in mice (25,30), is homologous
to (and can substitute for) yeast ctrl in complementation experiments (29). The corresponding ubi-
quitously expressed 190-amino-acid human transmembrane protein (about 22 kDa, with 3 transmem-
brane regions, and a hydrophilic, histidine and methionine-rich N-terminal domain external to the
cell) is a candidate for the copper transporter in the brush border of intestinal cells. However, it seems
likely that it is also in the basolateral membrane, because copper can and will enter the enterocyte
from the blood. Transfection experiments have confirmed that hCTR1 promotes copper uptake into
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mammalian cells (30-32) [in addition to yeast (29)]. In yeast, it appears that uptake is coupled with
efflux of two K* ions (8,33) and that the reduced form [Cu(I)] is transported. CTR1 might thus
provide for the facilitated diffusion of copper across the brush border, even at low copper concentra-
tions. (It might even work in both directions, also facilitating release of excess copper into the gas-
trointestinal tract. We know that copper can flow through the intestinal wall in both directions,
although, normally. the net direction is toward the blood [/].) There are two major mRNA transcripts
(2 and 5.5 kb) expressed in human and mouse intestine (and most other tissues), which might target
the transporter to different parts of the cell. In rats, however, one of the forms greatly predominates,
the other predominating in the liver and hypothalamus (25). Expression of the mammalian homolog
(hCTR?2) of another (low-affinity) yeast transporter (ctr2) has also been detected at the mRNA level
in most tissues, although its greatest expression was in placenta, and there was very little in liver and
intestine (8,29). However, it was ineffective in complementing copper transport-deficient yeasts.

Another candidate transporter in the brush border that must be considered is DMT1/Nramp2, a
divalent metal transporter that clearly carries Fe(Il), Zn(II) and Mn(II) (34-36). Ubiquitously
expressed in tissues and present in the intestinal brush border, its transport of metal ions is proton
coupled and dependent on the membrane potential, as shown by the large inward current evoked in
DMT1/DCT]1-transfected oocytes upon their exposure to Fe(Il), at pH 5.5, and loss of most of this
current at pH 7.5 (34). Cu(Il) and the ions of Zn, Mn, Cd, and Co were also effective in evoking
current. Whether and/or when this large (561 amino acid) protein, with 12 transmembrane segments,
is actually involved in normal copper transport has not yet been fully established. A role in iron
absorption, as well as homeostatic regulation of its expression by iron within the intestine, has been
well established (37,38); although the 3’UTR of two forms of the mRNA (39) contain an iron-
responsive element (IRE), regulation by iron is mainly through changes in rates of transcription
(39,40). In the Caco?2 cell intestinal model system, we found no competition between Cu(Il) and
Fe(I) or Zn(II) for uptake of either **Cu(II) or *Fe(Il) at equimolar concentrations (4/). However,
preliminary evidence indicates that iron deficiency enhances not just iron but also copper uptake
(N.R. Zerounian and M.C. Linder, unpublished) and that inactivation of DMT1 mRNA by antisense
oligomers reduces uptake of both metal ions in polarized Caco?2 cells (42). The results suggest that
DMT1 can mediate copper uptake when the metal ion is present in sufficient concentrations and/or
when other metal ions are absent.

Several other genes and gene products involved in copper transport within mammalian cells and
across their cell membranes have been identified, most of which are ubiquitously expressed, includ-
ing by intestinal enterocytes. Assuming that these proteins have the same kinds of function in intes-
tinal cells as they do in other cell types, one can imagine one or more pathways by which copper can
travel from the brush border to the basolateral membrane and across into the blood, during intestinal
absorption. This is summarized in Fig. 1. Along with the putative membrane transporters already
described (CTR1, DMT1), one of the major discoveries initially made in yeast and then verified for
mammalian cells is that there is a battery of what are now called “copper chaperone proteins” that
carry copper to specific intracellular sites and enzymes. This fits with (and further substantiates) the
concept that copper ions are prevented from being free in solution by being bound tightly to specific
proteins and handed directly from one protein to another. (The same concept has emerged from stud-
ies of copper transport proteins in the blood plasma [see Section 1.3.].) Thus, copper entering cells
will be carried by HAH1/ATOX1 (corresponding to yeast Atx1) to the trans-Golgi network (TGN)
(or related vesicles), delivering copper to the P-type ATPases located there (8,43,44). In the case of
the enterocyte, it would be ATP7A or MNK (the protein defective in Menkes disease); in the liver, it
would be ATP7B or WND (the protein defective in Wilson disease). MNK and WND are thought to
then transfer the copper into the TGN, for insertion into copper-dependent proteins that are secreted
and for release of other forms of copper from specific cells. In the case of the enterocyte, we can
imagine this exocytotic, energy-dependent system to be important for release of copper to the blood
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via exocytosis (Fig. 1). (In the case of the hepatocyte, WND is involved in the release of copper into
bile canaliculi [see Sections 1.4. and 1.5.].)

Another chaperone, CCS (Fig. 1), delivers copper to the Cu/Zn superoxide dismutase (SOD) in the
cytoplasm (8,45,46), which protects cells against superoxide radicals (see Section 2.1.2.). A third,
COX17, takes copper to the mitochondria (8,47,48), where it is required for cytochrome-c oxidase,
the terminal enzyme in respiration. Mediating insertion of copper into the latter enzyme may be the
mammalian homologs of Scol and Sco2, which, in yeast, are necessary for assembly of this complex
molecule (8). Some of the entering copper will also associate with cytosolic metallothionein(s) (MTs)
(Fig. 1). As already related, radioisotope studies have shown that as it enters the enterocyte, most of
the copper is in the cytoplasm. Most of that is with protein(s) of the size of MT (apparent molecular
weight [M,] about 10,000, actual molecular weight about 6000), and traces with something of the size
of SOD (about 35 kDa) (1,49,50). [Little or none of the radioactive copper (or of copper measured
directly) has been found to elute with components of the size of amino acids (/,49-52).] Because the
chaperones Atx1 and Cox17 (at least in yeast) are almost the same size as MT (73 and 69 amino
acids, respectively, vs 61 for MT), it seems likely that some of the radioactive copper that was thought
to be with MT is actually attached to these chaperones. A portion of the newly entered radioactivity
in the enterocytes is also associated with larger organelles and vesicles.

Based on this system of copper transporters/chaperones, one might postulate that (Fig. 1), after
crossing the brush border of the enterocyte, most of copper is normally shuttled to the TGN and into
its channels through delivery of the copper by ATOX1/HAH1 to the MNK protein (ATP7A). Energy
is required for pumping the copper into the TGN channels, from where it may be packaged into
vesicles and migrate to the basolateral membrane, for exocytosis. (The form of copper that would be
delivered is unknown.) This could be the major pathway for overall intestinal absorption in the nor-
mal state. However, one can also speculate that alternative pathways exist involving cytosolic chap-
erones (perhaps still to be identified) that might carry copper to CTR1 in the basolateral membrane,
for transfer to the blood along a chemical gradient. In addition, the delivery of copper to specific
enzymes and organelles is not a “one-way street.” Thus, either the same or as yet unknown chaper-
ones must carry intracellular copper back to plasma membrane transporters, for exit from both ends
of the enterocyte. (Turnover of intracellular, copper-dependent proteins is also occurring and will
free copper that must be either reincorporated or released from the cells.)

Still another possibility to be considered (Fig. 1) is that glutathione (GSH) plays the role of a
general chaperone for copper ions (7) and delivers it to CTR1 in the plasma membranes, but this has
been difficult to document and remains to be further explored. Clearly, in vitro, GSH will reduce and
bind Cu(I) as well as deliver it to MT and some copper-dependent apoenzymes, like SOD and
hemocyanin (7). Cellular GSH levels are high (in the millimolar range) and inversely related to cel-
lular copper concentrations. In a particular line of hepatoma cells (HAC) (53,54), fractionation (by
size-exclusion chromatography on Superose 12B) of cytosol after °’Cu treatment showed that, ini-
tially, radioactivity associated with a M, 4200 peak that eluted in the same position as a mixture of
Cu(II) and GSH. Moreover, labeling of this component declined fairly rapidly and coincided with the
increased labeling of a component of the M, of metallothionein (54). (SOD labeling occurred later.)
The inverse relationship between Cu and GSH levels in cells could reflect a propensity for Cu(II) to
oxidize GSH, and indeed, excess copper promotes an increase in Se-dependent GSH peroxidase.
However, as already described, most previous fractionations of intestinal cytoplasm did not find
newly absorbed radiocopper with components in the size range of GSH—Cu (a tripeptide complex) or
with a component of M, of 4200 (using Sephadex G75). Also, Superose 12B is not a very good
medium for separating components unless they are very different in shape and size. The column itself
was equilibrated with buffer purged of air, but no evidence was provided that anaerobic fractionation
made a difference, and the cell extract was certainly not anaerobic prior to its application. The
radiocopper in the proposed GSH complex was most highly labeled 1 h after ©’Cu administration and
remained at that level for several hours thereafter, suggesting considerable stability. Clearly, this
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needs to be explored further. Most recently, observations that copper binds to chaperones after it has
entered by a variety of means (that might involve different transporters) points to the possibility that
recognition (and thus direct binding) of the chaperone to the membrane transporter might not be
required (55). If so, perhaps GSH mediation is involved in that step; if not, one would expect that the
copper transporters would have sites for chaperone binding (perhaps different ones for different cha-
perones); this remains to be examined. In any event, because there are specific chaperones, GSH may
not normally be needed directly for copper distribution within the cell. However, it might be needed
to restore the abilities of copper binding proteins (with thiol groups) to bind their copper; if
the chaperones are not available for some reason, it might play a backup role. It might also pro-
vide electrons for reduction of copper during transport; in addition, it might even play the role of
a generalized copper chaperone, for proteins that have no specific chaperone to provide them
with the element.

Either way, another of the emerging themes in copper physiology (and also other areas of metabo-
lism) is redundancy of function. Thus, the absence of a particular (and seemingly critical) transport
protein or transporter is usually not lethal, and the phenotype can even be mild. For example, the
knockout of ATOX1 (56) resulted in growth retardation and failure to thrive after birth, but develop-
ment continued to some degree (intestinal absorption was probably not completely absent). (ATOX1
was particularly important to placental transfer [56].) Similarly, although intestinal copper absorp-
tion is greatly diminished in Menkes disease, it is not zero, and the difficulty in postnatal survival
with Menkes is, in part, the result of gestational/developmental abnormalities arising from defective
copper transport in other tissues (57).

1.3. Transport of Copper to Tissues and Its Uptake

After copper emerges on the “blood” side of the enterocyte, it immediately binds to proteins of the
interstitial fluid and portal blood plasma. Two proteins with specific, high-affinity copper binding
sites have been identified. One of these is albumin, which binds copper with the help of the the three
amino acids at its N-terminus (including a histidine in the third position). High-affinity copper bind-
ing has been demonstrated for human (58,59) and bovine (58,60) albumin. The histidine near the
N-terminus is missing in the albumins of some other vertebrates, including the dog and pig (7). This
does not eliminate binding but lowers copper affinity about 10-fold (60). Albumin is, by far, the most
abundant plasma protein and it can be calculated that there is sufficient albumin in 1 mL of plasma to
bind 30 pg of Cu! In actuality, only about 100—150 ng/mL (or 10-12% of the total plasma copper) are
bound to this protein at any time (/0,61,62). At least in rats and humans, most of the rest is associated
with two other proteins, ceruloplasmin, and a macroglobulin, transcuprein, first identified in rats
(10,63,64). Together, transcuprein and albumin represent the bulk of the exchangeable copper pool in
blood plasma (and presumably interstitial) fluid (7,5,9,10). Ceruloplasmin is not part of this pool, as
its copper is not exchangeable or dialyzable. It also seems unlikely that histidine (or other amino
acids) participate as Cu—amino acid complexes. There is no firm evidence that copper is bound to
histidine or other amino acids in vivo, although it may exist as a trinuclear complex with albumin—
copper (59). Histidine (100 uM) does accelarate the rate at which copper comes off albumin and
transcuprein (7,9), but release is still very slow. Minutes after ingestion or injection of radioactive
copper, virtually all of it is associated with macroglobulin and albumin in the plasma (Fig. 2A), and
none is detected in the low-molecular-weight fractions where amino acids and small peptides elute in
size-exclusion chromatography. (The same is true when plasma is labeled by direct addition of radio-
active copper ions [63].) So soon after administration, none of the radioactive copper is with cerulo-
plasmin (Fig. 2A). This contrasts with the distribution of nonradioactive copper, the bulk of which, at
any time, is with ceruloplasmin (about 70%) (61,62). Thus, about 12% each of the total copper is with
albumin and transcuprein, and traces are with a variety of other enzymes, clotting factors, and some
low-molecular-weight peptides (Table 2). As already indicated, off-rates for copper from transcuprein
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Fig. 2. Distribution of radioactive copper and total copper among plasma membrane components fraction-
ated by size-exclusion chromatography. (A) Copper-64 radioactivity (closed circles), actual copper (ppb, divided
by 20; determined by furnace atomic absorption) (x), and proteins (absorbance at 280 nm) (solid line) in frac-
tions eluted from Sephadex G150 after application of plasma from a rat 15 min after injection of **Cu(II)-
nitrilotriacetate (about 10 ng Cu). (B) Copper concentrations (determined by furnace atomic absorption) (closed
circles) and proteins (absorbance at 280 nm) (solid line) in fractions eluted from Sephadex G150 after applica-
tion of serum from a patient with hemochromatosis. (In such patients, there is somewhat less ceruloplasmin.)
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or albumin are very slow, but the two proteins rapidly exchange copper with each other (7,70,64).
This mimics the pattern of events in the cell, where intracellular copper chaperones directly
exchange copper with their specific protein targets (44,66,67). The ability of copper to bind to
transcuprein in the face of abundant albumin (with its high-affinity copper sites) speaks to its
own high affinity for copper.

Rodents express a different spectrum of macroglobulins in their blood plasma than do humans and
most other mammals. Rat transcuprein appears to be ¢;-inhibitor3, a monomeric macroglobulin with
a total molecular weight of about 200,000 (64). Macroglobulins are known to bind other proteins
(including, but not confined to, proteases). As the apparent molecular weight of the 4’Cu-labeled rat
transcuprein is 270,000, and as another polypeptide of M, 70,000 is found with radiocopper-labeled
transcuprein, the copper carrier may be in the form of a complex. The identity of this 70,000 subunit
and the question of whether it is required for copper transport are still being explored. o.;-Inhibitor3
and the main human macroglobulin (0,-macroglobulin) both have a highly homologous, histidine-
rich region that seems like a good prospect for copper binding. Because human plasma, like rat
plasma, shows binding of radioactive copper to a macroglobulin (in this case, 0,-macroglobulin, as
determined by immunoprecipitation; Goforth and Linder, unpublished), and analysis of actual copper
in human serum confirms that 10—15% is bound to a large protein (6/,62) (Fig. 2B), it seems likely
that o,-macroglobulin plays the same role in nonrodent mammals as 0;-inhibitor3 does in rodents
(i.e., that the “transcuprein” of nonrodents is 0,,-macroglobulin). Copper appears to bind to o,-mac-
roglobulin (/) and may do so with equal affinity to rat transcuprein (68). o,-Macroglobulin has also
been identified as the main plasma carrier of Zn(II), although the two metal ions do not compete in
their binding (63).

Upon binding to these two proteins in the portal blood, most of the incoming copper goes directly
into the cells of the liver and some also to the kidney. (Very little of it initially goes to other tissues
and organs.) The liver is the most important organ for copper homeostasis. Not only is it the main
initial repository of incoming copper, but it also releases a good portion of that copper back into the
plasma, bound to newly synthesized ceruloplasmin. In addition, it is the source of copper excreted in
the bile. Once back in the blood plasma, the copper on ceruloplasmin is available for uptake by
tissues throughout the rest of the organism (9,63). Just as most of the copper on albumin and
transcuprein (and thus in the exchangeable blood plasma pool) appears to be targeted to the liver and
kidney, so ceruloplasmin is probably the main source of copper for other tissues, under normal cir-
cumstances. This conclusion derives from studies in which (1) tissue uptake of copper given intrave-
nously as ceruloplasmin, or ionic copper was compared (9,69, 70); (2) uptake of ionic **Cu/®’Cu was
followed over time and it was found that uptake by nonhepatic tissues only occurred after the appear-
ance of radioactive copper in plasma ceruloplasmin (63); and (3) uptake of °’Cu from ceruloplasmin
and turnover of ceruloplasmin—copper were followed and found to be enhanced by copper deficiency
(10). Data from heavy isotope studies in humans are consistent with the concept that plasma cerulo-
plasmin distributes copper to tissues (/6). Two phases in the distribution of newly absorbed copper to
tissues can thus be distinguished—the first being distribution to the liver (and kidney) in the period
when transcuprein and albumin are carrying the radioisotope, and the second being distribution to
other tissues after radiocopper is released from the liver on plasma ceruloplasmin and the radioiso-
tope is no longer bound to transcuprein and albumin.

This scenario does not prove that, in the absence of albumin or transcuprein, for example, copper
will not still first enter the liver or that, in the absence of ceruloplasmin, tissues will be generally
deprived of copper. From “natural” genetic knockouts of albumin (Nagase analbuminemic rats) and
ceruloplasmin (human aceruloplasminemia), it is clear that albumin is not required for copper uptake
by the liver and kidney (71) and that ceruloplasmin copper is not the only form of copper available to
most nonhepatic tissues (72-74). Using various cell lines, we and others have shown that copper can
be taken up from ceruloplasmin as well as from albumin, transcuprein, or Cu-dihistidine (72,75-77).
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Table 2
Copper-Binding Components in Human Blood Plasma

Estimated contribution to total copper content

Component (ug/L) (UM) (%)
Ceruloplasmin 650-700 10-11 65-70
Albumin 120-180 2-3 12-18
Transcuprein (macroglobulin) 90 1.4 9
Ferroxidase II 10 0.16 1
Extracellular SOD and <10 <0.16 <1
histidine-rich glycoprotein
Blood clotting factors V and VIII <57 <0.08 <0.5?
Extracellular metallothionein <1? <0.02 <0.1?
and amine oxidase
15-60 kDa components 40 0.63 4
Small peptides and amino acids 35 0.55 4
“Free” copper ions 0.0001 0.0000002 ~0

Source: Modified from refs. / and 65.

Thus, again, it seems that there is more than one way in which copper can be carried to cells for
uptake and that more than one protein can serve the same function. (Redundancy of function supports
survival.) There appear to be differences in uptake efficiency, but this may not matter normally. Data
obtained in several rat studies, in which uptakes of iv administered 67Cu from ceruloplasmin and
exchangeable plasma copper were compared, indicated consistent differences in the avidity of given
tissues for a particular copper form (/0,69—71). Most nonhepatic tissues (and particularly the heart
and placenta) show a preference for ceruloplasmin—copper. As ceruloplasmin copper is buried in its
structure and not exchangeable in solution at physiological pH, the uptake of copper from ceruloplas-
min must involve interaction with specific receptors on the cell surface. Specific receptors for cerulo-
plasmin in the plasma membranes of many different tissues have been detected by several research
groups (1,72,78-80). Similarly, because the copper on transcuprein and albumin is targeted more
specifically to liver and kidney, it seems likely that specific receptors mediate uptake also from these
carriers (or at least from transcuprein). Because transcupreins appear to be macroglobulins, the mac-
roglobulin receptor could be involved, although this remains to be examined.

Actual uptake of the copper delivered by transcuprein, albumin, and ceruloplasmin to specific
receptors (or by other means, such as a dihistidine complex given in vitro) might occur via the ubiq-
uitously expressed transporter, CTR1, already described in connection with intestinal copper absorp-
tion. Earlier studies with cultured hepatocytes as well as fibroblasts, principally by Ettinger et al. (81)
and McArdle et al. (82), had identified a single saturable, nonenergy-dependent transporter, with a
K,, for Cu(II/1) in the range of 11-15 puM for rat and mouse hepatocytes, and V., of 0.2-3 nmol/min/
mg cell protein (/). Transport was inhibited by several other divalent metal ions, notably those of Zn,
Mn, and Cd, which may distinguish it from ctrl and hCTRI1. A fivefold higher concentration than
that of Cu(Il) inhibited absorption 40%, 65%, and 75%, respectively, over 20 min (83). Another
potential difference between these transporters is that (at least in yeast) ctrl transport appears to
involved reduction to Cu(l) (84). This suggests either that the “copper” transporter previously identi-
fied is not CTR1 but rather a transporter that favors the uptake of other divalent metal ions, or that the
characteristics of mammalian CTR1 are such that it transports not just copper ions but also other
metal ions. These matters remain to be explored, but the apparent differences suggest that a still
undiscovered copper transporter could be involved, at least in normal copper uptake by the hepato-
cyte. [Other human homologs of yeast ctrs are being identified and characterized (8,84).]
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cytochrome canaliculus

c oxidase

Fig. 3. Model of copper uptake and transport in the liver and hepatocytes. The central cells depicted are the
parenchymal hepatocytes, separated from the blood circulation by endothelial cells and the Space of Disse.
Copper may enter the hepatocyte via CTR1, DMTI, or some as yet undiscovered transporter. Receptors for
macroglobulin/transcuprein (Tc) may be involved, as may receptor-mediated endocytosis mediated by the mac-
roglobulin receptor (MR). Copper is most probably delivered by transcuprein (Tc) which exchanges copper
with albumin (Cu—Alb). Copper entering from the membrane transporter is picked up by chaperones and carried
to specific sites (as in the case of the intestinal cell; see Fig. 1 and text) and/or perhaps by glutathione (GSH)
and metallothionein (MT). HAH1/ATOXI1 carries copper to the ATP7B (WND) transporter in the trans-Golgi
network (TGN), from where it is either pumped into vesicles destined for to the bile or into vesicles making
ceruloplasmin (Cp) for secretion into the blood plasma. More recent evidence indicates that the WND protein
can cycle to the canalicular membrane, for enhanced excretion of copper via the bile (see text).

Another possibility is that the transporter is DMT1/Nramp2, the proton-dependent divalent metal
transporter already described in connection with intestinal copper (and iron) absorption. There are
multiple isoforms of the mRNA for this transporter, it is abundantly expressed by hepatocytes, and
there is at least indirect evidence DMT1 can transport copper (see Section 1.2.). The original studies
of Ettinger and colleagues, however, did not report that Fe(I) used the same uptake mechanism or
that proton coupling was involved. They also found that Ni(I[) was not competitive. In contrast,
transport by DMTT is proton coupled and Ni(II) is probably a substrate (34).

The first phase of distribution, in which copper enters liver and kidney and is released from there
into the bile and with ceruloplasmin, is illustrated in Fig. 3. Here, it is postulated that copper enters
the hepatocyte from transcuprein either via receptor-mediated endocytosis (through the macroglobu-
lin receptor) and/or via transfer to a transporter that remains to be identified (CTR1? DMT1?). Upon
crossing the cell surface, it is carried to essential enzymes in the cytoplasm and subcellular compart-
ments via specific chaperones already described and/or is picked up by metallothionein and/or
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Fig. 4. Model of copper uptake and transport in nonhepatic cells. Most cells probably gain copper through
CTR1 and/or DMTT1 in the plasma membrane, which is associated with specific receptors for the plasma protein
carriers of copper, particularly ceruloplasmin (Cp) and probably also transcuprein/macroglobulin (Tc)—which
exchanges copper with albumin (Cu—Alb). As in other cells (see Figs. 1 and 3 and text), copper chaperones
transfer the metal ion to various intracellular sites, including the ATP7A protein (MNK) in the TGN. Exit of
copper from the cell may involve facilitated diffusion (perhaps using CTR1) down a concentration gradient,
and exocytosis of two kinds (1) attached to specific secreted proteins/enzymes (like lysyl oxidases) or (2) for
attachment to plasma albumin and transcuprein/macroglobulin in the blood plasma. The MNK also cycles
between the TGN and the plasma membrane, and when attached to the latter, it is able to pump the ions directly
into the plasma. This is particularly the case when excess copper enters the cell and must be deported.

glutathione. A good portion of it flows via HAH1/ATOX1 to the WND protein (ATPase7B) in the TGN,
from where it is transferred to the secretory pathway, becoming incorporated into plasma ceruloplas-
min as well as into the bile.

The phase of distribution in which copper enters nonhepatic cells from ceruloplasmin or other
copper carriers is illustrated in Fig. 4. Certainly, CTR1 seems likely to be involved in copper uptake
in most of these tissues. (It might also function in copper release.) DMTI is also a candidate for
mediating copper uptake. As postulated for hepatocytes, CTR1 and DMT1 (or another transporter)
might receive copper from transcuprein (and/or albumin), perhaps with the mediation of a specific
receptor. Donation of copper from ceruloplasmin would also involve specific receptors, the presence
of which on many cell membranes has already been mentioned (72,78—80). Ceruloplasmin receptors
most likely are linked to the same copper transporters. Thus, with vesicles isolated from the placenta,
it was shown that copper on ceruloplasmin and with copper—histidine competed for the same uptake
mechanism (75). This is consistent with earlier findings that specific binding of ¢’Cu-ceruloplasmin
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to plasma membrane preparations from several mammalian tissues was blocked by an excess of ionic
copper (72). All in all, the details of how copper crosses into cells are still far from clear and as
already mentioned, reduction/reoxidation might be involved.

1.4. Distribution and Metabolism of Copper Intracellularly

As already described in some detail for the enterocyte and hepatocyte, copper that has entered the
cell through one or more membrane transporters is distributed intracellularly by specific copper chap-
erones. These chaperones (with the possible assistance of glutathione or metallothionein) deliver the
trace element to a variety of copper-dependent proteins and/or organelles (Fig. 4). Each cell has its
own pattern of copper protein expression, although virtually all express cytochrome oxidase, Cu/Zn
superoxide dismutase, and metallothionein. Most tissues also express MNK rather than WND,
although some tissues (like placenta and mammary gland) express both (see Section 2.2.). Additional
copper enzymes are crucial for various organs, including several enzymes in the central nervous
system and adrenal for the production of catecholamines and peptide hormones, the production of
melanin by melanocytes, the crosslinking of collagen and elastic fibers by enzymes from fibroblasts,
and so on (see Section 2.1.). It is clear that virtually no copper is present in cells (or in body fluids) as
the free ion (85). The rates at which copper becomes incorporated into the various copper-dependent
enzymes or other proteins will vary, probably depending on several factors, including the availability
of chaperones, how far (or deeply) into cellular compartments it must travel, and whether it can bind
directly or only during folding of a protein. Again depending on cell type, entering copper may or
may not equilibrate rapidly with intracellular copper pools. These pools will, in turn, be replenished
not just from uptake of new copper by the cell but from copper released during continuous degrada-
tion of copper proteins. Indeed, evidence from human studies with stable copper isotopes indicates
that relatively little copper enters and leaves the cells of most tissues on a daily basis (16,719). Most is
recycled. This contrasts with what happens in the liver, intestine, and other tissues responsible for
formation of digestive secretions—which put out (and must replenish) more than 5 mg Cu every day
(see Section 1.2.).

1.5. Release of Copper from Cells and Copper Excretion

Except in the case of the hepatocyte, how copper is released from cells under normal circum-
stances is hardly understood. Clearly, except for the tissues producing secretions for the gastrointes-
tinal tract (including salivary glands, the pancreas, and epithelia in the stomach and intestine), most
copper must return to the liver for excretion. Here, it can be brought by all three of the plasma carriers
(Fig. 3), not only by transcuprein and albumin (which particularly target the liver) but also by cerulo-
plasmin, which is taken up as well (10,69,70,73,76,77). In the latter case, most of the ceruloplasmin
enters hepatocytes after desialylation, via the galactose receptor and receptor-mediated endocytosis
(used for uptake of asiologlycoproteins as a whole) (7,80). The epithelial cells lining the sinusoids
have specific ceruloplasmin receptors, whereas hepatocytes do not. The endothelial cells can
desialylate ceruloplasmin (7,80).

Although (as already mentioned) most copper is recycled within given cells and tissues, some is,
no doubt, regularly released back into the blood. CTR1 might be involved in this release, although
this is pure speculation. An important and known means for exit of copper from nonhepatic cell is
through MNK. There is evidence that release can occur in two different ways—one being through
exocytosis (Fig. 4) (as postulated for the enterocyte; Fig. 1); and the other by trafficking to the plasma
membrane (Fig. 4). The latter process would appear to come into play particularly when large amounts
of copper need to be deported. Camakaris, Mercer, Petris and their co-workers have uncovered a
remarkable mechanism present in normal cells but stimulated by the influx of excess copper (86—89).
This mechanism involves the cycling of MNK between the TGN and the plasma membrane, so that
more is present on the cell surface when excess copper needs to be exported. This was first
demonstrated in CHO cells that developed resistance to copper toxicosis (86,87). In cells that became
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resistant, treatment with high doses of copper resulted in deployment of MNK to the plasma membrane,
promoting efflux of copper and preventing over accumulation. Cells that were not resistant were
unable to do this and so suffered the effects of copper toxicosis (see Section 4.). Whether this mecha-
nism is widely employed by different types of mammalian cell and/or whether it also functions under
normal conditions of copper entry and efflux in mammals remain to be determined. Even in normal
conditions, however, MNK is likely to be involved in copper leaving some cells by exocytosis (Fig. 4),
as suggested for the enterocyte (Fig. 1). (In this case, the MNK transporter would pump copper into
vesicles destined for coalescence with the plasma membrane.) In Menkes disease (where MNK is
defective), certain cells (like fibroblasts) accumulate copper (see Section 3.2.1.).

In hepatocytes, WND plays the same kind of role. The primary pathway for excretion of copper
from the body is from hepatocytes, via the bile, and WND is crucial to that process (Fig. 3). Although
(as for MNK) the WND ATPase (7B) has mainly been located in the trans-Golgi network, recent
studies indicate that these vesicles are close to the canalicular membrane, where the bile is released
(89). Moreover, using polarized cultured hepatoma cells, it was demonstrated that treatment with
copper caused a migration of WND to the apical membrane, forming the bile canaliculi (90). This is
identical to the response of MNK in other cell lines and points to a general pattern of cell and organ
response. Increased trafficking of WND from the TGN to the plasma membrane also fits with long-
standing observations that excess copper entering the blood will stimulate its immediate biliary
excretion (7,5,9). WND may also play a role in copper exit from cells in the brain, kidney, cornea,
and spleen, because in Wilson disease (where this protein is defective) copper accumulates in these
tissues (as well as in the liver).

Because the bile is the main route for net excretion of copper from the mammal, it would seem that
most copper from peripheral tissues must return to the liver to exit from the body. Alternatively or in
addition, because of the relatively large amounts of copper cycling between the digestive tract and
liver (see Section 1.2.), copper could come to the liver more indirectly, first entering cells of other
tissues/glands/organs involved in production of digestive tract secretions, entering the digestive tract
from there and then being reabsorbed, coming to the liver via the portal circulation.

Once in the hepatocyte, copper destined for permanent excretion would be directed to the bile.
How bile is formed is still being elucidated; however, substituents of the bile must cross specialized
portions of the hepatocyte’s plasma membrane that have a brush border and form the bile canaliculi.
The route taken by copper to the bile is at least partly the same as that already described in connection
with the disposition of copper in hepatocytes in the first phase of dietary copper distribution (Fig. 3).
This would involve HAH1/ATOX1, WND, and exocytosis [or trafficking of WND to the brush bor-
der of the bile canaliculus, as already described (917)]. In addition, at least some of the copper entering
on asioloceruloplasmin may be carried there on that protein (or portions thereof). The appearance of
ceruloplasmin protein and copper coming from plasma in the bile has been traced (5,92,93), although
its quantitative contribution to biliary copper excretion is unclear. Indeed, it has been proposed that a
large fragment of ceruloplasmin, high in copper and resistant to proteolysis, may furnish a means of
excreting copper without intestinal reabsorption (94). As concerns the other forms in which copper is
found in the bile, the available data from different laboratories are not in agreement (/), so this needs
further examination.

As already mentioned, copper in bile is less reabsorbable than that in other gastrointestinal juices.
However, reabsorbability varies in relation to the amounts of copper flowing into hepatocytes from
the intestine (or with injection). Thus, when more copper is to be excreted, a larger proportion will
not be reabsorbable, and vice versa (/). Similarly, a larger proportion of copper entering the hepato-
cytes is relegated to the bile when excess copper enters, and vice versa. Thus, much of copper homeo-
stasis is controlled by the level and form in which it is excreted through the bile. In addition, it should
be noted that copper can be lost from the organism as a consequence of entering the gastrointestinal
tract through other secretions. Although these secretions contain copper in a more absorbable form
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(1), they would provide a means of losing copper, at least when the biliary route is blocked. (As
shown some years ago in rats, the rate of loss of whole-body copper was halved when the common
bile duct was ligated [94].) Clearly, this is not sufficient to prevent a gradual toxic accumulation of
copper in Wilson disease (or the corresponding disease in LEC rats). However, this toxic accumula-
tion takes some years and is thus not as rapid as one would anticipate if the bile (and WND) were the
only route. (Assuming that at least 0.3 mg of new copper is absorbed every day and the bile is the
only excretory route, the total copper in a teenagers and young adults might double in a year. Most of
this extra copper would end up in the liver, increasing its already high concentration many times, in
just one year, which is not what occurs [15].) This demonstrates again that there are backup mecha-
nisms by which copper can be transported when the main one fails. Some of these will be less effec-
tive than others and cause pathology more rapidly, but there is usually this kind of redundancy. In any
event, the regulation of copper excretion appears to be the main mechanism for homeostasis. Copper
excretion is greater when absorption and intake are greater, and when intakes and absorption are low,
copper is conserved by lowering excretion (16,19).

2. FUNCTIONS OF COPPER AND REGULATION OF COPPER METABOLISM

2.1. Functions of Individual Copper Enzymes/Proteins and Their Regulation

Most of the copper transporters and chaperones already described, that have been cloned and
investigated so far, are listed in Table 3, along with a brief summary of what occurs when they are
defective or “knocked out” (if this is known). For most of these, more detailed descriptions of their
functions have already been provided. The fact that copper is an essential element, however, is not
because of its carriers and transporters but because of specific copper-dependent enzymes (and per-
haps also other factors) that are crucial for life and for human metabolism and function. A list of the
known copper-containing enzymes/proteins in humans and mammals is given in Table 4, along with
brief descriptions of their functions. This is in addition to the list of plasma copper constituents given
in Table 2. Ceruloplasmin is included in Tables 2—4, because it plays a variety of roles in addition to
that of delivering copper via the blood. Further descriptions of the most interesting aspects of the
functions of these copper enzymes and how their expression and functionality are regulated follow.

2.1.1. Cytochrome-c Oxidase

This terminal enzyme for mitochondrial (and thus cellular) respiration is fundamental to oxidative
phosphorylation and thus for the production of usable energy in the form of ATP for almost all living
organisms. It is the site for binding of most of the oxygen utilized by cells (via heme), where copper
aids in the transfer of electrons (coming electron transport through cytochrome-c) for reduction of
oxygen to water. A complex enzyme that sits within the inner mitochondrial membrane, it has 2 heme
groups and 3 copper atoms, as well as 13 subunits (in humans), three of which are encoded by mito-
chondrial DNA. (Further details are available from previous reviews [/,5].) How the assembly of this
molecule, with subunits from the cytoplasm as well as from the mitochondrial matrix (and copper
delivered by COX17), is coordinated is sure to be quite a tale when it is elucidated. Studies with yeast
cytochrome-c oxidase indicate that two other proteins (Scol and Sco2) are necessary for structural
assembly and insertion of the copper (§).

2.1.2. Cu/Zn Superoxide Dismutase

This similarly ubiquitous protein, consisting of two subunits of about 16 kDa and two histidine-
bridged atoms of Cu and Zn, is part of the core system in most living organisms for controlling and
preventing destructive effects of reactive oxygen species. It converts superoxide anions to peroxide,
for further disposal (by catalase, glutathione peroxidase, and similar enzymes). Drosophila and
microorganisms lacking the enzyme have been shown to be more vulnerable to damage by reactive
oxygen species (65). In mice where the gene has been knocked out, there is gradual damage to (and
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Table 3

Transporters and Chaperones of Copper Found in Mammalian Cells and Their Potential Functions

Protein Probable potential functions Genetic disease model Knockout symptoms
MNK Cu transport into TGN (most cells) Menkes Cu deficiency; decreased intestinal transfer; death
Cellular copper release Brindled mouse Excess copper accumulation in some cells
Incorp. of Cu into lysyl oxidase Occipital Hom Synd. Connective tissue defects
Role in mammary gland/placenta
WND Cu transport into TGN (hepatic) Wilson Accumulation of excess copper in liver and other
Role in placenta/mammary gland LEC rat organs, leading to tissue damage and death if
Incorp. of Cu into ceruloplasmin Toxic milk mouse untreated
Biliary copper excretion
CTRI Cu transport (plasma membrane) Knockout Homozygote dies in utero in early-mid embryogenesis
Heterozygote is copper deficient (also brain)
DMTI Divalent metal transport across Microcytic anemia mice Fe deficiency, because of decreased intestinal absorption
plasma membrane Belgrade rat Immune defect? (Nramp2)
Hephaestin Oxidation of Fe during Fe transport sla mouse Sex-linked anemia
(ceruloplasmin homolog; in TGN?)
Ceruloplasmin Oxidation of Fe during cell release Aceruloplasminemia Accumulation of excess Fe in several tissues
Delivery of Cu to many cells
GPI linked to brain astrocytes and glia
Scavenger of reactive oxygen species
ATOXI/HAHI Delivery of Cu to WND/MNK (Yeast; Decreased placental Cu transfer; failure to thrive
murine knockout) after birth (Cu deficiency?)
CCS Delivery of Cu to SOD (Yeast) Decreased SOD activity
COX17 Delivery of Cu to mitochondria (Yeast) Decreased cytochrome oxidase activity
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Table 4

Copper-Dependent Enzymes in Mammals

Enzyme

Function

Cytochrome-c oxidase
Cu/Zn superoxide dismutase
Metallothionein

Ceruloplasmin (extracellular)

Protein-lysine-6-oxidase
(lysyl oxidase) (extracellular)
Tyrosinase (catechol oxidase)
Dopamine-f-monooxygenase
a-Amidating enzyme
Diamine oxidase (cellular and
extracellular)
Amine oxidase (extracellular)
Hephaestin

Cartilage matrix glycoprotein

Prion protein (PrPC)

S-Adenosylhomocysteine hydrolase”

Blood clotting factors V and VIII

Cell respiration/formation of ATP/reduction (utilization) of O,

Antioxidant defense in cytoplasm

Storage of excess Cu and other divalent metal ions [not Fe(II)]

Possible donor of Cu to certain apoproteins

Possible superoxide dismutase when copper loaded

Ferroxidase/promotes flow of Fe from liver to blood

Scavenger of reactive oxygen species/acute phase reactant

Source of copper for tissues (130 kDa)

Crosslinking of collagen and elastin fibers for maturation/
stabilization of extracellular matrix

Formation of melanin through crosslinking and modification of
tyrosines (in melanocytes)

Formation of catecholamines and related neurotransmitters and
hormones (chromaffin granules)

Modifies C-terminal ends of hypothalamic peptide hormones ending in
glycine, leaving the COOH of the next to last AA amidated
(necessary for hormone maturation)

Inactivation of histamine and polyamines?

Inactivation of histamine, tyramine, dopamine, serotonin?

Ferroxidase, in trans-Golgi of enterocytes; aids iron absorption
homology to ceruloplasmin (134 kDa)

Ferroxidase/amine oxidase, homologous to ceruloplasmin
(chondrocytes and eye ciliary epithelia) (550-kDa tetramer)

May protect against reactive oxygen species; has SOD-like activity;
may return copper to neurons at synapses (many cells)

Sulfur amino acid metabolism

Blood clotting

4Bethin et al. (96).

associated peripheral neuropathy of) neuromuscular junctions in the hindlimbs (97). Most probably, phe-
notypic responses are not more dramatic because of a redundacy of function in the antioxidant system
of mammals. Mutations of Cu/Zn SOD have also been of interest in connection with amyotropic
lateral sclerosis (ALS), where a gain of function (rather than loss of activity) may be responsible for
the underlying neurological symptomology (98-100). Normally, expression of Cu/Zn SOD appears
to be fairly constitutive. However, and at least in certain cells, it is one of the first enzymes to reduce
its activity (which depends on copper) when copper becomes less available (/,/8), and hyperoxia
induces expression of SOD in the lung (along with metallothionein) (/01).

2.1.3. Metallothioneins

These 61 amino acid proteins (with 20 cysteines) come in at least 2 isoforms encoded by several
genes and are adept at tightly binding divalent metal ions (except Fe). They appear to function as an
adaptive mechanism for holding/storing metal ions not needed for metabolism at that moment and for
sequestering them in innocuous form when they are present in excess amounts (/). (Thus, for example,
cadmium accumulates in metallothionein (particularly in the kidney) throughout life, as it is difficult
to excrete [2]. Excess copper accumulates in MT in Wilson-disease-affected tissues.) Production
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(synthesis) of the protein is responsive to metal-ion influx, so that more is made when needed. Zinc
and cadmium are particularly good inducers, although copper can also be effective in some tissues
(1). Some other factors, notably the hormones glucagon and cortisol as well as agents that induce
inflammation and the acute-phase response, also enhance expression. Glucagon and cortisol are
released in fasting, when enhanced protein degradation for gluconeogenesis might release extra
amounts of metal ions for sequestration. Although MTs can bind exotic metal ions, such as those of
Hg, Ag, and Ni, in actuality the proteins mainly bind Zn, Cu, and Cd ions. Of the latter ions, Cu is
bound most tightly and can displace the other ions. Because Zn and Cd ions are not as reactive as Cu
with regard to oxygen radical formation, binding of copper to MT is protective for the cell. In addi-
tion, Cu—thionein (Cu-MT) appears to have some superoxide dismutase activity (/02). In the ab-
sence of SOD, oxidative stress induces expression of MT (101,103).

2.1.4. Ceruloplasmin

The potential roles of this protein, which is mainly found in extracellular fluids and blood plasma,
have already been described in connection with copper delivery to cells and excretion of copper from
the body (see Sections 1.3. and 1.5.). It consists of a single polypeptide chain (about 120 kDa with
12 kDa carbohydrate), with internal threefold homology, and six plastocyanin-like domains, into
which six nondialyzable copper atoms (supplied by WND) are incorporated, presumably during its
folding in the TGN. Recent interest has focused primarily on another of its functions (evident for
some time), namely its role in iron transport. Ceruloplasmin is a ferroxidase, and it is thought that the
ability to oxidize Fe(II) to Fe(IIl) is helpful in providing iron in the form needed to bind to its plasma
carrier, transferrin, as it emerges from cells for further transport (as to the bone marrow for incorpo-
ration into red blood cells, where most iron resides). In severe copper deficiency, where there is little
or no copper-containing (and thus ferroxidase-active) ceruloplasmin in the plasma (or elsewhere),
iron accumulates in the liver and some other tissues. In this condition, iv infusion of ceruloplasmin
(and not copper—albumin) results in immediate release of liver iron into the blood plasma (7,104,105).
Recent observations made in some families with genetic apoceruloplasminemia (73) and with the
mouse knockout (7107,108) lend further support to this concept. Nevertheless, only 1-2% of the nor-
mal plasma level of ferroxidase-active ceruloplasmin is sufficient to support its role in iron efflux
(109), and it, alone, cannot be responsible for this process. (About 22 mg or about 0.7% of the iron in
the adult human body fluxes in and out of red blood cells alone, every day, and a major portion of that
enters and leaves liver cells [including hepatocytes]). If even 1% of that iron did not leave hepato-
cytes because of lack of ceruloplasmin, this would cause a rapid and massive accumulation of iron in
liver. Instead, accumulation is gradual and takes many years in humans.] Of additional recent interest
is the finding of glycosylphosphatidylinositol-linked (GPI-linked) ceruloplasmin on astrocytes (//0)
and glia (111) in the brain. A product of alternative splicing of the ceruloplasmin transcript (/12), this form
of ceruloplasmin may also be involved in iron transport (/12,113). However, it appears unlikely that
ceruloplasmin plays a role in releasing iron from enterocytes during iron absorption (41).

Ceruloplasmin is also an acute-phase reactant, which means that its concentrations in plasma
increase during inflammation or infection. During inflammation and infection, transport of iron is
diminished. Thus, when the body limits iron transport through the blood (which protects it against the
virulence of infections) (1,2,5,6), there is an increase in the synthesis and secretion of copper-con-
taining ceruloplasmin from the liver (the opposite of what one would expect if ceruloplasmin were
only concerned with releasing iron into the plasma). It seems likely that this reflects a need for pro-
tection (by ceruloplasmin) against the endogenous production of reactive oxygen species used against
invading organisms or antigens. (Ceruloplasmin is a scavenger of a variety of such radicals [1,5,65].)
It appears that the regulation of ceruloplasmin expression is controlled not just by inflammatory
cytokines but also through hypoxia-inducible factor (HIF1) (//4) and even insulin (/15). (HIF regu-
lation also links it to iron metabolism.)
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As already indicated in the earlier copper transport sections (Sections 1.3. and 1.5.), ceruloplasmin
supplies copper to cells all over the body and appears to be the preferred source of plasma copper for
certain tissues, like the heart and placenta. The abundant evidence for this function of ceruloplasmin is
detailed in several reviews (5,9,10).

2.1.5. Hephaestin

This is another protein with some of the characteristics of ceruloplasmin and a link to iron metabo-
lism. It was identified as responsible for a sex-linked anemia in mice (//6) and is thought to be
involved in intestinal iron absorption. A transmembrane protein of about 134 kDa, with ferroxidase
activity (1/17), it appears to be located primarily in trans-Golgi vesicles (see Fig. 1). Here, it may
oxidase Fe for binding to apotransferrin, allowing its release into the blood as holotransferrin (through
exocytosis). Its expression (as mRNA) is highest in the small intestine. Smaller amounts of its mMRNA
are expressed in skin, lung, and kidney.

2.1.6. Cartilage Matrix Glycoprotein (CMGP)

This is another intracellular ceruloplasmin homolog, composed of four disulfide-bonded subunits
(each of 116 kDa) and with ferroxidase and oxidase activities (/78). Located in the vesicular portions
of chondrocytes, as well as in the epithelial cells of the eye (/79,120), it may play a role in the
formation of the extracellular matrix.

2.1.7. Lysyl Oxidase (Protein-6-Lysine Oxidase)

This enzyme is integral to the formation, maturation, and stabilization of connective tissue, which
is part of the extracellular matrix of organs and tissues (including cartilage and bone) throughout the
body. Secreted by fibroblasts (most likely after copper is incorporated in the trans-Golgi by MNK), it
catalyzes the crosslinking of elastic and collagen fibers. Copper is important for lysyl oxidase activ-
ity, in that failure of the development of normal connective tissue is symptomatic of copper defi-
ciency, Menkes disease, and its milder cousin, Occipital Horn Syndrome. A multimeric protein
composed of 32 kDa subunits, it requires copper for (or for development of) its activity. The first
gene for lysyl oxidase was cloned from rat aorta (/27) and human placenta (/22) and codes for a
polypeptide of about 400 amino acids, although several mRNA transcripts (ranging from 2 to 5.5 kb)
can be expressed. The cofactor, lysine tyrosyl quinone (LTQ), is part of the enzyme’s active site.
Recent evidence suggests that the role of copper may not be catalytic as much as supportive of cofac-
tor formation and structure and/or enzyme integrity (/23,124). Although copper availability deter-
mines how active the enzyme can be, nutritional copper status does not alter expression of the protein
orits mRNA (725). Recently, several lysyl oxidase-like genes have been identified and cloned. Some
of these are particularly expressed by placenta and other reproductive tissues (/26,127), and their
functions will need to be elucidated.

2.1.8. Prion Protein (PrPC)

Of great potential interest is the recent discovery that the normal prion protein, which goes awry in
bovine spongiform encephalopathy (mad cow disease) or Creutzfeldt—Jakob disease, is another cop-
per-dependent antioxidant enzyme, important for maintaining a healthy central nervous system. The
normal prion protein (33-35 kDa, varying in glycosylation) is expressed not only in neurons but in
other cells, including skeletal muscle. GPI-anchored to the outside of the plasma membrane, there
appear to be at least two forms (synaptic and nonsynaptic) associated with neurons, and concentra-
tions of the protein are particularly high in the areas of the synapse (/28). Although knockout mice
did not exhibit gross disturbances in behavior or development, they displayed changes in electro-
physiology and circadian rhythms and, particularly, an increased sensitivity to various kinds of stress
(128). Copper binds to four identical sequences of eight amino acids (“octarepeats”; PHGGGWGQ)
in the N-terminal region of the protein, probably via the imidazole and glycine N’s (129). (However,
up to five copper atoms can be bound.) There is evidence that copper lends structural stability not
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only to the N-terminal region of the protein but also to other parts of the molecule (730,131). The
normal protein is reported to have superoxide dismutase-like activity (/32—7134). Exposure to reac-
tive oxygen species results in copper dependent, fragmentation of the N-terminal part of the protein
(131). Cleavage of the copper-containing N-terminal region is also associated with turnover of the
protein and cellular uptake of its copper (128), and this turnover is quite rapid. Apparently, there can
be synaptic release of high concentrations of copper (128), and the prion protein might be a means of
reabsorbing it locally (see next paragraph).

Disturbance of normal prion protein metabolism, through infection with the protease-resistant form
that accumulates in the spongiform encephalopathies (PrPSC), impairs the ability of neurons to respond to
oxidative insults (/35). PrP€ knockout mice have increased levels of oxidized lipids and proteins in their
brains and other tissues (/36). The thiobarbituric acid-reactive substances (TBARS) contents of the pari-
etal cortex, hippocampus, cerebellum, and entorhinal cortex of the brain were all significantly elevated
(46-175%), the greatest change being in the hippocampus. Increases in the carbonyl contents of brain
proteins were 44—-50% in the hippocampus and parietal cortex and 143% in the cerebellum. Evidence of
similar elevations in oxidized lipids and proteins was obtained for the skeletal muscle, liver and heart of
the knockout mice. Cu/Zn SOD levels in the tissues of these animals were markedly lower, particularly in
the hippocampus and parietal cortex (where they were down more than 90%). This in itself might explain
the increased oxidative damage observed and offers the possibility that the normal prion protein is some-
how involved in making copper available to SOD in certain cells. Indeed, it has been reported that
enhanced expression of PrPC increases a cell’s ability to take up copper (137). It also appears to increase its
resistance to copper toxicity and oxidative stress (138), again implying a dual function—as means of
copper uptake and radical inactivation. Exposure to large (100 uM) and perhaps nonphysiological con-
centrations of Cu(Il) or Zn(II) [but not Mn(Il)] induced endocytosis of the protein (/39), which would
bring its copper (or zinc) into the cell. (The binding of Zn is not as firm as that of Cu.) The addition of
octarepeats to the prion protein (as occurs in some forms of spongiform encephalopathy) prevented
copper-induced endocytosis, consistent with other evidence that the lack of removal/turnover of the
prion protein results in (or contributes to) the brain damage seen in these diseases. Additional views on
this protein are available (140).

2.2. Copper in Embryogenesis, Pregnancy, and Lactation
2.2.1. Embryogenesis

From the description of copper enzyme functions alone it is obvious that copper is critical for
embryogenesis, as well as the growth and development of mammals. Several documented aspects
highlighting this point are as follows: (1) During embryogenesis and its underlying massive cell
proliferation, respiration and cytochrome oxidase activity are fundamental; (2) during gestation, the
placenta is very active in transferring copper to the fetus (/,/41); (3) “knocking out” expression of
CTR1 is lethal (30,31); (4) “knocking out” the copper chaperone ATOX1 results in serious complica-
tions (in this case more after birth) (56); and (5) the fetus accumulates a store of copper in the liver in
the last part of gestation, which is rapidly used up during the initial phases of postpartum growth
(141). Based on RNA studies in mice, it is surmised that the MNK protein is expressed in all tis-
sues—including developing liver hepatocytes—and particularly in the brain choroid plexus, during
embryogenesis (/42). In contrast, WND mRNA expression is initially confined to the central nervous
system (CNS), liver, and heart, but also occurs in the intestine, thymus, and lung epithelia in later
gestation. As demonstrated by the symptoms of Menkes disease at birth, there are important func-
tions of MNK in prenatal brain development. Most details of copper metabolism during embryogen-
esis (just as the process itself) are still unknown. What we know more about is what happens to
maternal copper metabolism and transport of copper to the fetus during gestation.
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2.2.2. Copper Metabolism in Gestation

Particularly during the last third of gestation, considerable copper is transferred to the fetus from
the maternal circulation. This is utilized not only for the activation of the copper-dependent enzymes
described in previous sections, but also allows the accumulation of what would appear to be a store of
excess copper in liver hepatocyte nuclei (1,2,141). Here, it is bound to metallothionein. Along with
similar prebirth liver stores of iron and zinc, this excess copper is used up during the suckling period,
presumably in support of the rapid cell proliferation and tissue growth occurring after birth. Some
things are known about how the copper is delivered from mother to fetus. Most of it traverses the
placenta, although some of it may be absorbed by ingestion of amniotic fluid (70). In vitro, placental
cells can take up copper administered in several different forms, including Cu—dihistidine and ceru-
loplasmin (75,76,141-145). In vivo, it was shown in rats that maternal plasma ceruloplasmin is the
preferred source, as the copper from iv infused ’Cu—ceruloplasmin entered the placenta much more
rapidly than ionic ®’Cu, and treatment of the dam with cycloheximide, to inhibit synthesis and secre-
tion of ®’Cu—ceruloplasmin by the liver (after administration of ionic ®’Cu), reduced uptake by the
placenta (70,141). Evidently because other carriers can also deliver copper (although perhaps at a
slower rate), copper transfer to the fetus is not severely compromised in aceruloplasminemia (746).
Even when delivered as ®’Cu—ceruloplasmin, copper entering the fetal circulation in the last part of
gestation appears to be in ionic form, allowing it to bind to fetal plasma proteins of the sizes of
albumin and transcuprein (70). The placenta expresses both WND and MNK, but probably not ceru-
loplasmin. (There are reports of placental expression of ceruloplasmin mRNA, but in those studies
the yolk sac was not separated and it might be the actual expression site.) The placenta probably also
expresses CTR1 and DMT]1 (as well as the copper chaperones), because most cells do. Thus, copper
uptake by the placenta and its distribution and transfer to the fetal circulation may follow aspects of
the patterns described for nonhepatic as well as hepatic cells (Figs. 3 and 4). Evidence suggests that
WND is involved in copper transport at the maternal side of the placenta. This is supported by mRNA
expression and copper accumulation studies (/47), the latter in the LEC rat model of Wilson disease
(where WND is defective). Also, the fetuses in the toxic milk and LEC rat Wilson disease models are
copper deficient at birth. (In addition, there is a report of copper accumulation in the placenta of a
Wilson disease patient [ /48].) In contrast, the MNK protein seems to be active on the fetal side of the
placenta (149), and a defect in it also produces fetal copper deficiency. Successive pumping of in-
coming copper into vesicles, first by WND and then MNK, as well as intermediary transfer by
ATOXI1/HAHI, leading to transcytosis and/or trafficking of MNK to the fetal plasma membrane,
must result in release of copper into the fetal circulation.

2.2.3. Copper Metabolism and Transport During Suckling and Lactation

Although a store of copper is deposited in the liver before birth, that copper is not nearly sufficient
to support the needs of the newborn during suckling (/417). Thus, much copper is delivered to off-
spring after birth, via the milk. The components of the milk that carry copper have not been fully
identified but include citrate and ceruloplasmin. Recent fractionation studies of human milk (750)
indicate that copper is present in components of all sizes (from >2000 to <2 kDa), but that the largest
percentages were with the smallest (35%) and largest (24%) components. We found that in the milk
of the human (9,151), pig (9,141,152) and rat (10,153) ceruloplasmin contributes 20-25% of the
copper. We also found that feeding rat pups (but not weanling rats) ®’Cu—ceruloplasmin (synthesized
in vivo) resulted in a much faster absorption of ®’Cu than when ionic ®’Cu(II) was administered with
the milk (/57), indicating that the ceruloplasmin in milk has a nutritional value. Most of the cerulo-
plasmin in milk is produced by the lactating mammary gland and not transferred from the maternal
plasma. There is a dramatically increased expression of ceruloplasmin mRNA (and total RNA) in the
mammary gland, along with growth of mammary tissue, in conjunction with lactation (10,152,153).
Uptake of ¢’Cu from the blood plasma by the mammary gland is greatly accelarated by lactation
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(10,153), and incorporation of ®’Cu into milk ceruloplasmin precedes incorporation of the isotope
into plasma ceruloplasmin. Transfer of > I-albumin from maternal plasma to milk is very much
slower than the appearance of ®’Cu in milk ceruloplasmin [after administration of ’Cu(Il) as the
metal ion to the dam] (Ilagan and Linder, unpublished). In the toxic milk mouse, there appears to be
mislocalization of the WND protein in mammary epithelial cells (/54) and this may be responsible
for the copper-deficient milk produced in these mutants. However, in this model (/54,155) and in
Wilson disease (156), some copper still enters the milk. So MNK may also be involved. These results
indicate how important copper is for the rapidly growing newborn mammal in the suckling period.
Further aspects of human copper metabolism and nutrition in the perinatal period are described in
several reviews (157-159).

3. COPPER IN DISEASES AND GENETIC DISEASES
OF COPPER METABOLISM

3.1. Inflammation, Infection, and Cancer

Copper metabolism is altered in inflammation, infection, and cancer. As already mentioned, plasma
ceruloplasmin is an acute-phase reactant, and synthesis and secretion of the protein by hepatocytes is
stimulated by inflammatory cytokines (particularly interleukin-1 [IL-1] and IL-6) (1,5). The increase
in ceruloplasmin may protect cells from radicals released to combat the influx of foreign organisms
or antigens, because it is a general radical scavenger, and most cells (including erythrocytes) have
specific receptors on their surface that are likely to be saturated with ceruloplasmin at normal plasma
concentrations. (These receptors may have dual roles, depending on cell type, providing a means for
delivering copper to some and protecting the vulnerable cell membrane fatty acids in others.) Copper
itself is important for many aspects of the immune response, including production of IL-2 by acti-
vated lymphocytic cells (160), and supports the activity and effectiveness of cellular and humoral
immunity (/,161-163).

Whereas levels of iron in serum decline in infection and inflammation, copper concentrations and
ceruloplasmin rise. The same is true in cancer (164,165). Indeed, levels of plasma ceruloplasmin
antigen or oxidase activity are positively correlated with disease stage, as shown particularly for lung
and colon cancer (165). Cytokines may again be involved in the response to the presence of a tumor,
although this has not been adequately examined. Malignant tumors absorb copper with considerable
avidity and have concentrations of copper that are often higher than those of their tissue of origin.
Copper is absorbed by the tumors both from ceruloplasmin and from nonceruloplasmin sources in the
blood (69).

Copper may also have a role in angiogenesis (/,166), which is vital to continued tumor growth.
Earlier studies had implicated copper in the stimulation of new blood vessel formation (7). This was
recently confirmed with cultured endothelial cells (167), although the doses used were very high and
unphysiological (500 uM CuSO,). Angeogenin, a potent stimulator of angiogenesis, appears to bind
to endothelial cells more tightly when copper (at physiological concentrations) is added (/68). Spe-
cific small peptides generated by the proteolysis of SPARC, an extracellular matrix protein that is
expressed by endothelial cells during remodeling of blood vessels, specifically bind copper and mark-
edly stimulate angiogenesis (169). In addition, recent studies provide evidence that limiting the bio-
logical availability of copper, by administration of penicillamine (/70) or tetrathiomolybdate (171),
slows tumor growth and that this is the result of the inhibition of angiogenesis (/70). On the other
side of the coin, it has long been known that certain complexes of copper can inhibit tumor growth in
experimental animal models (/64). Such an effect of copper on tumors might involve the stimulation
of apoptosis, as has been demonstrated for several unnatural complexes of copper (including
Cu-nitrilotriacetate and orthophenanthroline) in certain cancer cell lines, in vitro (65).
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The presence of cancer (at least in rat models) enhances intestinal copper absorption (/72) and
increases plasma copper and ceruloplasmin concentrations (7,15). It is still unclear whether this
reflects needs of the cancer cell and/or that of the host.

3.2. Genetic Diseases of Copper Transport and Metabolism
3.2.1. Menkes and Wilson Diseases

The genetic bases of these two major diseases of copper transport were uncovered by several re-
search groups in the early 1990s. First, the gene responsible for Menkes disease (and the less severe
occipital horn syndrome) was cloned (/73—175) in 1993, then that for Wilson disease (176,177). As
already described in some detail in earlier sections of this review, the corresponding normal proteins
encoded by these genes are both P-type ATPases (ATP7B and 7A, for WND and MNK, respectively).
They are usually expressed in different cell types (MNK quite widely, and WND primarily in hepato-
cytes and certain areas of the brain); located in the trans-Golgi network and vesicular compartments
(Figs. 1, 3, and 4), they can be translocated to the plasma membrane under conditions when copper
secretion or efflux needs to be promoted. Menkes disease results in abnormal gestational development
and a copper-deficient phenotype, because of reduced copper transport to the fetus (via the placenta)
as well as to the newborn after birth (via the milk). This reflects functions of MNK in placental copper
transfer and intestinal absorption (see Sections 2.2.2. and 2.2.3.). Of special recent interest are findings
that several translation products from alternatively spliced MNK gene transcripts travel to other parts
of cells and even into the nucleus (/78—180). This indicates that the MNK gene product is not only an
ATPase that pumps copper into TGN channels (or out of the cell at the plasma membrane) but that it
has other, as yet undiscovered functions. Expression of alternative splicing products would, of course,
also be affected by certain kinds of MNK mutations, and their malfunction might explain additional
symptomology associated with Menkes disease or Occipital Horn Syndrome.

In contrast to Menkes disease, Wilson disease occurs more gradually, and after birth. It results in
the accumulation of excess copper in liver and some other tissues and oxidative damage (65). In this
case the problem is excretion, because in the absence of the normal WND/ATP7B protein, it is diffi-
cult for copper to enter the bile (see Section 1.5.). Accumulation of excess copper in tissues (although
mitigated by binding to metallothionein) promotes formation of reactive oxygen species, eventually
resulting in liver cirrhosis (65,181-184). The brain and some endocrine organs are also affected.
Further details may be found in more recent reviews of these diseases (57,185-189).

3.2.2. Aceruloplasminemia

A genetic absence of the production of active ceruloplasmin has been detected in a few families
and has been mimicked by knocking out the gene in mice. As already described in considerable detail
in most of the earlier sections of this review, ceruloplasmin has many functions, including antioxi-
dant defense, copper transport, and iron transport. Presumably because of redundancy of function, so
that other proteins and enzyme take up the slack when ceruloplasmin is missing, the absence of
ceruloplasmin does not produce marked changes in copper metabolism and may not have a great
effect on the redox state (although the latter has not as yet been thoroughly examined). It does, how-
ever, produce a gradual accumulation of iron in liver and some other tissues (108,190). As already
described, this would be much faster and more severe if ceruloplasmin were the only way in which
iron destined for transferrin could be oxidized; even very low levels of ceruloplasmin (1-2% of
normal) are sufficient to prevent liver accumulation and promote iron release into the blood (709).

3.2.3. Spongiform Encephalopathies and Alzheimer’s Disease

As already partly described, changes in copper metabolism are implicated in generation of the
neurological damage that underlies “mad cow disease” and similar prion protein diseases (see Sec-
tion 2.1.8.). The abnormal form of the prion protein implicated in this disease (PrPSC), which accu-
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mulates and is resistant to proteolysis, probably normally functions in transport of copper at synapses
and perhaps also (directly and/or indirectly) in the scavenging of radicals. Lack of these normal
activities appears to underlie some of the damage sustained by the brain in these diseases (see Section
2.1.8. for further details of PrP€ function). The B-amyloid protein, which forms the damaging brain
“tangles” in Alzheimer’s disease, also has some connection to copper (/85), although what this might
be in the normal state is still far from clear. Copper (and zinc) are associated with the amyloid depos-
its of the disease (/91). However, at least in vitro, zinc precipitates aggregation of the amyloid pro-
tein, and copper works against the effect of zinc (except at high concentrations) (792).

4. COPPER TOXICITY

Although copper is redox active as the free ion and in the form of certain complexes (65), the
amounts of copper that are normally ingested, and even intakes that are considerably higher, are
usually not problematic for humans and rodents. This conclusion is echoed by the recent intake guide-
lines for copper released by the National Academy of Sciences, in which daily intakes of copper as
high as 3 mg/d for children 4-8 yr of age and 8—10 mg/d for adults are considered tolerable (/8).
(These intakes are 7—11 times higher than recommended daily intakes.)

A review of potentially toxic effects of excess copper (and/or exposure to copper complexes) (65)
leads to the conclusion that for most mammals, copper is a relatively benign trace element, there
being excellent mechanisms for excreting excess amounts absorbed, particularly through the bile
(see Section 1.5.). Except unusual in and some genetically-based special circumstances, copper is not
implicated in pathologies, including genomic instability—such as mutations or other alterations to
DNA: apoptosis or necrosis. Moreover, copper-containing enzymes (and even many copper com-
plexes like copper-aspirinate) are capable of (and/or integral to) the defense of the organism against
reactive oxygen species, the effects of which are implicated in many chronic diseases (including
Alzheimer’s, Parkinson’s, and even atherosclerosis). Nevertheless, certain individuals, presumably
with inherited propensities to accumulate more copper, have been vulnerable to toxicity from inges-
tion of high copper doses. These include certain infants in India who developed Indian Child-
hood Cirrhosis from drinking formula heated in brass vessels (/93), and the equivalent in certain
families in the Tyrol (7/93). Some specific mammals are also vulnerable, namely dogs and sheep.
Both of these species appear to have a limited ability to excrete excess copper in the bile (/94,195),
but this is not because of a defect in WND (7/96,7197). Dogs tend to accumulate copper in their livers
throughout their life-span, and many die of copper toxicosis. Reductions in intake can prevent this
from happening.
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1. INTRODUCTION

Copper is an essential metal, utilized as a cofactor by numerous enzymes regulating vital cellular
functions, including oxidative phosphorylation, neurotransmitter biosynthesis, radical detoxification,
iron uptake, and many others (for review, see refs. I and 2). The importance of copper for normal cell
metabolism is best illustrated by the existence of severe genetic disorders, in which the normal distri-
bution of copper is disrupted (3—5). Menkes disease (MNK) is an inborn copper deficiency associated
with severe developmental delays, mental retardation, poor temperature control, and connective tis-
sue abnormalities. All of these symptoms can be ascribed to the malfunction of various enzymes,
which require copper as a cofactor. Such enzymes include cytochrome-c oxidase, tyrosinase, lysyl
oxidase, peptidyl-B-amidase, and many others. Recent identification of the Menkes disease gene
(ATP7A) revealed that it encoded a copper-transporting ATPase or the Menkes disease protein (6-8),
which has a dual function: to transport copper from the cytosol to copper-dependent enzymes located
within the secretory pathway and to export excess copper out of the cell.

Although the Menkes disease protein is indispensable for copper distribution from the intestine to
various tissues, by itself it is insufficient for normal copper homeostasis. The product of another
gene, ATP7B, plays a key role in removing excess copper from human body by transporting copper
from the liver to the bile (9-117). Mutations in ATP7B lead to vast accumulation of copper in the liver,
brain, and kidneys, causing a set of pathological symptoms, known as Wilson’s disease (WND).
Severe liver lesions, neurological problems, and a wide spectrum of psychiatric abnormalities are
common symptoms of WND (/2). The Wilson’s disease gene, ATP7B, was isolated and fully charac-
terized in 1993—-1994; these studies revealed that it encodes a copper-transporting ATPase with over
50% sequence homology to the Menkes disease protein (9-11,13,14).

Although the Menkes disease protein (MNKP) and Wilson’s disease protein (WNDP) have sig-
nificant structural identity and also function similarly in the in vitro systems (/5-17), their distinct
tissue distribution and alterations in their expression during development (/8) suggest that the rela-
tive abundance and activity of these proteins are controlled by a specific set of environmental cues.
Understanding the regulatory mechanisms acting on these proteins represents one of the most unex-
plored and exciting area of copper homeostasis.

The detailed biochemical characterization of the Menkes and Wilson’s disease proteins is the first
step toward elucidation of their specific physiological roles in a cell. Such studies can be aided
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N-terminal copper-binding domain ATP-binding domain

Fig. 1. Schematic representation of the transmembrane organization of WNDP. The blocks in the N-terminal
portion indicate the position of copper-binding sites with a conserved sequence motif GMTCxxC. The single
arrows indicate the beginning and the end of the ATP-binding domain; the double arrow indicates the end of the
N-terminal domain. Open circles mark the location of some of the Wilson’s disease mutations and TGE, DKTG,
TGDN, and GDGxxD are the sequence motifs conserved in all P-type ATPases; W in a block shows the posi-
tion of a single tryptophan residue in the ATP-binding domain. CPC is a sequence motif that is specific for
copper-transporting ATPases.

considerably by comparative analysis of WNDP or MNKP with much better characterized cation-
transporting ATPases, such as Ca>*-ATPase or Na*,K*-ATPase, which belong to the same protein
family as WNDP and MNKP.

2. HUMAN COPPER-TRANSPORTING ATPASES AS MEMBERS
OF THE P-TYPE ATPASE FAMILY

Analysis of the primary sequence of the ATP7A and ATP7B gene products revealed that the corre-
sponding proteins, MNKP and WNDP, belong to a family of cation-transporting P-type ATPases.
The P-type ATPases are a large group of membrane proteins that utilize energy of ATP hydrolysis to
transport various ions across cell membranes. During the catalytic cycle the y-phosphate of ATP is
transferred to the invariant Asp residue within the nucleotide-binding site of ATPase with the forma-
tion of acylphosphate intermediate; this property distinguish the P-type ATPases from other cation-
transporting pumps. Because both Wilson’s disease and Menkes disease are associated with defects
in copper distribution, it was proposed that WNDP and MNKP function in a cell as copper-transport-
ing P-type ATPases. In agreement with this proposal, recent studies by Voskoboinik et al. have shown
that MNKP and WNDP transport copper across cell membranes and ATP stimulates the MNKP- and
WNDP-dependent transport (/9,20).

Today, over 100 members of the P-type ATPase family has been described and a wealth of infor-
mation has been accumulated regarding the structure and function of some of these proteins (for
review, see refs. 21 and 22). The first crystal structure of a P-type ATPase, the Ca>*-ATPase from
sarcoplasmic reticulum, has been recently solved, providing an important framework for studies on
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molecular mechanisms of the ATP-driven ion transport (23). To understand how this information can
be utilized for analysis of WNDP and MNKP, it could be beneficial to dissect features that are com-
mon for the human copper-transporting ATPases and other P-type ATPases, as well as to identify the
unique structural and functional characteristics of MNKP and WNDP.

Like all P-type ATPases, WNDP and MNKP have several highly conserved sequence motifs, such
as DKTG, TGDN, GDGxxD, and TGEA/S (Fig. 1). The invariant residues in these motifs are known
to play key roles in catalysis and accompanying conformational transitions, indicating that the basic
mechanisms of ATP hydrolysis and coupling between the hydrolytic and ion-transport steps are likely
to be the same for human copper-transporting ATPases and other P-type pumps.

At the same time, human copper-transporting ATPases have several unique structural and func-
tional characteristics (see Sections 2.2. and 2.4.), indicating that specific details of their molecular
mechanism and their intracellular behavior differ from those of well-characterized P-type ATPases.
For this reason, in our early attempt to classify the P-type ATPases, we placed the copper-transport-
ing and other structurally similar transient metal-transporting ATPases into a separate subgroup (P;-
type ATPases), in contrast to P,-ATPases, such as Ca?*-ATPase and Nat,K*-ATPase, which transport
alkali and alkali-earth ions (24). Solioz and Vulpe later suggested an alternative name for the P;-
ATPases, CPx-ATPases, based on the presence of characteristic motif CPx in the transmembrane
portion of these proteins (25). In a recent and more complete classification scheme, Axelson and
Palmgren also placed the P;-ATPases in a separate group (type IB), distinct from four other P-type
ATPase subfamilies (26).

The comparison of structural and functional properties of mammalian copper-transporting AT-
Pases (P;-ATPases) and P,-type ATPases reveals the following interesting differences between these
two groups of pumps.

2.1. Physiological Role

The major function of all well-characterized P,-type ATPases is to maintain the concentration
gradient of the transported cations across cell membranes; the generated gradients then serve as a
driving force for such physiological processes as muscle contraction, nutrients uptake, or electrical
activity of neurons. Whether human copper-ATPases have a similar role and maintain a concentra-
tion gradient of copper across cell membranes remains to be elucidated. In the cytosol, essentially all
copper apparently exists in a protein-bound form (27), but its status in the intracellular compartments
is less clear. If, in organelles, copper is present in a free form and therefore the transmembrane copper
gradient is generated, it remains unknown whether such gradient drives any secondary process. How-
ever, it is now well established that the eucaryotic copper-transporting ATPases represent key com-
ponents of a biosynthetic, cofactor-delivery pathway, transporting copper to copper-dependent
enzymes. Incorporation of copper into proteins in the secretory pathway is essential for numerous
physiological functions, including respiration, neurotransmitter biosynthesis, and high-affinity iron
uptake; however, the role of copper in these processes is indirect.

In addition to their important role in delivering copper to the copper-dependent enzymes, human
copper-transporting ATPases regulate the intracellular concentration of copper by removing excess
copper from the cell. This “detoxification” function of copper-transporting ATPases is very similar
to the functional role of bacterial Cd**-ATPase and Pb?>*-ATPases and likely appeared first during
evolution. It was later extended to accommodate eucaryotic cell needs in having copper inside vari-
ous cell organelles. To carry out this dual function, WNDP and MNKP have to be located, at least
temporarily, in different cell compartments.

In agreement with this prediction, MNKP was shown to cycle between the trans-Golgi network
(TGN) and the plasma membrane: Under basal conditions, MNKP was detected predominantly in
TGN, whereas increase in copper concentration led to the redistribution of MNKP from TGN to the
plasma membrane (28,29). Similarly, the intracellular localization of WNDP depends on copper
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Human Copper-transporting ATPases (Pl -type ATPases)
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Fig. 2. Comparison of the transmembrane topology and organization of the cation-translocation
pathway in human copper-transporting ATPases (P,-type ATPases) and P,-type ATPases. The letters
and the arrows/vertical lines mark the positions of the conserved sequence motifs; Pi indicates the
Asp residue in the DKTG motif that is phosphorylated during the catalytic cycle and the asterisk
shows the position of the TGEA/S sequence in the transmembrane model of ATPases. The trans-
membrane segments that are common for the P;- and P,-ATPases are dark colored, the membrane
segments unique for each group of ATPases are light gray; the open circles indicate the transmem-
brane segments known to be important for cation coordination and transport activity in both groups
of pumps.

concentration (30,31). In response to increased copper, WNDP redistributes from its primary local-
ization site, TGN, to a vesicular compartment (probably endosomes). Thus, changes in copper con-
centration seem to regulate copper transport across various cell membranes by altering the number of
copper transporters present at these membranes. So far, the dependence of intracellular localization
on concentration of the transported ion seems to be a unique property of human copper-transporting
ATPases. Whether this mode of regulation is the only way of altering copper transport across the
membranes or whether the changes in copper concentrations also control the activity of MNKP and
WNDP remains to be elucidated.

2.2. Transport Characteristics

Copper can bind to proteins in either reduced, Cu'*, or in the oxidized, Cu?*, form. The ability of
copper to exist in different oxidation states raises an interesting possibility that copper oxidation may
occur in the secretory pathway or in another intracellular organelle as the last step of the copper-
transport process. Copper binds to WNDP and MNKP in the reduced form (see Section 3.) and is
likely to be transported in the same form (32). Copper is then released from the transporters, possibly
with a change in oxidation state, and becomes incorporated into copper-dependent enzymes. [Inter-
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estingly, chloride ions seems to play an important role in this process, at least in yeast (33)]. The
alternative possibility is that copper is picked up from the ATPases through direct intermolecule
interactions either by target proteins or by low-molecular-weight copper carriers. If this last scenario
is correct, then the intracellular transport of copper is unique, because the entire ion-transport process
would be mediated through a chain of specific protein—protein interactions.

2.3. Cation Recognition

The extremely low concentrations of free copper in a cell (27) results in another interesting prop-
erty of WNDP and MNKP. Unlike many P-type ATPases, which recognize free cations present in the
cytosol, eucaryotic copper-transporting ATPases receive copper from so-called copper chaperones,
small cytosolic proteins that presumably work as shuttles between the copper uptake system and
other components of the copper distribution pathway (34-36). Thus, specificity of MNKP and WNDP
for the transported ion is defined not only by the stereochemistry of copper binding sites, but also by
specific recognition of the copper-carrier protein, HAH1.

2.4. The Structural Differences Between the P;- and P,-ATPases

It is probably not a coincidence that in addition to the functional differences described earlier,
copper-transporting ATPases have structural features that make them quite distinct from the P,-AT-
Pases. The most obvious difference is the organization of the cation-translocation pathway (Fig. 2).
In their membrane portion, P,-ATPases have 10 transmembrane segments: 4 segments before the
ATP-binding domain and 6 segments in the C-terminal portion after the ATP-binding domain. The
transmembrane segments involved in cation coordination and transport in the P,-ATPases contain a
large number of hydrophilic and helix-breaking amino acid residues, which are essential for binding
of the positively charged ions in the membrane (37-39).

In contrast, the P;-ATPases have a total of eight membrane-spanning regions: six before the ATP-
binding domain, and only one pair after the ATP-binding domain. The membrane portion of the P;-
ATPases has fewer hydrophilic and helix-breaking residues, and the segments, corresponding to the
last four C-terminal transmembrane helixes of P,-ATPases, are absent in the structure of copper
pumps (Fig. 2). Interestingly, these last four transmembrane segments play an important role in the
insertion and maintenance of the ion-binding segments in P,-ATPases and may even contribute to
cation coordination (40,41). The absence of these fragments in the copper-ATPases suggests that the
P,- and P,-ATPases likely to have different mechanisms for insertion of some transmembrane hair-
pins and for overall assembly of the cation-translocation pathway.

It is also interesting that the transmembrane segments immediately after the ATP-binding domain,
which play a central role in ion coordination in the P,-type ATPases, do not contain any obvious
ligands for copper binding in WNDP and MNKP. Currently, the only candidate for copper binding in
the membrane is the CPC motif in the sixth transmembrane helix (see Fig. 1). This suggests that
additional coordination of copper could be provided either by side chains of Ser/Thr and Tyr residues
or by the backbone carbonyls of other transmembrane segments. Alternatively, it is possible that two
additional transmembrane segments present at the N-terminal part of the protein are required to form
the copper-translocation pathway. If the first membrane hairpin, which is absent in the structure of
the P,-ATPases, is directly involved in copper transport, then the mechanism of coupling between the
ATP hydrolysis and cation transport could be quite different for the P,-type and P,-type pumps.

Another obvious difference between the P;- and P,-type ATPases is the role of the N-terminal
domain in cation binding and selectivity. Mutations in the N-terminal domain do not have a dramatic
effect on the cation affinity of the characterized P,-ATPases, which is defined mainly by the residues
located in the transmembrane portion of these proteins (/22,42 and Fig. 2). What specific role the N-
terminus of the P,-ATPases plays in the transport process, if any, is still not clear. In contrast, the N-
terminal domain of the copper-transporting ATPases contains multiple copper-binding sites (see Fig.
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Fig. 3. (A) Expression of N-WNDP-HT in Escherichia coli and purified soluble protein used for further
analysis of the secondary structure. (B) Circular dichroism spectroscopy of N-WND-HT reveals the following
secondary structure elements for this domain: 19.5% o-helix, 26% f-sheet, 21% f-turn, and 33.5% random
coil.

1 and text below), and the presence of at least one or more of these repeats is essential for copper
transport by MNKP and WNDP (34,43—45). This interesting difference between the P,- and P,-AT-
Pases seemed critical for dissecting the molecular mechanism of copper transport and prompted us
and other investigators to focus our attention on biochemical characterization of the N-terminal do-
main of WNDP and MNKP.

3. N-TERMINAL DOMAIN AND COPPER-BINDING PROPERTIES OF
WNDP

The N-terminal domain of WNDP and MNKP is an unique and intriguing feature in the structure
of these proteins. It is composed of 6 repetitive sequences, each of which is about 70 amino acid
residues long (Fig. 1). Each repeat contains a highly conserved motif GMTCxxCxxxIE, which is also
present in the bacterial mercury-binding protein MerP and in bacterial Cd**-transporting ATPase.
Based on this sequence homology with bacterial metal-binding proteins, it was proposed that the
sequence repeats in the N-terminus of WNDP and MNKP play a role in copper binding (6—11). Later
studies from Gitschier et al. (46) and Steele and Opella (47) revealed that the overall fold of the single
sequence repeat from Menkes disease protein and MerP are the same, highlighting the remarkable
conservation of this particular metal-binding motif through evolution.

The involvement of the N-terminal domain in copper binding was directly demonstrated by us and
other groups following heterologous expression of this domain and biochemical characterization of
purified proteins (48-517). We found that the N-terminal domains of WNDP and MNKP (N-WNDP
and N-MNKP, respectively) bind copper with stoichiometry close to six coppers per domain or one
copper per metal-binding repeat (48). Copper binds to these proteins in vivo and in vitro, however,
efficient in vitro binding is only achieved in the presence of reducing agents (48), suggesting that
copper binds to the protein in the reduced copper(I) form. These studies also demonstrated that Cys
residues play an important role in copper coordination. Recent X-ray absorption spectroscopy analy-
sis directly demonstrate that copper is bound to N-MNKP and N-WNDP in the reduced Cu(I) form
and is coordinated primarily by two Cys residues (52,53). Different copper stoicheometry (eight or
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four coppers bound per domain) with alternative stereochemistry was reported by the Dameron group
(50,54). These studies utilized the refolded protein, and discrepancies between these results and our
data are likely to reflect the difference between the in vitro and in vivo loading of the N-terminal
domains with copper.

Although it is clear that in the isolated metal-binding repeat, copper is coordinated by Cys resi-
dues in a flexible and fairly exposed loop (46), the arrangement of the multiple copper sites in the
fully loaded N-terminal domain remain unknown. We expressed N-WNDP with a short histidine tag
(N-WNDP-HT) in a soluble form and characterized the secondary structure of the purified N-WNDP-
HT using circular dichroism spectroscopy (Fig. 3). These experiments revealed that the composition
of the secondary-structure elements of N-WNDP (see Fig. 3 legend) closely resembles those of the
single metal-binding repeat, suggesting that when all six domains come together there is no marked
alterations in the overall fold of these repeats.

Recent studies by Sarkar and colleagues demonstrated that copper binding to N-WNDP is accom-
panied by conformational changes and by changes in the tertiary structure of the protein (53). These
results are very interesting, but it remains uncertain how closely the reported structural rearrange-
ments resemble the changes taking place under more physiological conditions. Our studies using
limited proteolytic digestion of soluble copper-free and copper-bound N-WNDP maltose-binding
fusion (N-WNDP-MBP) demonstrate that, although some protein regions slightly change their expo-
sure to protease as a result of copper binding, the overall proteolytic pattern of copper-free and cop-
per-bound N-WNDP remain the same. This result suggests that there is no dramatic alterations in the
overall fold of these proteins upon in vivo copper binding (unpublished observation).

It seems most likely that the copper-induced conformational changes affect the configuration of
loops connecting the metal-binding repeats and/or the distance between various metal-binding re-
peats. This is not to say that the small changes in the conformation of the N-terminal domain do not
have a major impact on the WNDP function. In fact, as we have shown recently, copper binding to
the N-terminal domain has a marked effect on domain—domain interactions within WNDP, which, in
turn, may lead to changes in the enzyme activity and intracellular trafficking (see Section 4.).

4. ATP-BINDING DOMAIN AND THE NUCLEOTIDE-BINDING
PROPERTIES OF WNDP

The energy-driven translocation of copper across cell membranes is likely to require coordination
and interaction among three major domains of copper-transporting P-type ATPases; the copper-bind-
ing domain, the ATP-hydrolyzing domain, and the membrane portion of the protein, containing the
ion-translocation pathway. In our earlier work, we hypothesized that the N-terminal domain can play
a regulatory role modulating the catalytic properties of WNDP and MNKP in response to copper
binding (13). We also suggested that the regulatory function can be carried out via specific protein—
protein interactions of the N-terminal domain with the second large cytosolic loop, containing the
ATP-binding domain (/3). To test this hypothesis, we have recently expressed, purified, and charac-
terized the ATP-binding domain of WNDP (ATP-BD) and analyzed the domain—domain interactions
within WNDP (55). The results of these studies are discussed next.

Current expression systems do not permit direct measurements of the nucleotide-binding proper-
ties of human copper-transporting ATPases. However, one can get important and reliable informa-
tion about the nucleotide specificity and relative nucleotide-binding affinities of proteins by using
their isolated nucleotide binding domains (56-58). In determining the borders of the putative ATP-
binding domain of WNDP, we were aided by studies on other members of the P-type ATPase family,
such as Ca?*-ATPase and Na*,K*-ATPase. In these proteins, the major cytosolic loop that contains
the highly conserved motifs DKTG, TDGN, and GDGxxD (see Fig. 1) was shown to be sufficient for
selective binding of nucleotides (56-58). Although the overall homology between Ca?*-ATPase and
copper-ATPases is just 5%, the similarity between regions corresponding to the ATP-binding domain
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Table 1

Apparent Affinities of the Purified ATP-BD for Various Nucleotides in the Absence or
Presence of the Copper-Free and Copper-Bound N-Terminal Domain (N-WNDP-Cu
and N-WNDP+Cu, Respectively)

ATP-BD ATP-BD +
ATP-BD + N-WNDP(-Cu) N-WNDP(+Cu)
(uM) (uM) (uM)
K, for TNP-ATP 1.89 = 0.72 10.36 = 0.46 6.72 = 1.45
K, for ATP 268 = 23 1137 = 238 339 + 80
K, for ADP 85«5 n.d. n.d.
K, for AMP 79 + 18 52 + 31 168 + 37

is higher (18-23%), suggesting that the overall fold and some nucleotide-binding properties could be
well preserved among all members of the P-type ATPase family.

We expressed the fragment K!910-K 1325 of WNDP (Fig. 1) as a histidine tag (HT) fusion in E. coli,
purified it from the soluble fraction, and demonstrated that it formed an independently folded domain
(ATP-binding domain, or ATP-BD) (55). ATP-BD has both the nucleotide-binding and ATP-hydro-
lyzing activities (55); the affinities of the purified ATP-BD for nucleotides are summarized in Table 1.

Analysis of the nucleotide-binding properties of ATP-BD yielded several interesting results. First,
the ATP-binding domain of WNDP was found to bind ADP and AMP equally well and with signifi-
cant affinity (see Table 1), in contrast to previously characterized domains of P,-type ATPases, which
show fairly low affinity for these nucleotides and a large difference in the affinity for ADP and AMP
(56,57). The lower selectivity of ATP-BD toward nucleotides resembles the property of the P-type
ATPase from Methanococcus jannaschii (59), a soluble protein structurally equivalent to the isolated
ATP-binding domain, and probably reflects the early evolutionary origin of copper-transporting
ATPases.

Interestingly, both ATP-BD and the Methannococcus P-type ATPase have a low but measurable
ATPase activity (55,59), a property that has not been observed in the isolated ATP-binding domains
of the P,-ATPases. This interesting difference likely reflects a more compact folding of the ATP-
binding domain of WNDP and the bacterial P-type ATPases; ATP-BD is 70-80 amino acid residues
shorter than the corresponding domain of the P,-type ATPases and lacks several loops, which could
be important for precise nucleotide selection in Ca**-or Na*,K*-ATPase. The molecular modeling of
the WNDP ATP-binding domain using the published crystal structure of Ca>*-ATPase further illus-
trates these points (Fig. 4).

As shown in Fig. 4, the ATP-binding domain of P-type ATPases consists of two distinct parts, the
phosphorylation domain (P-domain), which includes the highly conserved residues DKTG, TGDN,
and GDGxxD, and the N domain, which contains residues important for binding of the adenosine
moiety of nucleotides (23). The P domains of WNDP and Ca>*-ATPase are structurally very similar
(i.e., consistent with the common role these regions play in catalytic cycle of ATPases). In contrast,
the N domains involved in the nucleotide binding are quite different. The differences in the number,
length, and position of several loops in the N domain of P,-type and P,-type ATPases (see Fig. 4) are
likely to be responsible for the differences in their nucleotide selectivity (see above).

Another novel and interesting property of the WNDP ATP-binding domain is its ability to bind
ATP (the substrate of ATP hydrolysis) and ADP (the product of the reaction) simultaneously (55).
Given the distinct subdomain organization of ATP-BD (Figs. 4 and 5), it is tempting to speculate that
ATP binds in close proximity to the Asp residue in the DKTG motif (the residue, which in P-type
ATPases accepts y-phosphate from ATP, forming phosphorylated intermediate) while ADP is bound
in the adenosine-binding pocket of the N domain. During the catalytic cycle, two subdomains would
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+— N-domain —

WNDP Ca-ATPase

Fig. 4. Comparison of three-dimensional fold of the ATP-binding domains of WNDP and Ca-ATPase. The
homology modeling was carried out using published coordinates for Ca>*-ATPase (accession N. 1EUL) and
SwissPdbViewer software. The balls in the lower P-domain indicate the positions for invariant Asp in the
DKTG motif, two Asp residues in the GDGxxD sequence, and the location of the TGDN motif. The chain of
balls in the upper N domain marks the site of the TNP-AMP (the AMP analog) binding in the crystal structure
of Ca?*-ATPase and the equivalent region in the structure of ATP-BD.

come together [as described for Ca?*-ATPase in (23)], forming a “closed state.” The hydrolysis of
ATP would then be accompanied by transfer of the adenosine moiety from the P domain to the N
domain as shown in Fig. 5 with formation of an “open state” in which both ATP- and ADP-binding
sites are ascessible.

It is significant that the nucleotide-binding properties of ATP-BD are modified in the presence of
the N-terminal domain (see Table 1 and Section 5.). This change reflects the interaction between two
functional domains of WNDP and suggests that domain—domain interactions play an important role
in the functional activity of WNDP and homologous MNKP. The ability of ATP-BD to fold indepen-
dently, to bind and hydrolyze ATP, and to interact with the N-WNDP specifically makes this isolated
nucleotide-binding domain a convenient tool for analysis of numerous disease-causing mutations
located in this region of WNDP (60,61) (see Fig. 1).

5. COPPER-DEPENDENT DOMAIN-DOMAIN INTERACTIONS AND THE
REGULATORY ROLE OF THE N-TERMINAL DOMAIN

The N-terminal domain of human copper-transporting ATPases is essential for the copper-depen-
dent functions of these proteins. Mutations of Cys residues in the metal-binding motifs inactivate the
copper-transporting activity of WNDP and prevent copper-dependent trafficking of WNDP in a cell
(34,45). At the same time, recent studies conducted in several laboratories convincingly demon-
strated that the entire N-terminal domain was not essential for the transport function of copper-
ATPases: the large portion of this domain could be deleted or mutagenized without significant loss of
the copper-transport activity (34,43,44). These results are consistent with the fact that the bacterial,
yeast, and plant copper-ATPase can carry out their functions with fewer than six (one to three) metal-
binding repeats (e.g., see ref. 62). Because extra metal-binding repeats are not important for function,
it seems likely that they play a role in regulation of WNDP and MNKP.
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Fig. 5. Hypothetical model showing how ATP and ADP could bind to ATP-BD simultaneously (55) in the
isolated ATP-BD (see text for details).

The regulatory role for the N-terminal domain has been suggested by several authors (20,44,48,53),
and recent studies indicate that copper binding to the N-terminal domain triggers the intracellular
relocalization of MNKP and WNDP (44,45). However, only one or two metal-binding repeats, which
are important for transport function, seem to be necessary and sufficient for copper-induced traffick-
ing (44,63,64). Therefore, the first four metal-binding repeats were proposed to function by prevent-
ing protein trafficking before they are filled up with copper (see the model in ref. 53).

Our recent studies shed some light on how the N-terminal domain may regulate the copper-depen-
dent functions of WNDP. We found that N-WNDP interacts specifically with the ATP-binding do-
main of WNDP and that the interactions between these two domains are copper dependent: In the
absence of copper, two domains interact tightly, whereas copper-bound N-WNDP does not bind to
ATP-BD very well (55). How many bound copper atoms are sufficient to induce the change in
intradomain interactions is a subject of future investigations.

Importantly, the domain—domain interactions have a clear effect on the conformational state of the
ATP-binding domain: when N-WNDP is bound to ATP-BD, the affinity of the latter to nucleotide is
decreased several-fold (see Table 1). Therefore it is tempting to speculate that binding of copper to
the N-terminal domain is accompanied by conformational changes that alter the interaction between
N-WNDP and the ATP-binding domain (Fig. 6). This change, in turn, may modify the nucleotide-
binding properties of WNDP and possibly the rate of ATP-hydrolysis.

It is also quite possible that copper-induced changes in domain—domain interactions and the subse-
quent conformational transitions lead to exposure of sites for the intracellular trafficking machinery,
resulting in copper-dependent relocalization of WNDP in a cell. The mutagenesis studies and analysis
of the naturally occurring mutants (63,65) revealed that the copper-dependent trafficking of MNKP
and WNDP can be disrupted by amino acid substitutions in various regions of these proteins. These
results suggest that a certain conformation of a functionally active protein rather than its mere ability
to bind copper is important for trafficking of copper-ATPase. Although the precise molecular mecha-
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Fig. 6. Copper binding to N-WNDP decreases the interactions of N-terminal domain with ATP-BD, which
in turn, changes the ATP-BD conformation.

nism of the WNDP trafficking and targeting is still unclear, it is likely to involve series of copper-
dependent posttranslational events, based on changes in domains conformation induced by copper.

6. PRACTICAL ASPECTS OF EXPRESSION, PURIFICATION,
AND BIOCHEMICAL ANALYSIS OF THE WNDP FUNCTIONAL DOMAINS

6.1. Expression of the N-Terminal Domain

Most of the biochemical studies described earlier utilized the heterologous expression, purifica-
tion, and analysis of isolated functional domains of WNDP. Although, in general, this approach has
certain limitations, it proved to be very fruitful and informative for WNDP. The key to successful
biochemical characterization of isolated domains is the ability to obtain them in a soluble and well-
folded form. The N-terminal domains of WNDP and MNKP contain over 600 amino acid resides and
a large number of cysteines, which makes their expression in a soluble form a challenging task. In
fact, in our first experiments the expression of N-MNKP and N-WNDP as fusions with maltose-
binding protein (N-MNKP-MBP and N-WNDP-MBP, respectively) led to largely insoluble proteins
deposited in inclusion bodies. Using the fluorescent Cys-directed probe (see Section 6.2. for details),
we determined that most of the Cys residues in these proteins were unavailable for modification
without prior reduction with dithiotreitol or B-mercaptoethanol, suggesting that Cys residues were
involved in the formation of disulfide bridges (unpublished observation). It also suggested that incor-
rect S-S bridge formation could have lead to protein misfolding and insolubility.

To overcome this problem, we utilized the innovative approach proposed by Yasukawa et al. (66).
In this work, the solubility of eucaryotic proteins expressed in E. coli was shown to be markedly
enhanced by presence of thioredoxin expressed from a separate plasmid. Indeed, in our experiments,
coexpression of N-WNDP-MBP and N-MNKP-MBP with thioredoxin led to a dramatic increase in
protein solubility (up to 60% of expressed protein was found in the soluble portion). Analysis of
soluble N-WNDP-MBP and N-MNKP-MBP using Cys-directed probe revealed that the soluble do-
mains have their Cys in the reduced form, not in S-S bridges (Fig. 7).

6.2. Copper Loading and Analysis of Copper Binding

The ability to keep Cys residues in the reduced form in a cell was extremely important, because it
allowed us to develop a procedure for the in vivo loading of N-WNDP and N-MNKP with copper
(48) (see Fig. 7). N-WBDP and N-MNKP in a copper-bound form can then be purified from cells
using affinity chromatography and the amount of bound copper can be determined using a spectro-
photometric assay (67) based on complexation of Cu(I) with bicinchoninic acid (BCA), as shown in
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Fig. 7. Expression of N-MNKP-MBP in the presence of thioredoxin and in vivo loading with copper. E. coli
cells transformed with N-MNKP-MBP and thioredoxin-containing plasmids were grown under standard condi-
tions. Copper was added up to 500 uM (+) to one of the cultures and the protein expression in control and
copper-treated sample was induced with IPTG as described (48). Following affinity purification, the availabil-
ity of Cys residues for labeling with fluorescent coumarin maleimide (CPM) and the amount of copper bound to
the protein were determined. In this experiment, the (+) copper sample contained 5.19 mol Cu/mol protein.
Similar results were obtained with N-WNDP-MBP fusion.

Fig. 8, or by atom absorption spectroscopy. The two procedures yield similar results, although care
should be taken using the BCA assay, because the accuracy of this procedure may be affected by
buffer composition, (e.g., by presence of imidazole (67; and our unpublished data).

Binding of copper to N-WNDP, N-MNKP, or to copper chaperones, such as HAH1, all of which
contain the same CxxC motif for copper coordination, can be monitored by decrease of the Cys
residues reactivity toward fluorescent reagents following copper binding to the protein, as shown in
Fig. 7. Although this assay is indirect and has to be confirmed by the BCA-based analysis or by atom
absorption spectroscopy, it could be very valuable when comparing multiple samples. The labeling
assay is fairly independent on buffer composition and requires significantly less protein than the
BCA-based procedure and atom absorption spectroscopy. We observed good agreement in copper
stoicheometry values comparing the BCA procedure with the fluorescent probe-based assay, and we
routinely used both protocols for the copper-binding measurements.

6.3. Choosing a Tag for Affinity Purification of the Copper-Binding Domain

For the characterization of the copper-binding domain of WNDP, we utilized the MBP fusion and a
histidine tag. The advantage of the MBP fusion is that MBP does not bind copper and therefore does
not appear to interfere with copper-binding properties of WNDP, in contrast to HisTag, which binds
copper (Cu?*). The disadvantage of MBP fusion is its large size (42 kDa), which complicates struc-
tural analysis of the fusion protein. For the characterization of MerP, expressed as a MBP fusion, MBP
was cleaved prior to spectroscopic analysis (47); however, trombin cleavage of N-WNDP-MBP, which
is significantly larger than MerP-MBP, was fairly inefficient (our data). Therefore, for characteriza-
tion of the N-WNDP secondary structure, we utilized a HisTagged version of this protein (Fig. 3).

Interestingly, N-WNDP-HT can be expressed in a soluble form in E. coli in the absence of
thioredoxin, but it has to be reduced in vitro in order to get copper bound (Fig. 9).



Biochemistry of the Wilson's Disease Protein 47

0.8108 A T T T ¥ T — T T

[Abs)

-6.276

320.0 Vavelength ¢na) "680.9

Fig. 8. Measurements of copper-binding to N-WNDP (N-WND) and N-MNKP (N-MNK) using
bicinchoninic acid. Proteins loaded with copper in vivo as in Fig. 7 were used to estimate the amount of bound

copper.
=Cu +Cu
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Fig. 9. Comparative analysis of the in vitro copper-binding properties of N-WNDP-MBP and N-WNDP-HT.
Left panel: N-WNDP-MBP was expressed in the presence of thioredoxin, purified using amylose resin, and
loaded with copper in vitro in the presence of ascorbate as described in ref. 48. Copper-binding was monitored
by labeling of Cys residues with fluorescent coumarin maleimide and confirmed with BCA assay. Right panel:
N-WNDP-HT was expressed without thioredoxin, purified on NTA resin and was either eluted with Imidazole
(first two lanes) or was incubated with or without copper in the presence of reducing reagent [tris-(2-
carboxyethyl)phosphine hydrochloride, TCEP] while it is was bound to the resin. Note that without reduction,
Cys residues are unavailable for labeling with the fluorescent probe. Following washes and elution with imida-
zole, the amount of copper bound to N-WNDP-HT was determined as above.

Although the N-WNDP-HT is useful for analysis of copper-independent properties of this do-
main, such as overall folding, and structure, its usefulness for analysis of copper binding is somewhat
ambiguous because of the ability of HisTag to bind copper. In fact, our initial attempts to load N-
WNDP with copper either in vivo or in vitro led to protein precipitation. The precipitation problem
can be avoided if copper is added to N-WNDP-HT during purification while protein is still bound to
the NTA resin and the His tails are sequestered by interactions with Ni. This protocol allowed copper
to bind to Cys residues, as shown in Fig. 9.
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Fig. 10. The comparison of the nucleotide-binding properties for the ATP-binding domains of WNDP (filled
circles) and Na*,K*-ATPase (the typical representative of the P,-type ATPases, empty circles). The identical
amounts of purified nucleotide-binding domains were mixed with increasing concentrations of TNP-ATP and
the nucleotide-binding was monitored by the increase in TNP-ATP fluorescence.

The column-based procedure yields a copper-bound N-WNDP with stoichiometry close to what
was found for in vitro-loaded N-WNDP-MBP; however, there is a marked difference between N-
WNDP-HT and N-WNDP-MBP in the stability of the copper—protein complex. Although copper is
bound tightly to N-WNDP-MBP, such that copper-bound protein can be dialyzed or concentrated
significantly without losing copper, the HisTag fusion of WNDP quickly loses its copper upon con-
centration and then begins to aggregate when protein concentration exceeds 1-2 mg/mL. We con-
clude that the MBP fusion expressed in the presence of thioredoxin and loaded with copper in vivo
currently represents a much better system for characterization of N-WNDP and N-MNKP properties.

6.4. ATP-Binding Domain

The problems associated with the HisTag, which we discussed earlier, could be the result of the
fact that both the HisTag and the N-terminal domain can bind copper, and the presence of two cop-
per-binding motifs generates protein with completely new properties. Using the HisTag, however,
works fairly well for expression and purification of the ATP-binding domain of WNDP (ATP-BD).
Although solubility of this domain is rather limited, and is not improved by coexpression with
thioredoxin, it is possible to obtain up to 500 ug of purified protein from 2 L of cell culture following
induction with 0.1 mM isopropyl-1-thio--D-galactopyranoside (IPTG) at room temperature (55).

The ability of the ATP-binding domain to bind the nucleotides can be quickly assessed using the
fluorescent analog ATP (thrinitrophenyl-ATP, TNP-ATP). In solution, this reagent has low fluores-
cence; binding of TNP-ATP to proteins is accompanied by an increase in fluorescence, as shown in
Fig. 10.

The specificity of TNP-ATP binding and relative affinities toward various nucleotides can then be
determined by competition studies as in refs. 55-58. The disadvantage of TNP-ATP as a probe for the
nucleotide-binding site is a relatively high nonspecific binding because of protein interaction with
TNP moiety. However, there are also certain advantages. The TNP-ATP-based assay not only esti-
mates the ability of the isolated domain to binds nucleotides, it also can be used to monitor the
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changes in the microenviroment of the probe. As shown in Fig. 10, whereas the affinities of ATP-BD
and the ATP-binding domain of the Na pump for TNP-ATP are comparable, the increase in the TNP-
ATP fluorescence is larger when it binds to ATP-BD, indicating that the microenvironment of TNP-
ATP differs in ATP-BD and Na*,K*-ATPase ATP-binding domain. Therefore, one can utilize this
protocol to estimate whether mutations in ATP-BD alter the surrounding environment of the nucle-
otide-binding site.

7. CONCLUSION

WNDP and MNKP represent a novel group of ion transporters with fascinating structural and
functional properties. The first important steps in biochemical analysis of these proteins have been
made and further studies will undoubtedly uncover new and exciting information about molecular
mechanisms of copper distribution in human cells.
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Proteins Analyzed by Means of Semiquantitative
and Quantitative Theoretical Descriptors
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1. INTRODUCTION

1.1. Mutual Relation Between Molecular Structure and Functional Properties

Acquiring insights into the mechanisms governing biological activity and, in general, molecular
recognition has important consequences because it can result in improved techniques for designing
new drugs and engineering proteins with desired properties and functions in a specific environment.

Much effort has been directed toward the design of small molecules with potential drug proper-
ties. The most widespread approach to drug design relies on the search for meaningful qualitative
(SAR) and quantitative (QSAR) structure—activity relationships within series of organic compounds
(1,2). Theoretical descriptors of the structural and electronic features of the series of molecules at
hand are used to rationalize the biological activity or other biochemical or pharmacological proper-
ties observed in different biological contexts and to understand the mutual influence of structure and
property.

Notwithstanding the overwhelming growth of information about protein function, provided by
protein biochemistry and DNA cloning techniques, applications of QSAR techniques to peptides and
proteins are less developed. Statistical models with good predictive ability have indeed been reported
in the literature. They make use of amino acid scores derived from the application of principal-
components analysis (PCA) to descriptor matrices of various amino acid properties such as empirical
scales, three-dimensional (3D) descriptors, interaction properties descriptors, and so forth (3). How-
ever, the descriptors utilized in all of these approaches are computed for isolated amino acids or
for simplified model systems, and the physical interpretation of the correlations obtained is often
difficult.

To our knowledge, very little attention has been devoted to date to the use of descriptors related to
the 3D structure of proteins.

This work presents an analysis of the structural determinants of association and redox properties
in biological systems assisted by advanced computational techniques. Several theoretical descrip-
tors, originally developed to rationalize the reactivity determinants of small organic molecules, are
used to produce quantitative and/or semiquantitative models, which can pinpoint the causes that deter-
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mine variations in molecular recognition and redox properties in protein systems. In particular, the
attention is focused on those modifications of the protein structure that affect the functional proper-
ties of the protein itself. Development of theoretical models for the analysis of the thermodynamic
and kinetic aspects of electron-transfer processes can, in addition, contribute to achieving detailed
interpretations of experimental data and performing protein structure-based design.

1.2. The Blue Copper Proteins

The blue copper proteins are redox proteins containing at least one copper site (4). Their name
derives from the intense blue color characteristic of their oxidized [Cu(II)] state, which results from
a strong visible absorption in the region of 600 nm. This, together with other distinctive physico-
chemical properties (i.e., a very small hyperfine coupling constant in the electron paramagnetic reso-
nance (EPR) spectrum and a relatively high but variable redox potential), has fascinated chemists for
many years. The “blue copper proteins” include different groups of protein with different structural
features. Here, however, the focus will be on the small and soluble electron-carrier proteins with a
single copper site, which are also referred to as “cupredoxins” or “type I copper proteins,” because of
the specific structural features of their Cu site.

The cupredoxins have been isolated from a variety of bacterial, algal, and plant sources, where
they participate in biochemical processes important for the organism’s life, by shuttling electrons
from a protein acting as an electron donor to another acting as an electron acceptor (4).

Many experimental data on this protein family are available from mutagenesis studies, kinetic analysis,
and biochemical assays (4—/8). The most extensive studies have been performed on cupredoxins belong-
ing to seven different subfamilies named plastocyanins, azurins, pseudoazurins, amicyanins, rustiyanins,
basic proteins (BP), and stellacyanins. These proteins differ slightly in their spectroscopic, thermody-
namic and structural properties (4) and in the role they play inside the hosting organisms (/9). High-
resolution X-ray and nuclear magnetic resonance (NMR) structures are known for members of the
plastocyanin, azurin, and pseudoazurin subfamilies and a few others are available for the amicyanin,
rusticyanin, stellacyanin, and BP proteins (Table 1). In addition, two experimental structures of cupredoxins
in complex with their redox partners are known: a crystal structure of the amicyanin from Paracoccus
denitrificans bound to its electron donor, methylamine dehydrogenase (MADH), and the electron acceptor
cytochrome ¢551i (20), and an NMR-based structure of spinach plastocyanin interacting with its electron
donor, cytochrome-f from turnip (27,22). These two structures, together with all of the other experimental
data, provide important information about the functional role and the binding properties of the cupredoxins,
which have not yet been fully elucidated.

Analysis of the known 3D structures has shown that, in each cupredoxin, the polypeptide chain
folds back on itself to give eight parallel or antiparallel f-strands arranged in a Greek key motif and
constituting a single globular domain identified as a 3-barrel or 3-sandwich. However, features such
as the relative positions of the strands, the length of loops, and the extent of hydrogen-bonding differ-
entiate them (4).

The copper-binding site is invariably located at one end of the [3-barrel, the so-called “northern”
end in the most popular viewing perspective of the plastocyanin proteins (Fig. 1). The copper occu-
pies a cleft formed by the loops that also provide the ligand residues to the metal atom. In almost all
of the cupredoxins, with a few exceptions, there are four copper ligands, a cysteine, two histidines,
and a methionine, generally arranged to form a distorted tetrahedron (4). The copper-site region is
overall hydrophobic, as a result of the presence of nonpolar amino acids that surround the exposed
edge of one histidine ligand. This is the only surface feature that appears to be common to all of the
blue copper proteins and is, therefore, a clear requirement for an electron-transfer and redox-partner-
binding site. This hypothesis is also supported by the two known structures of cupredoxin complexes.
The rest of the surface varies considerably from one cupredoxin subfamily to another, thus other
electron-transfer and redox-protein-binding sites are also likely to exist among the proteins. Indeed,



Table 1
Structural and Physiological Information About the Blue Copper Protein Subfamilies

Structural information Charge
Protein data
bank Resolu-  Residue Electron Electron
Subfamily Organism pdb code  State  tion(A) range Ox Red donor acceptor
Plastocyanin Seed plant: Spinacia oleracea lag6 Ox 1.70 1-99 7 -8
Seed plant: Petroselinum crispum 1plb Ox nmr 1-97 -6 =7
Seed plant: Populus nigra Ipnd Ox 1.60 1-99 -7
Spey Red 1.80 1-99 -8
Seed plant: Phaseolus vulgaris 9pcy Red nmr 1-99 -7 -8
Fern: Dryopteris crassirhizoma 1kdj Ox 1.70 1-102 -5
1kdi Red 1.80 1-102 -6 a : a
Green alga: Ulva pertusa linz  Ox 160 1-100 -5 6 b ontf P700+ in PST
Green alga: Chlamydomonas reinhardtii 2plt Ox 1.50 1-100 -5 -6
Green alga: Enteromorpha prolifera Tpcy Ox 1.80 1-100 -5 -6
Photosynthetic prokaryote: Prochlorotrix hollandica 1b3i Ox nmr 1-97 +3 +2
Cyanobacterium: Phormidium laminosum Ibaw Ox 2.80 1-105 -2 -3
Cyanobacterium: Anabaena variabilis Inin Ox nmr 1-105 +2 +1
Cyanobacterium: Synechocystis sp. Ipcs Ox 2.15 1-101 -1 -2
Azurin Achromobacter xylosioxidans 1 Irkr Ox 2.45 1-129 43 +2
Achromobacter xylosioxidans 11 larn Ox 2.60 1-129  +2 +1 Cyt c551° Nitrite
Alcaligenes denitrificans 2aza Ox 1.80 1-129 +1 0 reductase”*
Psuedomonas aeruginosa 4azu Ox 1.90 1-128 0 -1
Psuedomonas fluorescens (Biotype A) 1joi Ox 2.05 1-128 +1 0 or
Psuedomonas putida Inwo  Ox 1.92 1-128  +2 +1 AADH" or Cyt oxidase”
Pseudoazurin Alcaligenes faecalis 8paz Ox 1.60 1-123  +1 n.d.4 Cu-NIR (green)®
3paz Red 1.73 1-123 0
Achromobacter cycloclastes 1zia Ox 1.54 1-124  +2 n.d.? Cu-NIR (green)®
1zib Red 2.00 1-124 +1
Paracoccus denitrificans (subsp. Thiosphaera pantotropha) ladw Ox 2.50 1-123 -3 —4 n.d.4 Cyt cd1¢
Methylobacterium extorquens Ipmy  Ox 1.50 1-123 43 +2 MADH¢or  Cyt c-type®
Methanol DH
Amicyanin Paracoccus denitrificans laac Ox 1.31 1-105 -1 Cyt c5511
2rac Red 1.30 1-105 -2 MADH
Paracoccus versutus aminmr’ nmr 1-106 -2 -3 or Cyt c-type
Rusticyanin Thiobacillus ferrooxidans lrcy Ox 1.90 4-155 +2 Cyt c552 Cyt Oxidase
la3z Red 1.90 4-155 +1
CBP Cucumis sativus 2chp Ox 1.80 1-96 +8 +7 n.d. n.d.c
Stellacyanin Cucumis sativus ljer Ox 1.60 1-109 -2 -3 n.d.c n.d.c

dcyt f and P700+ are redox partners for all the plastocyanins. Plastocyanins from bacteria are also able to bind cytochrome oxidase.
BWhen cytochrome ¢551 is the donor, a nitrite reductase is the acceptor, whereas cytochrome oxidase is the acceptor when AADH is the donor.
“Cu-NIR (blue) is the nitrite reductase interacting with azurins in Achromobacter xylosoxidans, whereas the heme-containing cytochrome cd1 binds to all the other azurins listed.

dNot determined.

“Pseudoazurins bind to Cu- and heme-containing NIRs and probably also to deaminases and c-type cytochromes in methylotrophic bacteria.

fThis structure was kindly provided by Dr. M. Ubbink.
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northern site

eastern
site

Fig. 1. Ribbon structure representation of a blue copper protein (spinach plastocyanin) showing the location
of the Cu site, also known as the “northern” site, and the “eastern” site. The Cu atom and the side chains of the
Cu-ligand residues are shown in sphere and stick representations, respectively.

experimental evidence shows that the type I copper proteins can participate in electron-transfer reac-
tions with different redox proteins (23).
The overall electron-transfer process between a cupredoxin and one of its partners can be written
simply as follows:
ka
on + Bred e Ared + Box (D
ks
where the cupredoxin can be either A or B, depending on its redox state and the protein with which it
is interacting, and k, is the kinetic constant for the overall electron transfer reaction (24). However,
the molecular mechanism of this reaction is quite complex and the details have not yet been eluci-
dated exhaustively. The overall process is commonly thought to consist of different successive steps:
(1) the formation of the complex between the two redox partners, which is necessary to bring the
proteins into contact, (2) the electron transfer itself, and (3) the dissociation of the complex after the
redox reaction has taken place. These steps can be summarized as follows:

kon' kel koff"
on + Bred e Ared/Box hig on/Bred e on + Bred (2)
koff k—et kon”

where k,, and kg are the rate constants for the association process, k., and k_, are the rate constants
for the direct and reverse electron-transfer reaction, respectively, and k. and k,,» are the rate con-
stants for the complex dissociation reactions (which are not necessarily the same as kg and k).
Long-range molecular recognition properties and electrostatic effects are thought to play important
roles in the association process that leads to complex formation and to the interaction of specific
binding surfaces of the two proteins (thus affecting &, and k¢ values). Redox properties are, on the
other hand, important for the real electron-transfer step and, therefore, affect the rate constants k., and
k_;. Therefore, both the molecular recognition and redox properties of the cupredoxins influence the
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kinetics of the overall electron-transfer reaction (25). One of the most discussed issues is whether
specificity of interaction of the blue copper proteins with their partners is a requirement for a high
electron-transfer rate. This question acquires importance if it is considered that one electron-transfer
protein is often able to interact with several different donor and acceptor proteins and, similarly, more
than one species of redox protein may be able to mediate electron-transfer between two particular
proteins (23).

In this work, the structural features of the cupredoxins that appear to be the main determinants of
molecular recognition and redox properties of the cupredoxins are highlighted and rationalized by
means of theoretical descriptors of different complexity.

Two different approaches have been tested:

1. A similarity analysis, where descriptors determined from the protein 3D structures are used as indices of
the binding features of proteins, in order to provide a classification of the blue copper protein subfamilies
with respect to their recognition properties

2. A QSAR analysis, where descriptors are used to relate quantitatively variations in the kinetic rate con-
stants, or thermodynamic properties crucial for function, of a particular cupredoxin species (namely the
plastocyanin from spinach) to perturbation of the structure properties of the protein itself

These two approaches and their applications are drawn in Scheme 1.

2. SIMILARITY ANALYSIS OF THE BLUE COPPER PROTEIN SUBFAMILIES
WITH RESPECT TO THEIR MOLECULAR INTERACTION PROPERTIES

The molecular requirements necessary for the blue copper proteins to interact with their redox
partners are analyzed. As highlighted in Section 1.2., the blue copper proteins are divided into sub-
families depending on their physicochemical, biological, and functional properties. What has not yet
been assessed about these proteins is whether and to what extent they bind specifically to their redox
partners and whether cupredoxins belonging to different subfamilies can substitute one for the other
in binding to the same partners (23). Recognition of and interaction with a specific protein partner is
commonly mediated by protein surface features, such as charge distribution. Therefore, comparison
of the surface features of the different cupredoxins can be helpful in pinpointing the similarity and/or
dissimilarity in their recognition properties and preferential binding mechanisms (26-28). The prop-
erties considered are the molecular electrostatic potential, which is important in biomolecular recog-
nition at medium- and long-range distances, and hydrophobic potential, which is involved in
short-range recognition, docking, and electron transfer. The analysis of these interaction properties
was performed for a representative set of different cupredoxins selected from the available experi-
mentally-determined structures (see Table 1).

2.1. Sequence and Structure Analyses

The first step for comparing different proteins belonging to the same superfamily is the analysis
their primary structure (i.e., the amino acid sequence).

Preliminary hints for the analysis of the protein sequences were given by the alignment of all the
selected cupredoxin sequences. This alignment was obtained with the CLUSTALX program (29) and
is reported in Fig. 2. It shows clearly that the most conserved region among the different protein
subfamilies is the Cu site (i.e., the residues liganding to the Cu atom).

A structure-based pairwise sequence alignment was then performed by the program
MODELLER (30).

The alignment obtained for eight selected cupredoxins, which are representative of the different
protein subfamilies studied, is reported in Fig. 3. The rational behind the use of structure-based
sequence alignments rests in the fact that proteins belonging to different cupredoxin subfamilies
often have very low sequence similarity (<20%) although they share the same fold and global archi-
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Fig. 2. Multiple sequence alignments of the blue copper proteins listed in Table 1. The asterisk points to the

most conserved residues, which are the Cu ligands.
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Fig. 3. Structure-based pairwise sequence alignment for eight proteins representative of the different
blue copper protein subfamilies. Black underlining indicates residues found in -strands, while boxes

indicate residues found in o-helices.
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Fig. 4. Clusterization of the proteins listed in Table 1 in the sequence identity space. Each point represents a
protein.

tecture. Therefore, the use of structural information is particularly relevant for the correct analysis of
the differences that have arisen among these proteins during evolution.

Computed pairwise sequence identity percentages (reported in Table 2) as ID(a,b) were derived
from the structure-based sequence alignments as follows:

ID(a,b) = (n/N)100 3)

where 7 is the number of identical residues in the same alignment position of proteins a and b and N
is the total number of aminoacids in the shortest of the two sequences compared.

ID(a, b) values were used as sequence similarity descriptors. A distance matrix, obtained by com-
puting distances between any two proteins a and b [D(a,b)] in sequence space, as

D(a,b) = sqrt(1-ID(a,b)/100) “4)

was then used for a cluster analysis as described in detail in De Rienzo et al. (/9). The resulting
distribution, shown in Fig. 4, clearly highlights how the different subfamilies are clustered in differ-
ent regions of sequence space and how every member of a subfamily is closer to its own cluster than
to any other one.

From the sequence analyses, we can state that all the plastocyanins (both eukaryotic and
cyanobacterial) and the amicyanins belong to the same cluster, in agreement with previous spectro-
scopic studies results (37). Azurins and pseudoazurins define two well-separated families and the
same can also be hypothesized for rusticyanin, stellacyanin, and BCP, although only one structure is
known for each of these protein families, at present.

2.2. Protein Interaction Property Similarity Analysis (PIPSA)

Many problems complicate the study of the interaction properties of cupredoxins. First, different
surface properties can influence the recognition and diffusion of the proteins toward their partners at
different stages of the binding process. For example, whereas hydrophobic properties are important
for short-range docking interactions, electrostatics are a determinant for long-range recognition and
protein steering. The extent to which these properties, in particular the electrostatic interactions, are



Table 2
Pairwise Structure-Based Sequence Identity Percentages [ID(a,b)] Computed for the Oxidized Form of the Proteins in Table 1

laac ladw lag6  larn 1b3i Ibaw liuz  ljer ljoi Ilkdj  Inin Inwo Ipcs Iplb  Ipmy Ipnd  Ircy Irkr lza  2aza 2cbp  2plt 4azu 7pcy  Spaz  9pcy aminmr

laac 100 22 25 14 28 30 17 9 13 17 29 18 32 25 19 20 9 16 29 13 14 27 15 21 25 24 54
ladw 22 100 29 33 28 24 14 9 19 24 9 34 30 46 24 4 0 67 7 16 27 2 24 59 29 21
lag6 25 29 100 16 43 42 58 15 17 35 41 17 46 70 26 78 16 14 32 12 10 60 11 57 24 84 26
larn 14 1 16 100 1 10 15 3 60 20 18 62 10 19 12 13 16 67 10 87 4 16 60 15 12 16 15

1b3i 28 33 43 1 100 49 41 16 15 32 49 17 45 40 23 39 24 15 34 19 16 45 0 39 28 42 28
Ibaw 30 28 42 10 49 100 41 11 8 29 57 16 60 44 25 42 10 20 30 13 8§ 50 It 42 26 41 29
liuz 17 24 58 15 41 41 100 17 6 42 42 17 41 64 25 6l 18 14 26 13 17 63 7 86 23 59 18
ljer 9 14 15 3 16 11 17 100 1 14 12 1 9 6 0 13 8 2 1 2 33 15 2 1 I 2 9
ljoi 13 9 17 60 15 8 6 1 100 20 14 8 19 15 8 19 18 63 13 59 14 20 70 13 11 18 12

1kdj 17 19 35 20 32 29 42 14 20 100 32 20 34 3 16 36 16 20 22 21 11 35 25 44 23 35 18
Inin 29 24 41 18 49 57 42 12 14 32 100 16 55 44 26 44 20 14 29 17 14 51 13 42 23 43 27
Inwo 18 9 17 62 17 16 17 1 8 20 16 100 19 15 13 15 18 62 9 58 14 16 66 14 10 16 17

Ipcs 32 34 46 10 45 60 41 9 19 34 55 19 100 49 26 44 20 16 30 19 10 52 15 41 23 45 34
1plb 25 30 70 19 40 44 64 6 15 36 44 15 49 100 24 65 9 15 34 18 10 60 10 63 26 73 24
Ipmy 19 46 26 12 23 25 25 0 8 16 26 13 26 24 10 023 3 3 52 3 18 24 11 26 44 28 19
1pnd 20 24 18 13 39 42 61 13 19 36 44 15 44 65 23 100 15 14 25 12 9 62 14 57 22 79 22
Ircy 9 4 16 16 24 10 18 8§ 18 16 20 18 20 19 3 15 100 16 4 14 10 21 14 18 2 19 13
Irkr 16 0 4 67 15 20 14 2 63 20 14 62 16 15 3 14 16 10 013 69 10 1l 73 6 11 17 16
lzia 29 67 32 10 34 30 26 1 1322 29 9 30 34 52 25 4 13 100 1 5 32 12 26 67 31 22
2aza 13 7 12 87 19 13 13 259 21 17 58 19 18 3 12 14 69 I 100 10 16 62 14 11 5 15
2cbp 14 16 10 4 16 8 17 33 14 11 14 14 10 10 18 9 10 10 15 10 100 14 11 15 1211 12
2plt 27 27 60 16 45 50 63 15 20 35 51 16 52 60 24 62 21 11 32 16 14 100 9 62 24 58 30
4azu 15 2 11 60 0 11 7 2 70 25 13 66 15 10 11 14 14 73 12 62 11 9 100 21 0 11 16
7pcy 21 24 57 15 39 42 86 11 13 44 42 14 4] 63 26 57 18 6 26 14 15 62 21 100 26 57 19
8paz 25 59 24 12 28 26 23 1 23 23 10 23 26 44 22 2 1 67 11 12 24 0 26 100 26 19
9pcy? 2429 84 16 42 41 59 2 18 35 43 6 45 73 280 79 19 17 31 15 11 58 11 57 26 100 24
aminmr 54 21 26 15 28 29 18 9 12 18 27 17 34 24 19 22 13 16 22 15 12 30 16 19 19 24 100

“Reduced form of P. vulgaris pc.
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effective depends on environmental conditions, such as ionic strength and pH. A further complica-
tion is introduced by the functional features of the cupredoxins themselves. Because the cupredoxins
are redox proteins, both their oxidized and reduced states need to be taken into account: Different
interaction properties should, in fact, characterize the two redox states for the proteins to be able to
interact with both the electron-donor and electron-acceptor protein partners.

All of these variables were carefully taken into account while computing the hydrophobic and the
electrostatic potentials of the representative structures selected for the analysis. Thus, for example,
the electrostatic potential was computed at two different values of the ionic strength, 0 mM and 150
mM, the physiological ionic strength of many biological systems, and this analysis was performed for
both the reduced [Cu(I)] and oxidized [Cu(II)] states of the proteins.

A qualitative comparison of the computed interaction properties highlighted differences in these
properties among different blue copper protein subfamilies. This observation becomes immediately
clear from Fig. 5 (top), where the molecular electrostatic potentials (MEPs) are plotted for eight
proteins representative of the different subfamilies. These plots show that whereas some proteins are
actually characterized by similar monopolar or dipolar molecular electrostatic potential (MEP) distri-
butions (such as CPB, plastocyanins, pseudoazurins and amicyanins), others present different, het-
erogeneous, distributions (azurins, stellacyanin, and rusticyanin).

The question is now how to translate these qualitative observations into a quantitative measure of
the similarities and differences in distribution and magnitude of the protein molecular interaction
fields (MIFs). This problem might appear fictitious, but it is not. When dealing with large-scale
analysis of hundreds of proteins, a quantitative and automated method, is, in fact, necessary.

To solve this problem, the PIPSA (Protein Interaction Property Similarity Analysis) program, was
developed (19,28). PIPSA provides a useful method for automated pairwise comparison of the pro-
tein MIFs, using similarity indices as semiquantitative descriptors.

For this work, MEPs were computed by solving the linearised Poisson-Boltzmann equation as
implemented in the UHBD program (32). Hydrophobic potentials were computed with the GRID
program (version 17, Molecular Discovery Ltd., Oxford, UK) (using a “dry” probe). Details of the
calculations are given in ref. /9.

Molecular interaction fields of any two proteins a and b, ¢a and ¢b, were then compared by means
of the Hodgkin similarity index SI(a,b) (33).

SI(a,b) = 2(Ma,Mb)/(Ma? + Mb?) 5
with
(Ma, Mb) = 3, da(i, j, b, j, k) (6)

where i, j, and k are the grid points where the potentials are compared.

This index was chosen for implementation in the PIPSA procedure among the other indices devel-
oped for small molecules (34) because it takes into account both the distribution and the magnitude of
the compared molecular potentials.

In order to take into account the different range in which the electrostatic and hydrophobic inter-
actions are effective, a region of interest for the comparison of the MIFs (called skin of the protein)
was selected in relation to the type of MIF calculated. Therefore, MEPs were compared in a region
extending from a 3 A distance from the van der Waals surface of the proteins and having a thickness
of 4 A, while the interesting region for the hydrophobic properties was chosen to have the same
thickness but to be 2 A from the protein surface.

In addition, we were interested in analyzing those protein regions that are expected to be particu-
larly relevant either for the association and interaction of the proteins with their partners or for elec-
tron transfer. Therefore, the comparison of protein MIFs was performed for particular regions of the
surface: (1) the northern site, which is the putative region mediating electron transfer and redox
partner binding for all the cupredoxins, (2) the eastern site, which is a highly acidic region in eukary-
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Fig. 5. Molecular electrostatic potentials for eight proteins representative of the different blue copper pro-
tein subfamilies (top) and for the wt plastocyanin and its mutants in the eastern site at 150 mM (bottom).
Isopotential contours are at —0.5 (red) and +0.5 (blue) kcal/mol/e are displayed.
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Fig. 6. Clusterization of the oxidized forms of the proteins listed in Table 1 in the MEP SI space. The picture
is obtained by 3D projection of d(a,b) for MEPs computed at an ionic strength of 150 mM. Each point represents
a protein.

otic plastocyanins and is probably important for protein binding, as indicated by the interaction of
plastocyanin with cytochrome-f in the pc/cyt f complex structure (2/), and (3) the region at the inter-
face between amicyanin and its partner MADH in the X-ray ternary complex determined by Chen et
al. (20). Investigation of the MIFs at these regions may reveal whether they are commonly involved
in molecular recognition processes in the cupredoxin subfamilies.

2.3. Classification of the Descriptors

The different pairwise indices obtained for the MIFs were analyzed in a manner similar to the
sequence identity indices. Distance matrices were computed from distances given by

d(a,b) = sqrt(1-MIFSI) (N

where MIFSI is either the molecular electrostatic potential similarity index (MEP SI) or the hydro-
phobic potential similarity index (HYD SI). d(a,b) can be considered as the distance between any two
proteins a and b in the molecular interaction field similarity space. Cluster analyses were then per-
formed with these derived descriptors.

Among the different MIF similarity descriptors obtained for the protein systems, MEP SIs com-
puted at an ionic strength of 150 mM are collected in Table 3. These values are reported here by way
of an example, as they proved to be particularly informative and revealing. A complete analysis of all
the collected indices is described in De Rienzo et al. (/9). The results of the cluster analysis of the
computed data in Table 3 are displayed in Fig. 6. This figure shows how the different proteins (in
their oxidized state) cluster with respect to their molecular electrostatic properties. It is evident that
the selected proteins cluster quite differently in MEP space (Fig. 6) and in sequence space (Fig. 4).

The correlations between the pairwise sequence identity percentages [ID(a,b)] and the pairwise
MIF SI descriptors (both MEP SI and HYD SI) are shown in Fig. 7. From these plots, we can imme-
diately see that HYD SIs can be approximately deduced from ID(a,b). That is to say, that hydropho-
bic properties seem to be strictly connected with sequence features. This might be the result of the
fact that hydrophobic effects are effective at a closer distance to the protein surface than electrostatic
effects. Nevertheless, analysis of the HYD SIs clearly showed the presence of a conserved hydropho-



Table 3

Molecular Electrostatic Potential Pairwise Similarity Index [SI(a,b)] Values Computed at 150 mM on the Whole Skin of the Oxidized Form

of the Proteins in Table 1

laac ladw lag6 lam 1b3i lbaw liuz Ijer ljoi lkdj  Inin Inwo Ipcs Iplb lpmy Ipnd  Ircy Irkr lzia 2aza 2cbp  2plt  4azu 7pcy 8paz  Ypcyaminmr
laac 1 0.693 -0.057 0.077 0.636 0.542 -0.014 0.367 0.158 -0.207 0.509 0.116 0.564 -0.022 0.611 -0.136 0.301 0.374 0.811 0.115-0.114 -0.186 0.264 -0.036 0.736 -0.2 0.531
ladw 0.693 1 0.051 -0.057 0.421 0.441 -0.02 0219 0.221 0.039 0313 0.11 0.395 0.051 0.55-0.044 0224 0.05 0.778 -0.059 -0.399 -0.18 -0.035 -0.048 0.853-0.113 0.685
tagb  —0.057 0.051 1 -0.062 -0.215 0.173 0.801 0.516 0.042 0.372 -.244 -0.107 0.245 0.876 ~0.395 0.828 -0.087 —0.028 -0.219 0.001 -0.491 0.786 0.246 0.79 -0.212 0.877 -0.131
larn 0.077 -0.057 -0.062 0.398 0.343  0.186 0.184 0.418 ~0.142 0.448 0.466 0.318 -0.066 0.094 -0.171 0.321 0.592 -0.035 0.564 0.339 0.137 0.446 0.092 -0.086 -0.026 -0.057
1b3i 0.636 0421 -0.215 0.398 1 0447 -0.115 0.171 0.474 -0.385 0.616 0.353 0.45-0.111 0.625~0.183 0.565 0.502 0.59 0.18 0.037 -0.17t 0.173 -0.075 0.499-0.173 0.252
lbaw 0.542 0.441 0.173 0.343 0.447 1 0202 031 0206 0.026 0466 0.062 0.625 0.168 0.315 0.024 0558 033 0.376 0.314 -0.332 0.004 0364 0.053 0.374 0.001 0.35
liuz  -0.014 -0.02 0.801 0.186 -0.115 0.202 1 0.642 025 0316 0.017 0.152 0.11 0.799 -0.266 0.74 0.018 0.028 -0.198 0.085 -0.306 0.883 0.427 0.936 -0.291 0.734 -0.189
ljer 0.367 0.219 0516 0.184 0.171 031 0.642 1 0.142 0262 0.047 0.159 0.445 0.556 0.163 0.495 0.244 0.235 0.149 -0.097 -0.219 0.638 0.509 0.66- 0.08 0.514 -0.056
1joi 0.158 0.221 0.042 0.418 0.474 0.206  0.25 0.142 1 0.053 0.325 0.684 0.124 0.132 0.292 0.033 -0.027 0.23 0.125 0.201 -0.009 0.171 0277 0.247 0.27 0.093 0.245
1kdj  -0.207 0.039 0.372 -0.142 -0.385 0.026 0316 0.262 0.053 1 -0.14 -0.021 -0.011  0.27 -0.136 0.175 -0.263 -0.201 -0.124 -0.076 -0.281 0.278 -0.033 0.213 -0.035 0.212 0.114
Inin 0.509 0.313 -0.244 0.448 0.616 0.466 0.017 0.047 0325 -0.14 1 0316 0.42-0.225 0.445-0.378 0.361 0.405 0.455 0.252 0.178 -0.155 0.256 -0.05 0.386-0.332 0.386
Inwo  0.116 0.11 -0.107 0.466 0.353 0.062 0.152 0.159 0.684 -0.021 0.316 1-0.023 -0.021 0.363 ~0.136 0.084 0.243 0.158 0.169 0.306 0.089 028 0.114 0.191-0.077 0.168
Ipcs 0.564 0.395 0.245 0.318 0.45 0.625 0.11 0.445 0.124 ~0.011  0.42 -0.023 1 0.174 0.246 -0.02 0361 0458 039 0264 -0.189 0.037 0454 0.104 0.308 0.046 0.274
Iplb  -0.022 0.051 0.876 -0.066 ~0.111 0.168 0.799 0.556 0.132 027 -225-0.021 0.174 1-0276 0.841 -0.056 0.053 -0.21 -0.007 -0.441 0.814 0275 0.809 -0.198 0.85 -0.132
Ipmy  0.611 0.55-0.395 0.094 0.625 0.315 -0.266 0.163 0.292 -0.136 0.445 0.363 0.246 -0.276 1-0.357 0.365 0.223 0.729 -0.097 0.099 -0.396 -0.092 -0.312 0.678 -0.463 0.511
Ipnd  -0.136 -0.044 0.828 -0.171 -0.183 0.024  0.74 0.495 0.033 0.175 -.378 -0.136 -0.02 0.841 -0.357 1 -0.057 -0.132 -0.286 -0.008 —0.432 0.768 0.073 0.779 -0.269 0.904 -0.209
lrcy 0.301 0.224 -0.087 0.321 0.565 0.558 0.018 0.244 -0.027 -0.263 0.361 0.084 0.361 -0.056 0.365 -0.057 1 0428 0.299 0.107 -0.113 -0.013 0.252 -0.023 0.241-0.111 0.064
Irkr 0.374  0.05-0.028 0.592 0502 0.33 0.028 0.235 0.23-0.201 0.405 0.243 0458 0.053 0.223 -0.132 0428 1 0.244 0395 0.025 0.143 053 -0.02 0.062-0.132 0.037
lzia 0.811 0.778 -0.219 -0.035 0.59 0.376 -0.198 0.149 0.125 -0.124 0.455 0.158 0.39 -0.21 0.729 -0.286 0.299 0.244 1 -0.044 -0.083 -0.372 -0.001 -0.234  0.87-0.385 0.641
2aza 0.115 -0.059 0.001 0.564 0.18 0.314 0.085-0.097 0.201 -0.076 0.252 0.169 0.264 —-0.007 -0.097 -0.008 0.107 0.395 -0.044 1 0.124 -0.028 0.192 -0.005 -0.036 0.079 0.039
2cbp  -0.114 -0.399 -0.491 0.339 0.037 -0.332 -0.306-0.219 -0.009 -0.281 0.178 0.306 -0.189 -0.441 0.099 -0.432 -0.113 0.025 -0.083 0.124 1 -0.349 0.102 -0.396 -0.171 -0.501 -0.255
2plt -0.186 -0.18 0.786 0.137 -0.171 0.004 0.883 0.638 0.171 0.278 -.155 0.089 0.037 0.814 -0.396 0.768 -0.013 0.143 -0.372 -0.028 -0.349 1 041 0902 -0455 0.81 -0.23
4azu 0.264 -0.035 0.246 0.446 0.173 0.364 0427 0.509 0.277 -0.033 0.256 0.28 0.454 0.275-0.092 0.073 0252 0.53-0.001 0.192 0.102 0.41 1 0317 -0.151 0.143 -0.041
Tpey  -0.036 -0.048 0.79 0.092 -0.075 0.053 0.936 0.66 0.247 0.213 -0.05 0.114 0.104 0.809 -0.312 0.779 -0.023 -0.02 -0.234 -0.005 -0.396 0.902 0.317 1 -0.33 0.812-0.222
8paz 0.736 0.853 -0.212 -0.086 0.499 0.374 -0.291 0.08 0.27 -0.035 0.386 0.191 0.308 -0.198 0.678 -0.269 0.241 0.062 0.87 -0.036 -0.171 -0.455 -0.151 -0.33 1-0.389 0.735
9pey ¢ -0.2 ~0.113 0.877 -0.026 -0.173 0.001 0.734 0.514 0.093 0.212 -.332-0.077 0.046 0.85 -0.463 0.904 -0.111 -0.132 -0.385 0.079 -0.501 0.81 0.143 0.812 -0.389 1 -0.275
aminmr 0.531 0.685 -0.131 -0.057 0.252 035 -0.189-0.056 0.245 0.114 0.386 0.168 0.274 -0.132 0.511 -0.209 0.064 0.037 0.641 0.039 -0.255 -0.23 -0.041 ~0.222 0.735-0.275 1

“ Reduced form of the plastocyanin from P. Vulgaris.
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Fig. 7. (A) Comparison between the cupredoxin pairwise sequence identity percentages [ID(a,b)] and the
hydrophobic potential similarity indices (HYD SI). The linear regression is ID(a,b) = 94.93SIyyp + 10.90; n =
32120 r2=0.61; r = 0.78. (B) Comparison between the cupredoxin pairwise sequence identity percentages
[ID(a,b)] and the electrostatic potential similarity indices (MEP SI). The linear regression is ID(a,b) =
16.24SIypp + 23.58; n=3,.,20i; 12=0.17; r = 0.41.

bic patch in the Cu-site region, which is common to all of the cupredoxins (consistent with prior
literature). Given the possible importance of hydrophobic features for the electron-transfer process, it
might be suggested that all of the cupredoxins should show similarity in electron-transfer properties.

On the other hand, the analysis of MEPs proved to be more interesting and to provide additional
information, complementary to that of sequence and structure analyses.

2.4. MIF Similarity Analysis Results

The results showed how the members of the subfamilies can be classified according to their recog-
nition properties, providing clues for experiments to identify redox partners for some of the blue
copper proteins.
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A conserved hydrophobic region around the Cu site probably plays a functional role in all of the
cupredoxins independently from their redox partners. Considering that the Cu is the redox center and
is responsible for the transfer of the electrons, it is highly probable that the reason why the northern
site is conserved is that it mediates electron transfer.

The other two regions analyzed, the eastern and the MADH/amicyanin site, do not appear to be
recognition sites common to all the cupredoxins. The eastern site is probably important only for the
plastocyanins, whereas the other is only for the amicyanins.

The low specificity of binding displayed by many of the blue copper proteins is also highlighted
by analysis of MEPs. Briefly, the most noteworthy results are as follows:

1. Plastocyanins can be divided, according to their interaction properties, into three subclusters: the eukary-
otic plastocyanins that have a highly negative potential becauseof two conserved acidic regions (res. 42—
45 and 59-61) in the eastern site (Figs. 1 and 5 [top]); the cyanobacterial plastocyanins that, because of
their less negative potential (Fig. 5 [top]) and the presence of a unique conserved patch of acidic amino
acids (res. 59-61), seem to be more similar to azurins and pseudoazurins; and the fern plastocyanin that
shows unique recognition features that are roughly intermediate between those of cyanobacterial and plant
plastocyanins.

2. Azurins (from A. xylosoxydans) and pseudoazurins (from A. cycloclastes and A. faecalis), which interact
with redox partners belonging to the same family (Cu-containing NIRs) in their reduced form (8,35), show
very similar interaction properties in the region around their Cu site. This supports the idea that the bind-
ing of these proteins to their partners involves their Cu sites.

3. Amicyanins cluster together with pseudoazurins in MIF similarity space (Fig. 6) rather than with
plastocyanins as seen in sequence and structure classifications (Fig. 4). These findings provide new sup-
port to the hypothesis (36) that these two proteins (amicyanin and pseudoazurin) can operate as
isofunctional proteins under particular environmental conditions.

Finally, it is important to stress that the experimental data available on the binding specificities
and the redox partners of the cupredoxins, which are few and often controversial, often do not point
to unequivocal functions for these proteins. Therefore, comparative analysis based on similarity indi-
ces is a useful aid to unraveling the experimental information, and explaining, on a structural basis,
the complex behavior of the cupredoxins.

Automated and reliable techniques, such as the method presented here based on the use of descrip-
tors, are particularly suited for large-scale analysis. This is becoming more and more important in the
postgenomic era for structural and functional proteomics, because analyses and comparisons of hun-
dreds of proteins (either structurally determined or modeled) will be required.

3. QUANTITATIVE ANALYSIS OF THERMODYNAMIC AND KINETIC
PROPERTIES OF THE ELECTRON-TRANSFER PROCESS MEDIATED BY
SPINACH PLASTOCYANIN

We now shift focus from the classification of the different cupredoxin subfamilies to the study of
a particular blue copper protein, the plastocyanin from spinach. This protein is selected as it has been
subjected to extensive experimental characterization; a similar computational analysis could be
applied to other Cu proteins.

Plastocyanins consist of approx 100 amino acid residues (4). They are found in the chloroplasts of
higher plants, blue-green algae, and photosynthetic cyanobacteria, where they take part in the photo-
synthetic process by transporting electrons from the membrane-bound heme protein cytochrome-f
(cyt f) to the chlorophyll-containing pigment P700 of Photosystem I (PSI).

Photosynthesis allows organisms to transform light energy into the chemical energy they need to
survive, through a complex series of interrelated molecular processes and physicochemical reactions.
Discovering the secrets of the photosynthetic process is an intriguing and important challenge for the
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Fig. 8. Three-dimensional structure of spinach plastocyanin, the amino acids constituting the small and large
acidic patch at the eastern site of the protein are highlighted.

research community, especially in view of the fact that it can provide virtually all of the energy for all
living organisms on our planet to survive.

The plastocyanins are the best studied and structurally characterized cupredoxins. In addition,
many experimental thermodynamic and kinetic studies have been performed on the overall electron-
transfer reactions between plastocyanin and its electron donor, cytochrome-f. All of the data col-
lected (5,6,9,11,25) indicate that the overall reaction between plastocyanin and cytochrome-f,

ka
PCyy+ CYT,q <> PCpeq + CYT,, (8)

ks

can be described, to a first approximation, as a three-step process:

kon krearr kel k,off
Pcox + CYTred <> (PCOX/CYTred)a g (PCOX/CYTred)b <> (Pcred/CYTox) b PCred + CYTOX (9)
koff kder kret k’on

where k&, and kg are respectively the on and off rate constants for association of the oxidized plasto-
cyanin (PC,,) and reduced cytochrome-f (CYT,.4), which might be different from those (k',, and
k' o) for dissociation of the PC,.4/CYT,, complex; k., and k4., are the forward and reverse rate
constants, respectively, for the rearrangement of the complex; and k., and k., are the forward and
reverse electron-transfer rate constants, respectively.

Two different regions on the plastocyanin surface are thought to be involved in different steps of
the overall reaction: the so-called “eastern” site and “northern” site, which are highlighted in Fig. 1.

The eastern site is the large negatively charged surface area that is a distinctive feature of the higher
plant plastocyanins and consists of two negatively charged patches (the “acidic patches”) that sur-
round the solvent-exposed Tyr83. The large acidic patch includes residues Asp42, Glu43, Asp44, and
Glu45, and the small acidic patch includes residues Glu59, Glu60 and Asp61 (Figs. 1 and 8). Evidence
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northemn site

Fig. 9. Three-dimensional structure of spinach plastocyanin with the aminoacids mutated at the northern site
highlighted.

has been found for this site to be involved in the association process of plastocyanin and cytochrome-
f (4). The hypothesis that the eukaryotic plastocyanin eastern site is likely to be necessary for recogni-
tion of the basic patch in cytochrome-f and assembling of an electrostatic complex is supported by the
NMR-based structures of the spinach plastocyanin/turnip cytochrome-f complex (27,22).

The northern site is the hydrophobic region that contains the Cu and is, as discussed previously,
almost conserved in all of the cupredoxin subfamilies and therefore commonly thought to be in-
volved in the electron-transfer process. The electron-transfer properties of plastocyanin are largely
determined by its redox potential and thermodynamic parameters for the oxidation/reduction of Cu(I)/
Cu(II). In fact, the reduction potential (E°) determines the ability of the redox protein to oxidize its
electron-donor partner and reduce its electron-acceptor partner, therefore influencing the overall pro-
cess of electron transfer mediated by the protein. Variations of the reduction potential and the ther-
modynamic properties of the copper center are interesting factors to be analyzed, especially in view
of the fact that they depend, in addition to Cu-ligand interactions, on the charge distribution of the
protein surface and on the electrostatic properties and ionic strength of the environment, which are all
factors also influencing the recognition and association events prior to electron transfer (Eq. 9). For
example, the perturbation of the surface charge distribution due to mutations can, on one hand, influ-
ence the ability of the protein to attract its partner, thus influencing their association, and, on the other
hand, modify the hydrogen-bonding network to varying extents in the two redox states, thus promot-
ing a selective stabilisation of one with respect to the other and affecting the redox properties.

Here, two different subsets of plastocyanin mutants, located in the northern and in the eastern site
regions, are analyzed. For this study, the plastocyanin from spinach was chosen, because the struc-
ture of this plastocyanin variant is known both in its isolated form and in a complex with a cyto-
chrome-f from turnip (2/,22,37). The aim is to investigate whether and to what extent it is possible to
rationalize variations in kinetic properties and redox thermodynamic parameters observed experi-
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mentally for the spinach plastocyanin on the basis of structural and electrostatic modifications of the
protein. This is done by applying a QSPR/QSAR approach, where descriptors of different types were
tested. The technique used allows the prediction of protein functionality and the design of new pro-
tein variants (in particular, mutant proteins) with desired activities.

3.1. QSPR Analysis: The Structural Molecular Determinants of the Spinach
Plastocyanin Reduction Thermodynamics

A debated issue in biological redox chemistry is how the two oxidation states of the copper atom
in cupredoxins [Cu(I)/Cu(Il)] are stabilized by the protein matrix and the solvent and, consequently,
which relationship can be established between the observed reduction potential (E°") and the protein
structure/sequence features. Understanding the interconnection of these effects would allow, on one
hand, the prediction of the functional properties of cupredoxin mutants and, on the other hand, the
engineering of new proteins with desired redox activity and thermodynamic properties.

With this aim, it is particularly interesting to study the effects of point mutations altering the
electrostatic potential in the region of the copper on the thermodynamics of Cu(Il) reduction. The
variation in the reduction enthalpy and entropy is analyzed by a QSPR approach, in order to derive
quantitative models for the rationalization and interpretation of the observed behaviors (38).

The functionally important residues Leul2 and GIn88 are replaced with charged and polar resi-
dues (L12E, L12K, L12H, L12Q, L12G, Q88E, and Q88K) and Asn38 is substituted with Asp
(N38D). The location of these three residues is highlighted in Fig. 9. Both Leul2 and GIn88 are
surface residues. The former contributes to the hydrophobic patch at the northern site of plastocyanin
and seems to be involved in the interaction with photosystem I (PSI) (39), whereas the latter pro-
trudes through the acidic eastern site of the protein, which is involved in the interaction with cyto-
chrome-f (217). Although Asn38 does not contribute to the protein surface, it has been shown to
occupy a strategic position for the stabilization of the architecture of the copper site (40). In addition,
both GIn88 and Asn38 are adjacent to a Cu-ligand histidine: His 87 and His37, respectively. There-
fore, investigating whether mutations of these residues might alter the structure of the copper coordi-
nation region and, as a consequence, its functional properties would be a first step toward
comprehension of the structural mechanisms that regulate the protein redox capabilities.

3.1.1. Selected Descriptors

The experimental data to be rationalized are obtained with cyclic voltammetry and relate to the
Cu(Il) to Cu(I) reduction thermodynamics of plastocyanin mutants (38). The entropic (AS°") and
enthalpic (AH®") contributions to the redox potential E°' are reported in Table 4, together with the
values of the most representative computed descriptors. All descriptors are computed on the mini-
mized molecular dynamics average structure of the proteins, as described in detail in ref. 38. Among
the many computed descriptor, the most interesting and explanatory descriptors are as follows:

1. D,. The component of the dipole moment of the proteins along the z axis, which has its origin at the center
of mass of the protein and points toward the copper site. This property was computed with the UHBD
program (32).

2. BIC. The bonding information content defined by Shannon information theory (4/). According to its
definition, the BIC index encodes the branching ratio, unsaturation, and constitutional diversity of a mol-
ecule.

3. SI The similarity index computed by comparing, in a pairwise fashion, the magnitude and the distribu-
tions of MEPs of the wt plastocyanin and its mutants. This comparison is performed in a restricted region
close to the protein “northern” site.

4. DPSA. The difference in the charged partial surface areas of the proteins (42), which are computed on the
minimized average structures: DPSA = PPSA — PNSA, where PPSA is the partial positive [(3(+SA;)] and
PNSA is the partial negative [ Y(-SA,)] surface area of the proteins. +SA; and —SA, are the surface area
contributions of the ith positive and negative atom, respectively.



72 De Rienzo et al.

Table 4

Experimental Thermodynamic Parameters and Theoretical Molecular Descriptors Computed
on the Minimized Average Structure of Plasocyanin and Its Mutants and Used

for QSAR Modeling

E” AH?,. AS?,, D, DPSA IEyp
(mV) (kJImol) (J/mol K) (D) BIC SI (AP (kcallmol)

WT 411 -52 —41 28.00 85.06 1.000 6498.1 -2.23
LI12E 394 —45 -23 -91.15 84.89 -0.170 6314.6 -2.19
L12K 424 -55 -49 36.85 86.51 0.270 6772.4 -5.61
Q88E 372 —47 -39 —44.54 84.42 — 6507.4 —
Q88K 392 -53 -50 28.82 86.09 — 6847.4 —
L12H 372 48 -39 -54.19 85.40 0.160 6648.4 0.00
L12H (pH 6.2) 408 -55 -54 4.12 85.70 0.430 67954 -3.03
L12Q (pH 7.4) 372 —49 —45 —47.45 85.51 0.128 6691.6 0.00
L12G 398 —46 -28 -96.03 83.85 0.014 6440.6 -3.29
N38D 415 -54 —48 -124.93 84.42 — 6618.7 -3.86

5. IEyg (kcal/mol). The hydrogen-bonding contribution of the mutated residue to the total energy of the
protein. This index was computed using the CHARMM program (43) and setting a dielectric constant ¢ = 4r

The descriptors BIC and DPSA were computed by including in the calculations only the amino
acids S11-F14, G34-V39, M57-L63, Y83, C84, S85-V93, and Cul00, which define the solvent ac-
cessible surface of the proteins in the region of the Cu site where the mutated residues L.12, N38, and
Q88 are located.

3.1.2. QSAR /QSPR Models

The results of the QSAR analyses performed are reported in Figs. 10 and 11. A meaningful de-
scriptor is the z component of the protein dipole moment (D,), which can explain the 86% of the
variation in reduction enthalpy for the series of mutants considered (Fig. 10):

AH®',.=-0.0686 D.—51.795, n=9, R*>=0.858 s*>=2.38 (10)
omitted: N38D

where 7 is the number of compounds, R is the correlation coefficient, s is the standard deviation, and
F is the value of the Fisher ratio. This correlation implies that if we introduce a positively charged
residue in the region of the Cu site, the dipole moment vector (D) moves toward the copper site, so
that its projection on the z axis (D.) increases. In this case, the z axis coincides with the main axis of
the cylinder-shaped protein, as clearly shown in Fig. 10.

Additional insights are provided by the BIC (Fig. 11A), which explains the salient structural fea-
tures of the mutated protein (branching ratio, unsaturation degree, and constitutional diversity of the
mutated residues) that are responsible for the interprotein nonspecific interactions established among
nonpolar moieties. It can be deduced that an increased amount of dispersion interactions within the
protein induces a stabilization of the reduced state (more negative AH®'; values). Again, the variant
N38D is an outlier:

AH®' . =-3.71BIC + 266.318, n=9, R*=0.629, 5= 6.245 (11)

which is related to the protein s ability.

The variation of the reduction entropy turns out to be connected with the charge redistribution at
the northern site of the protein. In fact, AS®’,. correlates with the difference in partial positive and
negative surface area of the proteins (DPSA), which is related to the protein] [0 ability to establish
intermolecular hydrogen-bonding interactions (Fig. 11B):
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Fig. 10. Experimental AH® values versus D, (the z component of the dipole moment). The linear regression
obtained is AH® = -0.0686D, -51.795,n =9, R> = 0.858, 5> = 2.38, F = 42.45, omitted: N38D. The position and
orientation of u, the total dipole moment of the wild type plastocyanin, is shown with respect to the protein
structure.

AS®',. =—-0.053DPSA - 309.18, n=10, R?=0.853, s>=18.14 (12)

More precisely, an increase in the negative surface area in the northern part of the protein (de-
scribed by the PNSA component of DPSA) seems to be responsible for less negative AS®’,, data
values.

Less negative AS®',. are also the result of increasing dissimilarity between the mutants and the
wild type in the Cu-site region, as indicated by the similarity index (SI). The SI computed around the
Cu site describes 90% of the variation in AS®’,, of the complete L12 series of mutants (Fig. 11C):

AS®' . =-55.87S1-31.92, n=6, R*=0.906, s> =16.22 (13)

Finally, the redox potential appears to be correlated with the hydrogen-bonding network estab-
lished by the residue in position 12. This is shown in Fig. 11D, where E°' is plotted vs IEyg, the
energy resulting from hydrogen-bonding interactions between residue 12 and the rest of the protein
in each mutant. This residue is the mutated aminoacid closest to the Cu site and therefore its muta-
tions are useful to test the influence on the reduction potential of different metal site rigidity resulting
from different hydrogen-bonding networks.

E°' = -9.441E5 + 375.41, n=38, R?>=0.864, s>=59.26 (14)

Q88 mutants are not included in this correlation because they are located too far away from the
Cu-site to be effective.

On the contrary, the mutant N38D has been included because N38 plays an important role in the
copper-site architecture. In this respect, it is interesting to stress that the observation that N38D is an
outlier in almost all of the correlations (with the exception of that in Fig. 11D) is consistent with the
experimental information available from the literature. In fact, experiments (40) show that the pro-
tein structure becomes unstable and often releases the copper atom when this mutation is introduced.

In summary, the correlations obtained proved to be informative on how electrostatic and sol-
vation effects control the E°’ values of spinach plastocyanin through compensating variations of
the reduction enthalpy and reduction entropy. The variation of the reduction enthalpy for the
series of mutants considered is well explained on the basis of electrostatic considerations. Stabi-
lization of the reduced state, which implies a more negative AH®',, value, is associated with
increasing values of the component of the dipole moment along the z axis and with an increased
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amount of dispersion interactions within the protein. The variation in the reduction entropy re-
sulting from mutations appears to be linked to the hydrogen-bonding donor/acceptor character
of the northern part of the protein, above the metal site, and to the perturbation of the structure
and the electrostatic potential distribution around the copper site with respect to the wild-type
plastocyanin. These properties influence the reduction-induced reorganization of the water mol-
ecules on the protein surface in the same region.

3.2. QSAR Analysis: The Structural Molecular Determinants of the Spinach
Plastocyanin/ Cytochrome-f Association Kinetics

The main goal is to establish relationships between structural and kinetic parameters determined
for the overall electron-transfer process between cytchrome-f and plastocyanin [Eq. (8)]. In particu-
lar, we will investigate the role of the negative patch on the eukaryotic plastocyanin eastern site in the
recognition process, first step of Eq. (9), and, as a consequence, in the overall electron-transfer pro-
cesses with cytochrome-f. The availability of experimental values of the overall kinetic constants k,
[Eq. (8)], which were determined by Kannt et al. (24) for the in vitro electron-transfer reaction be-
tween wild-type and mutant spinach plastocyanins (D42N, E43N, E43K, E43Q/D44N, ES9K/E60Q,
ES9K/E60Q/E43N, and Q88E) and the soluble part of turnip cytochrome-f, allows comparisons and
QSAR analyses.

The relevance of the negative patch for the interaction between pc and cyt f is highlighted by the
structure of the complex obtained from NMR data, which is shown in Fig. 12. The mutated residues
in the eastern site (D42N, E43N, E43K, E43Q/D44N, E5S9K/E60Q, ES9K/E60Q/E43N, and Q88E)
are shown in Fig. 8. Residues D42, E43, and D44 are in the large acidic patch, whereas residues ES9
and E60 are in the small acidic patch. Residue Q88 is not part of the acidic area, although it makes
interactions with Y83, which lies almost in the middle of the eastern site and is thought to be a
possible entry/exit point for electrons. Furthermore, as previously stated, Q88 is covalently bound to
the Cu ligand H87.

The experimental data available from Kannt et al. (24) relative to mutations in the eastern site are
collected in Table 5, together with the indices used for QSAR analysis.

3.2.1. Selected Descriptors

The X-ray structure deposited in the pdb (1ag6) was used for the QSAR analysis. The protein was
mutated (D8G) to the spinach plastocyanin wt sequence (according to the SWISSPROT protein
sequence database). Afterward, mutants (D42N, E43K, E43N, Q88E, E43Q/D44N, E59K/E60Q,
E59K/E60Q/E43N) were produced by substituting the appropriate residues.

The molecular electrostatic potentials of the proteins were computed with the UHBD program
(32) in a way similar to that described in Section 2.2. The Hodgkin similarity index [SI, Eq. (5)] (33),
computed between the molecular electrostatic potential of each mutant and the wt protein, and the
derived index sqrt(2—-2SI) were used as quantitative descriptors of the perturbation of the molecular
electrostatic potential of wt plastocyanin caused by the introduction of mutations at the eastern site of
the protein. The SI provides a measure of the similarity between the magnitudes and distributions of
the molecular electrostatic potentials of the considered mutant and the wild type. The sqrt(2—-2SI)
index is instead a measure of the difference only in the magnitude of the MEPs of the two proteins
compared, assuming that these MEPs are not highly different. This assumption is reasonable because
only a few residues (either one, two, or three) are mutated at the same time.

Assuming that all the wild-type and mutant forms under study interact with cytochrome-f with
overall similar features, the SI and sqrt(2-2SI) values relate to the electrostatic enhancement of asso-
ciation rates of pc mutants with cyt f. Therefore, these indices can be employed in QSAR analyses, in
correlation with the experimental overall rate constants to estimate whether and to what extent muta-
tions in the eastern acidic area influence the overall electron-transfer reaction by affecting the asso-
ciation step and/or the electron-transfer step (Eq. 9).
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Cytochrome f

Eastern site

Fig. 12. NMR-based 3D structure of the spinach plastocyanin/turnip cytochrome-f complex (2/). The metal
ion (which defines the Cu site or northern site) in the plastocyanin and the heme cofactor in the cytochrome-f
structure are indicated. The eastern site in plastocyanin is also highlighted.

Table 5

Experimental k, Values for the Reaction of wt and Mutant Plastocyanins with Cytochrome-f (25) and
In(ky/k, wr) Values at pH 7.5 and 6.0; SI Values Computed by Comparing the MEPs of the Mutants
Relative to the wt Plastocyanin on the Complete Skin [SI and sqrt(2-2SI)] and on the Protein Eastern
Site [SIes and sqrt (2-2SIes)]

100k 75 (MI57) - loglkylky yy 75) 107Ky 59 (M's571) loglkylky o 60) I sqrt(2-2S1) Sl-es  sqrt(2-2SI-es)
WT 180(x20) 0.000 185(x20)  0.000 1.0000 0.000 1.000 0.000
Q88E 170(x20)  -0.062 220(+30)  0.173 0.9780 0.210 0.974 0.228
D42N 58.6(x4) —1.121 76.5(x1.5) -0.830  0.9780 0.210 0.973 0.232
E43N 40.0(x1.5) -1.505 56.1(x1) -1.193 0.9750 0.224 0.968 0.253
E43K 22.4(+0.8) -2.087 29.3(x0.7) -1.843 0.8850 0.480 0.854 0.540
E43QD44N 23.0(x0.8) -2.056 26.9(x0.6) -1.928 0.9020 0.443 0.873 0.504
E59KE60Q 12.2(x0.3) -2.688 13.8(x0.2) -2.596  0.7920 0.645 0.752 0.704

E59KE60QE43N  5.31(x0.01) -3.523  5.56(=0.01) -3.505 0.6570 0.828 0.576 0.921

3.2.2. MEP Analysis

Important differences in MEPs are found between the wild type and mutant plastocyanins and
between different mutants, as shown in Fig. 5 (bottom). Perturbation of the eastern-site acidic MEP is
particularly relevant when mutations are introduced in the small patch, such as in the case of the
mutants ES9K/E60Q and ES9K/E60Q/E43N.

The extent to which the MEP of wild-type spinach plastocyanin is modified in the different mutant
proteins has been quantified by the similarity indices SI and sqrt(2—-2SI). The QSAR analyses per-
formed using these indices proved to be useful for interpretation of the kinetic data available on
structural and electrostatic bases.
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The best correlations obtained are reported in Fig. 13:
In(ky wr pi7.s/k2)=—4.29 sqrt(2-2SD), n=8, R2=0.897, s> =0.180 (15)
and at pH = 6.0:
In(ky wr pe.o/kz) = —4.41 sqrt(2-2SD) + 0.20, n =8, R*=0.902, s> =0.179 (16)

The same relative rates are plotted against values of sqrt(2—2SIes) computed between the wild-
type and mutant plastocyanins on the eastern site at pH = 7.5:

In(ky wr pir7.5/ka) = 3.8 sqrt(2-2Sles) + 0.01, n=8, R?=0.903, s = 0.169 (17)
and at pH 6.0:
In(ky/ky wr preo) = 3.9 sqri(2-2Sles) + 0.22, n=8, R?=0.908, s = 0.170 (18)

The k, values highlight that the more the MEP of the wt protein is perturbed, the more the overall
reaction with cyt f is hampered. This implies that the overall rate constants for the studied reaction of
wild-type and mutant plastocyanins with cytochrome-f are mainly affected by modifications of the
electrostatics at the eastern site. When one or more negatively charged residues in the plastocyanin
eastern site are mutated into positively charged or polar residues, the electrostatic properties of the
eastern face change, reducing its ability to attract the cytochrome-f basic patch and consequently
influencing the overall reaction rate.

Furthermore, association rates between the two proteins computed by Brownian dynamics simula-
tion also show a correlation with the experimental electron-transfer rates (data not published). This
gives additional support to the suggestion that the descriptors used provide an estimate of the effects
of mutations on electrostatically influenced protein—protein association rates and, as a consequence,
of the electron-transfer rate.

However, the application of these SI descriptors is not general. In fact, mutants far from the bind-
ing site will affect the SI indices but will have little effect on association rate. This problem can be
partially overcome by computing SIs over a region around the protein—protein interface in the bound
complex.

As a whole, the regression models in Fig. 13 prove that computation of MEP SIs provides an
efficient way to estimate approximately relative reaction rates when these are dominated by changes
in the electrostatic potential of the mutated protein.

4. FINAL REMARKS

The most innovative aspect of the similarity analysis and the QSPR and QSAR approaches pre-
sented here is the result of the fact that theoretical descriptors are not computed on isolated amino
acids or on very simple model systems but on the three-dimensional structures of the proteins of
interest.

Comparative analysis of the 3D molecular interaction fields of a family of proteins by similiarity
indices is a useful tool to gain insight into the recognition features of the proteins and into the changes
caused by evolution. This method is particularly suited for large-scale analyses, which will become
increasingly important in structural and functional genomics projects. For these, rapid automated and
reliable techniques are required to perform comparisons of large numbers of experimentally deter-
mined and modeled protein structures.

In the study of spinach plastocyanin, in addition to global descriptors, local descriptors were de-
rived by focusing on the northern part of the protein, where the Cu atom and its ligands are situated
and where the electron transfer is likely to take place, and on the eastern site, where a large acidic
area that is probably important for recognition is found.

The correlations obtained allow one to distinguish whether variation in functions and kinetics
observed among the mutants are the result of structural modifications of the restricted area around the
redox center and the acidic patch or to more extended perturbation involving the whole protein.



8/

>

N
o
)

o
o
)

R
o
T

log(ko/ky wt pr.5)

A
o

*®

oo

e

!

o
o

05

0.0 -

-05 +
-1.0
-1.5 ¢
-2.0 -
25 -
-3.0 -
35

log(ky/K; wt pue)

40 Lo
0.0

0.2

*®

0.4 0.6
sqrt(2-2Sl)

.

0.8

0.2

04 0.6
sqrt(2-2Sl)

log(ko/ko wt pHr.s)

log(kao/k wt_pHe.o)

20 -
0.0 o )
. ~
-2.0 + o0,
_40 Y I | i
0.0 0.2 0.4 0.6 0.8 1.0
sqrt(2-2Sles)
20
0.0 ¢-- *
. ~
20 - Ko
_40 ol b Ly
0.0 0.2 04 0.6 0.8 1.0

sqrt(2-2Sles)

Fig. 13. The experimental k, values (24) measured at pH 7.5 and 6 for the mutants relative to the wt plastocyanin [In(k,/k; wr)]
are plotted against the electrostatic potential similarity index, expressed as sqrt(2—2SI) and computed by comparing the wild-type
and mutant plastocyanins on the whole proteins (A and B) and on the eastern site (C and D).
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Site-directed mutagenesis is a valuable techniques for assessing the importance of specific amino
acid residues for protein activity. However, the results of these experiments are usually interpreted
qualitatively or empirically.

The quantitative approach applied to plastocyanin has been shown to be helpful in providing a
physical interpretation of the available experimental data and constitute a promising predictive tool
for protein engineering.
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Molecular Modeling
and Dynamics of Copper Proteins

Mattia Falconi and Alessandro Desideri

1. INTRODUCTION
1.1. The Importance of Copper Proteins

For many decades, it has been widely accepted that copper is an essential trace element required
for survival by all organisms from bacterial cells to humans (/). What is so special about this trace
element that makes it essential in biology? Copper ions undergo unique chemistry because of their
ability to adopt distinct redox states, either oxidized, Cu(Il), or reduced, Cu(I). Consequently, Cu
ions serve as important catalytic cofactors in redox chemistry for proteins that carry out fundamental
biological functions required for growth and development (Table 1). Copper proteins show a variety
of functions (Table 2) and can be classified by the kind and number of prosthetic centers (Table 3)
and/or by the Cu center type found in the protein structure (Table 4). Copper-requiring proteins are
involved in a variety of biological processes, and metal deficiency in these enzymes, or alteration in
its activity, often causes disease states or pathophysiological conditions. Although it is clear that Cu
is essential, it is also a potent cytotoxic agent when allowed to accumulate in excess with respect to
cellular needs. In fact, because of its special redox chemistry, copper readily participates in reactions
that result in the production of highly reactive oxygen species (ROS), including hydroxyl radicals
(2). Hydroxyl radicals are believed to be responsible for devastating cellular damage that includes
lipid peroxidation in membranes, direct oxidation of proteins, and cleavage of DNA and RNA mol-
ecules. Indeed, the generation and action of ROS are thought to be major contributing factors to the
development of cancer, disease of the nervous system, and aging (3). In addition to the generation of
ROS, Cu may manifest its toxicity by displacing other metals cofactors from their natural ligands in
key cellular signaling proteins. It is highly likely that Cu is able to displace metal ions in a number of
catalytic or structural motifs in many cellular proteins. Given that Cu is both essential and toxic,
organisms must implement uptake mechanisms to extract Cu from nutrients, transport Cu across the
biological membranes, and deliver it to Cu-requiring proteins. Furthermore, precise regulatory mecha-
nisms must be in place to prevent the accumulation of Cu ions to toxic levels (4). Details of the
structure and dynamics behavior of copper proteins at atomic resolution are central to understanding
mechanism of catalysis, ligand binding, allosteric modulation, and protein—protein interaction.

The methods of computational chemistry and molecular modeling allow us to study such pro-
cesses with temporal details and space resolution that are difficult, or impossible, to obtain experi-
mentally. Accurate modeling and simulation usually begin with known structures, obtained from the

From: Handbook of Copper Pharmacology and Toxicology
Edited by: E. . Massaro © Humana Press Inc., Totowa, NJ
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Table 1
Copper-Binding Proteins

Falconi and Desideri

Common name

Biological function

Cu,Zn superoxide dismutase
Cytochrome-c oxidase
Lysyl oxidase

Dopamine B-hydroxylase
Tyrosinase

Peptidylglycine monooxygenase
Ceruloplasmin

Clotting factors V and VIII
Angiogenin

Metallothionein

Prion protein

B-Amyloid precursor protein
Hephaestin

Free-radical detoxification

Electron transport in the mitochondria

Crosslinking of collagen and elastin

Catecholamine production

Melanin production

Bioactivation of peptide hormones

Ferroxidase, Cu transport

Blood clotting

Induction of blood vessel formation

Cu sequestration

Normal function currently unknown; copper-binding properties
suggests potential role in Cu uptake

Normal function currently unknown

Iron egress from intestines

Table 2

Copper Proteins by Function

Function

Protein class/family

Catalysis

Electron transfer

Oxidoreductases

Amine oxidase

Ammonia monooxygenase
Ascorbate oxidase
Ceruloplasmin

Cu,Zn superoxide dismutase
Cytochrome-c oxidase
Diamine oxidase
Dopamine B-hydroxylase
Galactose oxidase

Laccase

Lysyl oxidase

Methane monooxygenase
N,O reductase

Nitrite reductase
Peptidylglycine o-hydroxylating monooxygenase
Phenylalanine hydroxylase
Tyrosinase

Ubiquinone oxidase
Auracyanin

Azurin

Phytocyanin family
Plastocyanin family
Rusticyanin
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Table 3
Copper Proteins by Cu Center Type

R = S%et (azurin, plastocyanin, laccase)
R = O°Glu (phytocyanins)
R = H;0 (ceruloplasmin)

Copper center Protein class / family
R His Type | (blue copper proteins)
N * Smali blue proteins
Cu ° Auracyanin
Cy S( N Hi < ° Azurin
° Phytocyanin family
° Plastocyanin family
Cu(N%i)28™cysR °Rusticyanin

» Blue oxidases

° Ascorbate oxidase
°Ceruloplasmin

°| accase

¢ Nitrite reductase

L

T (LR
U,
L L

Cu(N°His)mRn
L =N, Oor S ligands;

R =0 or S ligands
m=1to4;,n=0to3; m+n=4o0r5

Type ll

» Cu,Zn superoxide dismutase
» Dioxygenases

« Monooxygenases
°Dopamine R-hydroxylase
°Methane monooxygenase
°Peptidylglycine o-hydroxylating monooxygenase
°Phenylalanine hydroxylase

« Nitrite reductase

« Non-blue oxidases

°Amine oxidase

°Diamine oxidase

° Galactose oxidase

°Lysyl oxidase

Hs o His
His "'C{Li'““l "Gl
IS His

p-O2[Cu(Nis)alo

Type i

» Catechol oxidase
* Haemocyanins

» Tyrosinase
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Table 3 (Continued)

Copper Proteins by Cu Center Type

Cuy( NEHis)ZOuGluSBMet( IJ"SYCys)Z

Copper center Protein class / family
His  His
~ His—Cu
His )
hY Trinuclear centre (type ll + type i)
HO—Cu OH )
= ¢ Blue oxidases
His ° Ascorbate oxidase
His—Cu ° Ceruloplasmin
A °Laccase
His His
Cu(N°his)20H- p-OH[Cu(N°is)a)z
\ Glu
Cys //
HIS\ /S /0/ Cua
N
Cu ) 7] e Cytochrome c oxidase
SN AN N0 reductase
Met ‘S is o Y
Cys

. His, ,.
HB\|/H5
Cu

CuNyis(NHis)2L
L = bridging ligand between
Cug and Fe of heme a3

CUB

e Cytochrome ¢ oxidase
« Ubiquinone oxidase

Falconi and Desideri
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Table 4

Copper Proteins by Type and Number of Prosthetic Centers®

Simple

Complex

Type I only

* Small blue proteins
Auracyanin

Azurin
Phytocyanin family
Plastocyanin family
Rusticyanin

Type II only
* Galactose oxidase
» Peptidylglycine o-hydroxylating monooxygenase

Type I only

* Catechol oxidase
* Hemocyanins

* Tyrosinase

Heme—copper proteins
Cytochrome-c oxidase
N,O reductase
Ubiquinone oxidase

Cu-TPQ proteins
Amine oxidase
Diamine oxidase
Lysyl oxidase

Cu—Zn proteins

Cu,Zn superoxide dismutase
Type I + type 11
* Nitrite reductase

Type I + trinuclear

* Multicopper oxidases
° Ascorbate oxidase
Ceruloplasmin
Laccase

o

o

“The solid circles represent a protein family, while the open circles represent a specific protein.

X-ray diffraction or from nuclear magnetic resonance (NMR) studies. Molecular dynamics (MD)
simulation represents an excellent tool to explore the conformational space of proteins with known
three-dimensional (3D) structures. In this review, we focus on recent advances in understanding
copper proteins functionality through molecular modeling and molecular dynamics simulation.

2. COMPUTATIONAL METHODS
2.1. Molecular Modeling

Molecular modeling is a general term that covers a wide range of molecular graphics and compu-
tational chemistry techniques used to build, display, manipulate, simulate, and analyze molecular
structures and to calculate properties of these structures. Molecular modeling is used in a number of
different research areas and the criterion for a successful modeling experiment should not be how
accurately the calculations are performed, but whether they are useful in rationalizing the behavior of
the molecule or in enhancing the creativity of the chemist in the design of novel compounds. Useful
information about these techniques can be also found on the Web (5).
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2.2. Molecular Graphics

A somewhat arbitrary distinction is to divide molecular modeling techniques into molecular graph-
ics and computational chemistry. Molecular graphics is the core of a modeling system, providing for
the visualization of molecular structures and their properties. Molecular graphics provides the ability
to display structures in a variety of styles and color schemes, with visual aids such as depth cuing, and
the ability to move the structures interactively in three dimensions. Simple tools for manipulating
structures, such as modifying torsion angles and calculating geometry, are frequently included in the
molecular graphics programs. The visualization of molecular properties is an extremely important
aspect of molecular modeling. The properties might be calculated using a computational chemistry
program and visualized, for instance as 3D contours, along with the associate structures. Although
manipulation of structures is usually interactive, the calculation of properties in some cases may
require a significant amount of computer time. The graphics part of the modeling system also pro-
vides the interface to the computational chemistry tools, allowing calculations to be defined and run
and then analyzed when complete.

2.3. Building and Modifying Structures

Small molecule structures can be built in three dimensions by joining basic building blocks from
a fragment library and then modifying atom and bond types. Macromolecule structures such as pro-
teins and nucleic acids, consisting of large numbers of specific units, can be built by specifying the
sequence of the units and the conformation in which the units should be joined. There are a number of
sources of experimentally derived molecular structural data that can be visualized and modified.
These include the RCSB Protein Data Bank (PDB) (6) (web address http://www.rcsb.org/pdb), which
maintains a library of protein and nucleic acid structures, and the Cambridge Structural Database,
with a database of small molecule structures (web address http://www.ccdc.cam.ac.uk/index.html).

2.4. Molecular Mechanics

When a structure is built, it usually needs to be refined to bring it to a stable, sterically acceptable,
and chemically reasonable conformation. The refinement process is known as minimization (optimi-
zation) and is an iterative procedure in which the coordinates of the atoms are adjusted so that the
energy of the structure is brought to a local minimum. The structure with the lowest energy is consid-
ered to have the most stable arrangement and, by definition, the optimum geometry at the given
computational method. Molecular mechanics methods take a classical approach to calculating the
energy of a structure. The molecule is treated essentially as a set of charged-point masses that are
coupled together with springs. The total energy of a structure is calculated using an analytical func-
tion that sums a number of individual energy terms known as a force field. Molecular mechanics
enables the energy of a structure to be evaluated quickly and can be applied to structures of large
proteins. The methods can also be used to evaluate the energy of two or more interacting molecules,
as when docking a substrate into an enzyme active site.

2.5. Comparative Protein Modeling

Insights into the 3D structure of a protein are of great assistance when planning experiments aimed
at the understanding of protein function and during the drug design process. The experimental eluci-
dation of the 3D structure of proteins is, however, often hampered by difficulties in obtaining suffi-
cient protein, diffracting crystals, and many other technical aspects. Therefore, the number of solved
3D structures increases only slowly compared to the rate of sequencing of novel cDNAs, and no
structural information is available for the vast majority of the protein sequences registered in the
databases. In this context, it is not surprising that predictive methods have gained much interest.

Proteins from different sources and sometimes diverse biological functions can have similar se-
quences, and it is generally accepted that high sequence similarity is reflected by distinct structure
similarity. Indeed, the root mean square deviation (RMSD) of the o-carbon (C,) coordinates for
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protein cores sharing 50% residue identity is expected to be around 1.0 A. This fact served as the
premise for the development of comparative protein modeling (also often called “modeling by homol-
ogy” or “knowledge-based modeling”), which is presently the most reliable method. Comparative
model building consist of the extrapolation of the structure for a new (target) sequence from the
known 3D structure of related family members (templates). Although the high precision structures
required for detailed studies of protein—ligand interaction can only be obtained experimentally, theo-
retical protein modeling provides the molecular biologists with “low-resolution” models that hold
enough essential information about the spatial arrangement of important residues to guide the design
of experiments. The rational design of many site-directed mutagenesis experiments could therefore
be improved if more of these “low-resolution” theoretical model structures were available.

2.5.1. Preliminary Procedure

Comparative protein modeling requires at least one sequence of known 3D structure with signifi-
cant similarity to the target sequence. In order to determine if a modeling request can be carried out,
one compares the target sequence with a database of sequences derived from the PDB (6). The choice
of template structures can be further restricted to those that share at least 30% residue identity. This
procedure might allow the selection of several suitable templates for a given target sequence, and up
to 10 templates are generally used in the modeling process. The best template structure (i.e., the one
with the highest sequence similarity to the target) will serve as the reference. All of the other selected
templates will be superimposed onto it in 3D. The 3D match is carried out by superimposing corre-
sponding Cj atom pairs selected automatically from the highest scoring local-sequence alignment.
This superposition can then be optimized by maximizing the number of C, pairs in the common core
while minimizing their relative mean square deviation. Each residue of the reference structure is then
aligned with a residue from every other available template structure if their C, atoms are located
within 3.0 A. This generates a structurally corrected multiple-sequence alignment. The target
sequence now needs to be aligned with the template sequence or, if several templates were selected,
with the structurally corrected multiple-sequence alignment. Residues that should not be used for
model building (e.g., those located in nonconserved loops) will be ignored during the modeling pro-
cess. Thus, the common core of the target protein and the loops completely defined by at least one
supplied template structure will be built.

2.5.2. Building the Model

The next step is the construction of a framework, which is computed by averaging the position of
each atom in the target sequence, based on the location of the corresponding atoms in the template.
When more than one template is available, the relative contribution, or weight, of each structure is
determined by its local degree of sequence identity with the target sequence. Following framework
generation, loops for which no structural information was available in the template structures are not
defined and therefore must be constructed. Although most of the known 3D structures available share
no overall similarity with the template, there may be similarities in the loop regions and these can be
inserted as loop structure in the new protein model. Using a “spare part” algorithm (7,8), one searches
for fragments that could be accommodated onto the framework among the PDB entries determined
with a resolution better than 2.5 A. Each loop is defined by its length and its “stems,” namely the C,,
atom coordinates of the four residues preceding and following the loop. The fragments that corre-
spond to the loop definition are extracted from the PDB entries and rejected if the relative mean
square deviation computed for their “stems” is greater than a specified cutoff value. Furthermore,
only fragments that do not overlap with neighboring segments should be retained. The accepted
“spare parts” are sorted according to their RMSD, and a C, framework based on the five best frag-
ments can be added to the model. Because the loop building only adds C, atoms, the backbone
carbonyl and nitrogens must be completed in these regions. This step can be performed by using a
library of pentapeptide backbone fragments derived from the PDB entries determined with a resolu-
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tion better than 2.0 A. These fragments are then fitted to overlapping runs of five C,, atoms of the
target model. The coordinates of each central tripeptide are then averaged for each target backbone
atom (N, C, O) and added to the model.

For many of the protein side chains, there is no structural information available in the templates.
These cannot, therefore, be built during the framework generation and must be added later. The
number of side chains that need to be built is dictated by the degree of sequence identity between
target and template sequences. To this end, one uses a table of the most probable rotamers for each
aminoacid side chain depending on their backbone conformation. All of the allowed rotamers of the
residues missing from the structure are analyzed to see if they are acceptable by a van der Waals
exclusion test. The most favored rotamer is added to the model.

2.5.3. Model Refinement and Quality

Idealization of bond geometry and removal of unfavorable nonbonded contacts can be performed
by energy minimization algorithms using force fields such as CHARMM (9), AMBER (10), or
GROMOS (11). The refinement of a primary model should be performed by no more than 100 steps
of steepest descent, followed by 200-300 steps of conjugate gradient energy minimization. It is nec-
essary to keep the number of minimization steps to a minimum to avoid optimized models from being
moved away from the control structure. Constraining the positions of selected atoms in each residue
generally helps avoid excessive structural drift during force-field computations.

A model is considered wrong if at least part of its structural features is misplaced relatively to the
rest of the model. Errors of that type can very easily slip into a model when erroneous sequence
alignments are used during the building procedure. Another source of inaccuracy is the deviation
from ideal stereochemical values for bond lengths and angles. It is crucial to realize that proper
stereochemistry is not a criteria for model correctness. In other terms, it is possible to build models
that would comply with such criteria and have no strictly biological meaning. The accuracy of a
model is also limited by the deviation from the used template structure(s). Almost every protein
model contains nonconserved loops, which are expected to be the least reliable portions of a protein
model. Indeed, these loops often deviate markedly from experimentally determined control struc-
tures. In many cases, however, these loops also correspond to the most flexible parts of the structure,
as evidenced by their high crystallographic temperature factors (or multiple solutions in NMR exper-
iments). On the other hand, the core residues, the least variable in any given protein family, are
usually found in essentially the same orientation as in experimental control structures, whereas far
larger deviations are observed for surface aminoacids. This is expected because the core residues are
generally well conserved and the conformation of their side chains are constrained by neighboring
residues. In contrast, the more variable surface amino acids will tend to show more deviations because
there are few steric constraints imposed upon them. Finally, when modeling metalloproteins, it is
very important that the putative metal ligands of the new modeled structure maintain the geometry
required to coordinate the metal.

2.6. Molecular Dynamics

Useful information can be gained from the study of minimum energy structures by molecular
mechanics. However, these structures are static models, whereas molecules are flexible structures
subject to thermal motion. The ability of proteins to operate as catalysts clearly depends on subtle
details of their structure. The overall shape and disposition of functional groups within active site is
what gives proteins some of their special properties: high substrate specificity, transition state stabi-
lization, and the ability to transmit information to other units in a protein complex (allostery), to
name but a few. As experimental and theoretical investigations have uncovered information about
the structural component of proteins function, so too have they shown that proteins exhibit a rich
variety of motions (/2—14). If one considers just a few of the tasks proteins must perform in a living
organism, it becomes apparent that motion, as well as structure, is an essential component of protein
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function. Receptor proteins lie partially buried in the cell membrane, and, on binding their target
molecule, transmit this information into the cell by changing conformation, allowing the cell to
respond to the external stimulus. Transport proteins bind ligands within their interior, releasing the
ligand when conditions within the cell demand it. The allosteric effect involves motion of the sub-
units, whereas the entry and exit of the ligand often requires an environmentally induced local con-
formational change. Many proteins are synthesized in a part of the cell distant from where they will
perform their function. Transport of the protein from its point of manufacture to its point of use may
require crossing membranes inside the cell. The folded protein is often too large to cross the mem-
brane, and so must first unfold, traverse the membrane as a linear sequence, and refold on the other
side. Enzymes must often provide a very specific, nonaqueous environment for catalysis. Several
known proteins completely engulf their substrate, perform the chemical reaction within the enclosed
active site, then open to release the products. In considering just these few examples, we see that in
addition to the importance of their structure, proteins exhibit a variety of motions as they operate
within the cell.

New insights about the functional significance of protein motions are given by the technique of
molecular dynamics (75) that is used to simulate the thermal motion of a structure, as a function of
time, using the forces acting on the atoms to drive the motion. As the masses of the atoms are known,
Newton’s second law of motion (F = ma) may be used to compute the accelerations and thus the
velocities of the atoms. The accelerations and velocities may then be used to calculate new positions
for the atoms over a short time step (around 1.0 fs), thus moving each atom to a new position in space.
This process iterates many thousands of times, generating a series of conformations of the structure
known as a trajectory. The velocities of the atoms are related directly to the temperature at which the
simulation is running. A simulation run at 300 K provides information on structural fluctuations that
occur around the starting conformation, illustrating which parts of a molecule are most flexible, and
can also provide informations on the pathways of conformational transitions. If the temperature of
the simulation is increased, more energy is available to climb and cross energetic barriers. Thus,
high-temperature (i.e., 1000 K) simulations are often used to search conformational space.

Using molecular dynamics simulations, a vast amount of data are generated. The problem is in
analyzing these data. A simulation can be analyzed quantitatively by defining properties of interest
and then graphing those properties against each other. For example, graphs that illustrate how the
geometry or energy of the structure varies during the simulation can be created and compared. The
simulation can be also analyzed in a qualitative way by replaying the simulation as a movie, a process
known as animation.

2.6.1. Potential Function

In order to perform molecular dynamics simulations, one needs a mathematical function, or force
field, to describe the system. The force fields are empirically derived and describe the potential energy
of the system as a function of the positions of the atoms. The parameters for these equations are
derived primarily from the results of ab initio quantum mechanics, spectroscopic data, and crystallo-
graphic data. The force field is calibrated by fine-tuning of these parameters to reproduce structures
and energy trends for relevant model compounds. It is often possible to achieve good agreement with
experiment because the functions are parameterized to reproduce the experimental data and therefore
include the effects of any omitted terms that would make the approach more theoretically rigorous.

2.6.2. Physics of Molecular Dynamics Simulation

Molecular dynamics calculates the motion of a molecule by generating the changes of the atomic
coordinates as a function of time. These sets of related coordinates define a trajectory in conforma-
tional space. A static structure is used as the starting point for these calculations, usually the mini-
mized crystal structure. The velocities of the atoms are slowly increased from zero to values
corresponding to a specified temperature in a process known as temperature equilibration, which is
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part of a start-up procedure needed to ensure that the initial forces are reasonable. The atomic veloci-
ties, v;, are related to the absolute temperature, 7, through the total kinetic energy, by

2
%Zmivi = %Nka

where m; is mass of the atom, k,, is the Boltzmann constant, and the sum is over N atoms. New
positions and velocities of all the atoms are determined by solving the equations of motion using the
old positions, the old velocities, and the accelerations. Accelerations are related to forces via Newton’s
second law

F=ma

and the forces are related to the gradient of the first derivatives of the potential energy needed for
energy minimization by

so that
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New atomic positions, x(f + Af), and velocities, v,(f + At), are derived from the elementary mechanics as

x;(t+ A1 = x; (1) +v; (DAL + L a; (A

V(1 +AD = v, (1) +a; (DA,

For this simple scheme to work, the time step, Af, must be so small that positions (and forces) change
very slightly with each step (less than 1/100 A). Typical values of Af range from 0.5 to 2.0 fs. In
practice, the equations used to integrate the equations of motions in protein simulations are slightly
more complicated than those given above, and because of the large amount of atoms, some methods
are used for the simplification of calculations and the increase of computational speed (16).

2.6.3. Force Field
As an example of a force field, we report on one of the more utilized in literature, the GROMOS force
field (11). The GROMOS force field is represented in terms of the potential energy function U(r):

U(r) = Ulmnd + Uangle + Udihedml + Uimpmper + Unb

where the bond-stretching, angle-bending, dihedral torsional, and improper dihedral bending poten-
tials, respectively, are
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Ny, Ng, Ny, and N¢ are the number of bond, angle, dihedral and improper dihedral terms, respectively.
Kj, Ko, K, and K¢ are the force constants and d;,6;, and & are the energy equilibrium values. n; and
0; are the dihedral angle multiplicity and phase, respectively. Whenever constraints are used to model
the chemical bonds (/7), the corresponding bond-stretching potential term is not considered to be
part of the Hamiltonian. The nonbonding potential term is described by the sum of a Lennard—Jones
potential and a standard Coulombic term:

N .. ..

C -d
U,y = 2 C]zl(;,J)_ 6(é,l)+ qi4
i i o Aol
where {C6(i, j),C12(i, j),q;} are a specific set of parameters and partial charges (i.e., the 37c and 37d
sets of parameters for systems in water and in vacuum, respectively). Moreover, first and second
neighbors (i.e., pairs of atoms separated by one and two covalent bonds, respectively) are not consid-

ered to be interacting through the nonbonding terms (71).

3. APPLICATION OF COMPUTATIONAL METHODS TO COPPER
PROTEINS

3.1. Study of Copper Proteins Through Molecular Modeling

The problem of modeling the interactions of metals in proteins is not easy because of their com-
plex coordination chemistry, spin variability, and the polarizability of the outer-shell electrons (18).
Attempts to model bound metal using the potential functions, usually adopted for amino acids, gives
often unrealistically strong nonbonding interactions and distorted metal center geometries. Notwith-
standing a lot of modeling papers, intended to predict the structure of a whole copper protein or to test
the copper center properties, in comparison with data derived from different experimental techniques,
have been carried out by using various methods to handle the metal sites (18).

Modeling articles on copper proteins have been divided in three different classes:

1. Modeling of mutant proteins carried out to plan or verify a series of experimental data (19-22).
In this kind of article, the modeling procedure is relatively simple and only requires substitution of
the side chain that must be changed with the chain of the new selected amino acid, leaving the back-
bone unaltered. The side chains are then scanned looking for a rotamer that had no van der Waals
contacts with the neighboring residues in its spatial environment.

In the article by Folcarelli et al. (19), the modeling procedure permits the explanation of the differ-
ence in stability resulting from a series of Lys—Arg mutations carried out in Xenopus laevis Cu,Zn
superoxide dismutase (SOD) protein. In particular, the decrease in stability was shown to originate
from a perturbation of dimer association, whereas the increase in stability was the result of the pres-
ence of additional hydrogen bonds. The same kind of substitution was previously found to increase
heat stability in human Cu,Zn SOD (20). In this work, the stabilizing effect of Lys—Arg substitu-
tions was rationalized on the basis of a detailed analysis of the modeled structures of wild-type and
mutant Cu,Zn SOD (Lys9—Arg). In addition to demonstrating that every thermostable protein can
be further stabilized, these works provide direct evidence, supported by molecular modeling, that
arginine residues are important stabilizing elements in proteins.

In the paper of Dong and co-workers (21), the effect of mutating an asparagine residue (Asn38) in
poplar plastocyanin, adjacent to one of the histidines bound to the copper, was investigated. The
mutant proteins having Asn38 mutated in Gln, Thr and Leu are capable of folding and binding Cu?*,
but the blue color fades and the rate of fading increases in the order Gln < Thr < Leu. The wild-type
properties are slightly perturbed for Asn38—Gln, but Asn38—Thr shows remarkable similarity to
another type-I Cu protein, azurin from Pseudomonas aeruginosa. The Cu—S(Cys) bond is longer in
azurin than in poplar plastocyanin, and the NH hydrogen bond to the ligating S atom is shorter.
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Molecular modeling has been used to suggests a similar effect for Asn38—Thr because the threonine
residue shifts toward Ser85 in order to avoid a steric clash and to optimize hydrogen-bonding. The
results demonstrate that hydrogen-bonding adjacent to the type-I site stabilizes an architecture that
both modulates the electronic properties of the Cu and suppresses side reactions of the cysteine ligand.

In a recent work, Zhu and collaborators (22) studied the physiologic complex between the methy-
lamine dehydrogenase (MADH) and amicyanin, which is required for interprotein electron transfer.
Kinetic data and thermodynamic analysis are used to probe the molecular basis for stabilization of
the protein complex by an interprotein salt bridge between Arg99 of amicyanin and Asp180 of the
o-subunit of MADH. Asp180 of MADH was converted to arginine to examine the effect on complex
formation with native and mutant amicyanins. This mutation had no effect on the methylamine oxi-
dation carried out by MADH, but significantly affected its interaction with amicyanin. These results
are explained by the authors through a molecular model able to describe the sequence of events that
leads to stable complex formation between MADH and amicyanin.

II. Homology modeling of copper proteins using one or more X-ray structures as a template. The
model building and the analysis of a structural domain, or of the whole molecule, is applied to get
new insights about protein function or to build philogenetic trees through a comparative analysis
(23-33).

Villoutreix and Dahlback (37) have investigated the A domains of human blood coagulation factor
V by molecular modeling. Factor V (FV) is a large (2196 amino acids) nonenzymatic cofactor in the
coagulation cascade with a domain organization (A1-A2-B—A3-C1-C2), similar to the one of factor
VIII (FVIID). FV is activated to factor Va (FVa) by thrombin, which cleaves away the B domain,
leaving a heterodimeric structure composed of a heavy chain (A1-A2) and a light chain (A3-Cl1-
C2). Activated protein C (APC), together with its cofactor protein S (PS), inhibits the coagulation
cascade via limited proteolysis of FVa and FVIIIa (APC cleaves FVa at residues R306, R506, and
R679). The A domains of FV and FVIII share important sequence identity with the plasma copper-
binding protein ceruloplasmin (CP). The X-ray structure of CP and theoretical models for FVIII have
been recently reported and these informations allowed the authors to build a theoretical model (994
residues) for the A domains of human FV/FVa (residues 1-656 and 1546-1883). Structural analysis
of the FV model indicates the following: (1) the three A domains are arranged in a triangular fashion,
as in the case of CP, and the organization of these domains should remain essentially the same before
and after activation; (2) a type-II copper ion (see Table 3) is located at the A1-A3 interface; (3)
residues R306 and R506 (cleavage sites for APC) are both solvent exposed; (4) residues 1667-1765
within the A3 domain, expected to interact with the membrane, are essentially buried; (5) APC does
not bind to FVa residues 1865-1874.

A 3D model of Fet3, the multicopper oxidase of yeast involved in the oxidation of extracellular
ferrous iron and in its transport into the cell through the permease Ftrl, has been built (33). Fet3
consists of three cupredoxin domains, joined by a trinuclear copper cluster, which is connected to the
blue copper site located in the third domain (Table 3). Close to this site, which is the primary electron
acceptor from the substrate, residues for a potential iron-binding site have been identified. The sur-
face distribution of negatively charged residues suggests that Fet3 can translocate Fe* to the per-
mease Ftrl through an electrostatic guide.

In a recent work, a model for the incorporation of metal from the copper chaperone CCS into
Cu,Zn SOD has been proposed (32). Previous studies have identified the human copper chaperone
CCS as the presumed factor responsible for copper incorporation into SOD (34,35). The 3D structure
of CCS was homology modeled using the periplasmic protein from the bacterial mercury-detoxifica-
tion system (36) and the structure of one subunit of the human SOD dimeric enzyme (37) as tem-
plates. On the basis of the 3D model, a mechanism for the transfer of copper from CCS to SOD is
proposed that accounts for electrostatic acceptor recognition, copper storage, and copper-transfer
properties. The proposed model identifies a path for copper transfer based on the presence of differ-
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ent metal sites characterized by sulfur ligands. The modeled structure was found to be strictly close to
the subsequently published X-ray structure of CCS (38).

III. Building of the copper active site based from data derived from spectroscopic studies in order
to understand the chemistry of substrate catalysis and/or the inhibitory effect of specific molecules.
This analysis can be done on X-ray-determined PDB structures or on modeled structures, depending
on the availability of the 3D structure of the investigated protein (39-41).

In the article by Grossmann and collaborators (39), the extended X-ray absorption fine structure
technique (EXAFS [Extended X-ray Absorption Fine Structure]), and the homology modeling
approach have been used to define the structural features that specify the nature of the copper site in
rusticyanin. Rusticyanin, a blue copper protein possessing the highest redox potential among this
class of proteins and a high stability at acidic pH, displays a good degree of homology with the
C-terminal end of other single-copper-containing blue proteins and to the blue copper domain of the
multicopper proteins such as the nitrite reductases (39). EXAFS data at pH 2.0 indicate that Cu is
ligated to two His and a Cys, similar to other blue copper centers (Table 3). Modeling studies suggest
that His85 is the ligating histidine from the N-terminal end. Its neighboring residue is a serine rather
than the asparagine found in all known blue Cu proteins (39). The high stability of the copper site
may arise in part because of this substitution. The Cu-binding site is surrounded by aromatic residues
that may provide further protection for the metal in an acidic environment. In addition, the high
number of solvent-exposed lysine residues is likely to be of functional relevance under low-pH con-
ditions. EXAFS data show a very small change in the copper site upon reduction, consistent with a
more constrained copper center in rusticyanin compared to azurin and a higher redox potential value.

In another work (40), molecular modeling has been used to hypothesize the structure of diamine
oxidase active site derived from the study of the possible conformations assumed by O-
alkylhydroxylamine inhibitors. A new series of aliphatic and aromatic O-alkylhydroxylamines were
synthesized to explore further the structure—activity relations. The authors found the following: (1)
branched compounds are less active than their straight-chain counterparts; (2) the bulkness of the
aliphatic substituent has an important role in decreasing the activity; (3) the presence of a double
bond compared to a triple bond has no significant effect in reducing the activity; (4) compounds
having a longer straight chain were less active than derivatives having a shorter chain; (5) benzylic
compounds were less active than aliphatics compounds having straight chains. A current model for
the action of diamine oxidase proposes a crucial role for a trihydroxyphenylalanine quinone cofactor
as part of the active site together with a copper atom (42,43). Using molecular modeling, the authors
were able to define the region of space that is just beyond the reactive carbonyl of the
trihydroxyphenylalanine residue at the active site of diamine oxidase. They suggest that a negatively
charged species, such as an aspartate or a glutamate, resides in a trough about 7-8 A from the
trihydroxyphenylalanine carbonyl carbon and this species helps in a selective binding of substrates
such as putrescine and histamine.

Stillman and co-workers applied circular dichroism (CD), kinetic and mass spectrometry, and
molecular modeling (based on CD and EXAFS data), to study copper(I) and mercury(Il) binding to
metallothionein (47). Metallothionein (MT) is remarkable in its metal-binding properties: For the
mammalian protein, well-characterized species exist having various metal to sulfur ratios, such as
M7S20, M12S20, and M18S20. where M = Cd(II), Zn(II), Hg(II), Ag(I), Au(I), and Cu(I). Optical
spectra and CD and luminescence spectra provide rich detail of a complicated metal-binding chemis-
try when metals are added directly to the metal-free or zinc-containing protein. Three-dimensional
modeling was carried out using the results of the CD and EXAFS studies and model calculations for
Zn7-MT, Hg7-MT, and Cul2-MT are described in the article.

3.2. Study of Copper Proteins Through Molecular Dynamics Simulation

It is now recognized that the atoms of which a protein is composed are in a state of constant motion
at ordinary temperatures. The presence of such motional freedom implies that a native protein at
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room temperature samples a range of conformations. Most are usually close to the average structure,
but, at any given moment, each protein molecule is likely to differ significantly from the average and
these fluctuations are likely to play a role in protein function. Molecular dynamics simulation has
been widely used to understand the functional properties of the copper proteins. MD has shown to be
a valid tool for investigating the physical properties of the proteic matter, for the interpretation of the
X-ray diffraction data in the process of structure determination, and in the analysis of the relationship
between protein motion and protein function. Molecular dynamics articles on copper proteins have
been divided in three classes:

I. Use of restrained MD to refine structures obtained by X-ray diffraction (44-49), NMR spec-
troscopy (50-52), and molecular modeling (53). Among the copper containing proteins we report the
following examples.

Protein structures are now routinely refined using restrained molecular dynamics. In a work by
Djinovic and collaborators (44), the structure of yeast Cu,Zn SOD has been determined to 2.5 A
resolution. The enzyme crystallizes in the P2(1)2(1)2 space group with two dimeric enzyme mol-
ecules per asymmetric unit. The structure has been solved by a molecular replacement technique
using the dimer of the bovine enzyme as the search model and has been refined by molecular dynam-
ics with crystallographic pseudoenergy terms, followed by conventional crystallographic restrained
refinement. The R factor for 32,088 unique reflections in the 10.0-2.5 A resolution range (98.2% of
all possible reflections) is 0.158 for a model comprising two protein dimers and 516 bound solvent
molecules, with a root mean square deviation of 0.016 A from the ideal bond lengths and an average
B factor value of 29.9 A2,

In another work by Bond and co-workers (45), the crystal structure of the “blue” copper protein
plastocyanin from the cyanobacterium Phormidium laminosum has been solved at 2.8 A resolution.
P. laminosum plastocyanin crystallizes in space group P43212 with unit-cell dimensions a = 86.57
and ¢ = 91.47 A and with three protein molecules per asymmetric unit. The final residual R is 19.9%.
The structure was solved using molecular replacement and refined through MD. The molecule of P.
laminosum plastocyanin has 105 amino acid residues. The single Cu atom is coordinated by the same
residues, two histidines, a cysteine, and a methionine, as in other plastocyanins. In the crystal struc-
ture, the three molecules of the asymmetric unit are related by a noncrystallographic threefold axis. A
Zn atom lies between each pair of neighboring molecules in this ensemble, being coordinated by a
surface histidine residue of one molecule and by two aspartates of the other.

Recently, a novel type of catalytic copper cluster has been found in nitrous oxide reductase (N,OR)
(47), which catalyses the two electron reduction of N,O to N,. Nitrous oxide reductase is a 1160-
residue homodimer, whose structure has been solved at 2.4 A upon refinement through MD. Each
N,OR monomer is composed of two distinct domains. The N-terminal domain (residues 10-443)
adopts a seven-bladed B-propeller fold, with the Cu, center located at one end of the propeller on the
pseudo-sevenfold axis. The C-terminal domain (residues 478-581) forms an antiparallel -sandwich
in the Greek key motif and adopts a cupredoxin fold already seen in bovine cytochrome-c oxidase,
with the Cu, center located in a loop region between strands 38 and (39. In the dimer, the C-terminal
domain of one monomer faces the N-terminal domain of the second monomer. The Cu, center of
N,OR comprises 4 copper ions that adopt the shape of a distorted tetrahedron, and 10 ligands: 7
histidines residues and 3 hydroxide ions. Two histidine residues (His270 and His437) of the Cuy,
center belong to the loops located on the top of the propeller domain and the remaining five (His79,
His80, His128, His325, and His376) belong to the innermost strand of the blades. The seven His
ligands are not part of a consensus sequence. The Cu, center of one monomer is in close proximity to
the Cuy center of the second monomer. The structure of the Cuy center suggests that there is only one
possible site for N,O binding. The Cu, center could behave as an electron buffer, three copper ions
being reduced by the Cu, center prior to substrate processing. The catalytic copper would remain
oxidized and, therefore, able to bind the substrate. This electron reservoir could favor a fast electron
exchange and prevent the formation of a dead-end products. Recently, inorganic sulfur chemical
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determination and the high-resolution structure of Pd-N,OR identified, in the Cuy cluster, a bridging
inorganic sulfur instead of an oxygen (48), a result that reconciles the novel Cu, cluster with the
hitherto puzzling spectroscopic data.

Ubbink and collaborators (50) have used the diamagnetic chemical shift and intermolecular
pseudocontact shifts in the NMR spectrum of plastocyanin as input in restrained rigid-body molecu-
lar dynamics calculations to determine the structure of the transient complex between cytochrome-f
and plastocyanin. An ensemble of 10 structures was obtained, in which the root mean square devia-
tion of the plastocyanin position relative to cytochrome-f is 1.0 A. Electrostatic interaction is main-
tained at the same time as the hydrophobic side of plastocyanin makes close contact with the heme
area, thus providing a short electron-transfer pathway (Fe—Cu distance 10.9 A) via residues Tyrl or
Phe4 (cytochrome-f) and the copper ligand His87 (plastocyanin). The combined use of diamagnetic
and paramagnetic chemical shift changes has permitted one to obtain detailed information about the
structure of a transient complex of redox proteins. The structure suggests that the electrostatic inter-
actions “guide” the partners into a position optimal for electron transfer, which may be stabilized by
short-range noncovalent interactions.

The three-dimensional solution structure of amicyanin from Thiobacillus versutus has been deter-
mined and refined by using distance geometry and restrained molecular dynamics (57). A total of 984
experimentally derived constraints were used for the final refinement (881 distance constraints and
103 dihedral angle constraints). Stereospecific assignments were made for 17 prochiral B-methylene
protons (33%) and the methyl groups of 8 valine residues. Fourteen structures were selected to repre-
sent the solution structure. They show an average pairwise backbone root mean square deviation of
1.19 A. The overall structure can be described as a B-sandwich, built up of nine B-strands. The copper
atom is located between three loops on one end of the molecule. Two of these loops contribute the
copper ligands. His54 is on the loop between B-strands 4 and 5. The other three ligands, Cys93,
His96, and Met99, are located evenly spaced on the loop between B-strands 8 and 9. This loop is
folded in two consecutive type-I turns with His96 as the donor and acceptor of the NH,—CO (i-3)
hydrogen bonds. The folding is reminiscent of the general cupredoxin fold, however the region be-
tween B-strands 5 and 7 and the N-terminal extension, which forms an extra B-strand, seems to be
unique to amicyanin. The partly surface-exposed copper ligand His96 is surrounded by a hydropho-
bic patch consisting of seven residues.

Single crystals of the reduced form of Cu,Zn SOD [space group P2(1)2(1)2(1), one dimer per
asymmetric unit] have been obtained and their X-ray structure refined at 1.9 A resolution (52). The
structure shows that the imidazolate bridge is maintained in the present crystalline form. It is con-
firmed that in solution the bridge is broken and the involved histidine is protonated on the side of
copper. Based on the Nuclear Overhauser Effect (NOE) constraints, and with the aid of molecular
dynamics calculations, a structural model is proposed for the molecule in solution. Both structures
are considered significant as far as the enzymatic mechanism is concerned.

Tsigelny and collaborators (53) have modeled the extracellular domains of individual subunits
(amino acids 31-200) in the nicotinic acetylcholine receptor, using sequence homology with copper-
binding proteins of known crystal structure, such as pseudoazurin (54) and plastocyanin (55), and
data from recent site-specific mutagenesis, antibody mapping, and site-directed labeling studies (53
and references therein). These data permitted one to build an initial model that was refined using
molecular dynamics and mechanics as well as electrostatic and solvation energy calculations. The
sequences between residues 31 and 164 in the o/;-subunit and the corresponding residues in homolo-
gous receptor subunits show similarity with the core sequence of the cation-binding site in plastocya-
nin and pseudoazurin, a region in the template proteins characterized by multiple hairpin loops.
Electrostatic factors also appear to distinguish the ligand-binding interfaces, o~y and o—9, from the
other three interfaces on the pentameric receptor.

II.  Molecular dynamics simulation has been widely used to interpret functional and spectro-
scopic properties experimentally obtained on copper proteins (56—73). As an example, we briefly
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review the work carried out on the bovine Cu,Zn SOD, an ezyme that has been intensively studied
through MD simulation.

Several molecular dynamics simulations have been carried out on the bovine Cu,Zn SOD. At the
beginning, only one-half of the dimer (i.e., the orange subunit) has been taken into account because
of the large dimensions of the whole molecule. In these first MD studies (57,58,61), the motions of
the active site and the corresponding path followed by the superoxide approaching the copper ion
have been analyzed. Trajectory analysis revealed that the superoxide is directed toward the catalytic
metal through the concomitant motions of several active-site invariant residues. The significant num-
ber of local minima and the small variations in free energy encountered by the superoxide confirm
that this molecule does not follow a straightforward energy minimization path, rather suggesting a
variety of copper-approaching walks. The significant role of protein fluctuations in the enzyme—
substrate interactions has been confirmed by a study combining Brownian and molecular dynamics
simulation in the presence of substrate (60) and by MD calculations carried out on homology models
of human Cu,Zn SOD mutants (59,62). A common aspect stems out from these dynamic simulations:
the existence of a series of concerted motions that organize, sterically and energetically, the active
site for the catalytic event. On the basis of these works, a preliminary 100-ps MD simulation of the
Cu,Zn SOD in water, taking into account for the first time the entire dimer, has been carried out to
study the behavior of the two active sites of this enzyme (63). The active site of each subunit has been
monitored during the entire simulation by calculating the distances between functional residues and
the catalytic copper. The results indicated that the electrostatic residues orientation is maintained in
each active site while the solvent accessibility is different. Analysis of the MD simulation, carried out
by using the atomic displacement covariance matrix, has shown a different intrasubunit correlation
pattern of the two monomers and the presence of intersubunit correlations. The simulation has indi-
cated for the first time an asymmetry in the two active sites and the presence of different dynamic
behavior of the two SOD subunits. In a subsequent work, a 300-ps MD simulation of the whole
Cu,Zn SOD dimer has been carried out in water and the trajectory has been analyzed using the essen-
tial dynamics method (64). The results indicated that the motion is defined by few preferred direc-
tions identified by the first four to six eigenvectors and that the motion of the two monomers at each
instant is not symmetric. Large, intrasubunit and intersubunit motions involving different subdomains
of the protein are observed. A mechanical coupling between the two subunits is also suggested
because displacements of the loops surrounding the active site in one monomer are correlated with
the motion of parts of the second toward the intersubunit interface.

In a more recent work, with longer trajectories (up to 1.0 ns), MD simulations of solvated dimeric
Cu,Zn SOD have been carried out at four temperatures, namely 200, 225, 250, and 300 K (70).
Analysis of the backbone-to-backbone hydrogen bond number indicated that the symmetry observed
in the two subunits at 200 K is gradually lost by heating the system. The C, atoms displacement
cross-correlation maps confirm that the asymmetric behavior of the two subunits increases as a func-
tion of temperature. The dynamic cross-correlation of the subunits volumes indicates a fast correla-
tion between the two subunits at 300 K, which is delayed upon lowering the simulation temperature.
These results indicated that temperature plays an essential role in injecting such an asymmetry, the
two subunits being asymmetric and in rapid communication at 300 K, and almost symmetric and in
slow communication at lower temperatures.

Molecular dynamics simulation at a different temperature has been also carried out to interpret the
“glasslike” transition (69), experimentally observed at approx 200 K by neutron-scattering experi-
ments. The transition is well reproduced when the protein is simulated in the presence of water sol-
vent, whereas the simulations without solvent are not able to reproduce the experimental results.
Analysis of anharmonicity and anisotropy of the atomic motions indicates that these parameters are
good indicators for the occurrence of the transition. Analysis of the atomic fluctuations of different
protein shells, having different degrees of exposure to the solvent, shows that the transition is driven
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by the protein atoms belonging to the external shell, whose Debye—Waller factors are found to be
larger in vacuo than in the solvated system.

Molecular dynamics simulation was also comparatively applied to the wild-type Cu,Zn SOD from
Xenopus laevis and to one of its mutants to explain the unusual catalytic enhancement introduced by
a mutation (68). Neutralization by site-directed mutagenesis of four charged and highly conserved
residues of the electrostatic loop of X. laevis Cu,Zn SOD involved in the electrostatic attraction of the
substrate (Lys120—Leu, Asp130—GlIn, Glu131—Gln and Lys134—Thr) gives rise to a mutant en-
zyme that displays an affinity for monovalent inhibitor anions, such as N5, higher than that of the
wild type. Analysis of 300 ps of molecular dynamics simulation carried out on the wild-type and on
the X. laevis Cu,Zn SOD mutant indicates that the two proteins display a distinct dynamical behavior.
In particular, the root mean square deviation from the starting structure, the number of residues in
random coil conformations, and the number of residues in unfavorable regions of the Ramachandran
plot indicate that the mutant displays a rigidity higher than the native enzyme. This is also evidenced
by the loss of dynamical cross-correlations in the simulation of the mutant, which, on the other hand,
are present in the wild type. Moreover, the mutant protein shows a different organization of the
backbone-to-backbone hydrogen-bond network that generates a rigid structure leading to an increase
of the active-site accessibility when compared to the native enzyme. It is suggested that the rigid state
in which the mutant is confined, accompanied by the increase of the solvent-accessible surface of the
active site may explain the difference in reactivity toward the inhibitor anion. In the two proteins,
time evolution analysis of the Voronoi volumes of the single subunits (77) indicated that one mono-
mer shows higher volume fluctuations and a more variable behavior if compared to the other one.
The dynamical structural asymmetry is higher in the mutant than in the wild-type enzyme. Dynami-
cal correlation of the Voronoi volume of one subunit with that of the other shows that in the mutant
changes in the volume of one subunit are transmitted to the other subunit more slowly than in the
native enzyme. This result indicates that perturbation of the mechanical communication between the
two subunits may be brought about by mutations located in the active sites, far from the intersubunit
interface of the enzyme, suggesting a strict interrelation even between protein regions located far
away.

The dynamical behavior of the dimer observed in these works suggests the presence of a mechani-
cal coupling between the two subunits, a phenomenon that may help to suggest some conclusions
about the evolutionarily constant dimericity of the eukariotic Cu,Zn SODs. At least four basic rea-
sons underlie the presence of quaternary association in the eukariotic Cu,Zn SODs. The first is diffu-
sion: The SOD subunit exposes a greater catalytic target if a great part of the monomer surface is
covered by the dimer contact. In this way, the percentage of reacting surface, with respect to the total,
is increased. The second is electrostatics: Because different dielectric properties encountered by the
neighbor charges, the association between monomers allows one to generate the particular electro-
static field surrounding this protein. In the dimer, the potential field is composed of a dome-shaped
positive potential attracting the superoxide located only in proximity of the catalytic ions (26). The
third is stability: The Cu,Zn SOD monomer structure is highly stabilized by the complex network of
weak interactions that take place between the subunits, at the dimer interface. The fourth is protein
motion. In the kinetic model proposed (58,61), the channel-crossing rate constant, intermediate be-
tween a diffusion controlled and an electron-transfer rate constant, large enough to be neglected, is
supposed to be reduced by frictional and perhaps by gating effects resulting from the motion of the
protein. The asymmetric motions that have been observed in these works could be the result of con-
certed interactions between the subunits; they contribute to the reduction of free-energy barriers and
allow the incoming superoxide to react with the copper.

Recently the backbone NMR assignment of reduced human dimeric Cu,Zn SOD, performed on
isotopes enriched samples of both wild-type SOD and the monomeric FSOE/G51E/E133Q mutant
(74), has confirmed these MD suggestions. The experiments indicate a larger mobility in the wild-
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type form, with respect to the monomer, in the picosecond to nanosecond time-scale because of the
fluctuations of structural elements which provides the correct electrostatic driving force, guiding the
superoxide in the active channel and favoring the SOD activity.

III. The use of MD simulations to understand the dynamics of protein—water interaction has been
carried out on two small copper-containing proteins such as plastocyanin (75-77), and azurin (78,79).
Among these articles we report the following examples.

Molecular dynamics simulations of copper plastocyanin were carried out to study protein struc-
ture and dynamics as a function of hydration (75). The simulation of plastocyanin were performed at
300 K in the presence of 44, 80, 228, 682, and 2516 water molecules, respectively. For each different
hydrated system, the simulation covered 110 ps; the trajectories of the last 80 ps were used for the
analysis. Structural and dynamical properties of the protein are considerably altered upon the addi-
tion of water. The gyration ratio value indicates that the most compact structure is obtained in the
presence of 80 water molecules. Both the root mean square (RMS) deviations from the initial struc-
ture and the fluctuations of the protein atoms depends significantly on the number of hydration water
molecules. The largest RMS deviations are obtained at intermediate hydration level, whereas the
smallest value is recorded at full hydration. The RMS fluctuations are minimized in the presence of
80 water molecules and maximized at a high hydration level. The interplay among protein dynamics,
hydration water, and the amino acid residue properties is discussed in the article.

In order to study the dynamical properties of the solvent—protein interface, a detailed analysis of
the time relaxation behavior of the hydration shells around each atom of copper plastocyanin has
been performed by means of a time-correlation function technique (77). In computing the function,
which allowed the authors to extract average water residence times and coordination numbers within
atomic shells of a given radius, attention has been focused on the short and long time limits of the
function itself, also in connection with a detailed analysis of the statistical uncertainty. Water resi-
dence times distribution around plastocyanin has been calculated for the first coordination shell.
Water residence times near charged and polar atoms were found to be longer than those of nonpolar
ones; moreover, side-chain oxygens and nitrogens, which form hydrogen bonds with solvent mol-
ecules, show water residence times larger than other atom types, and for negatively and positively
charged residues, these times correlate to the hydrogen-bond average duration. The accessibility of
the solvent to protein atoms, investigated in terms of coordination numbers, has been compared to the
more standard solvent-accessible surface. The active site, including the copper atom and its ligands,
has been studied in greater detail to better understand the connections between the water molecule
dynamical properties and the protein biological functionality. In particular, the copper site, which
was believed to be inaccessible to the solvent, was found to be accessible by at least one water
molecule that does not exchange with bulk and that has a permanent contact with the metal.

A system containing the globular protein azurin and 3658 water molecules has been simulated to
investigate the influence on water dynamics exerted by a protein surface (79). Evaluation of water
mean residence time for elements having different secondary structure did not show any correlation.
Identically, comparison of solvent residence time for atoms having different charge and polarity did
not show any clear trend. The main factor influencing water residence time in proximity to a specific
site was found to be its solvent accessibility. For surfaces having high solvent accessibility, all atoms,
independently of their character, are surrounded by water molecules that rapidly exchange with the
bulk solvent. For atoms having a solvent-accessible surface lower than approx 16 A2 a relation is
found for which charged and polar atoms are surrounded by water molecules characterized by resi-
dence times longer than the nonpolar ones, whereas solvent accessibility is not able to modulate the
water residence time for apolar sites.



Molecular Modeling and Dynamics of Cu Proteins 99

4. CONCLUDING REMARKS

In this review, we have shown that computer-simulation techniques represent a valid tool to sup-
port or validate experimental data. A large bibliography is available just focusing on copper protein
applications, indicating that the computational approach is widely used in the study of proteins. At
present, molecular modeling and molecular dynamics simulation methods are becoming increasingly
more accessible to the experimental biochemists. A wide use of these tools is now possible because
of the availability of fast and relatively inexpensive desktop computers. A large variety of reliable
computer programs for the visualization and the analysis of the macromolecules are often free and
available on the Internet, however, sometimes, the use of these programs may be still difficult be-
cause of the complexity and dimensions of biological macromolecules. Moreover, before using these
programs, great attention must be given to their theoretical basis in order to be confident of the results
obtained. The survey given in this review provides an introduction to the capabilities of the simula-
tive tools applied to the study of copper proteins and to the potentiality of these methods in describing
precious insights in the study of the macromolecules.
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The Prion Protein and Copper
What Is the Connection?

Lesley R. Brown and David A. Harris

1. INTRODUCTION

Prion diseases are neurodegenerative disorders that result from changes in the conformation of a
single, highly unusual membrane glycoprotein called PrP (prion protein). This molecular transition
converts a normal version of the protein (PrP€) into a pathogenic form (PrP5¢) that constitutes the
major component of an unprecedented type of infectious particle (prion) devoid of nucleic acid.
Although there is a wealth of information now available about the role of PrPS¢ in the disease process,
relatively little is known about the normal physiological function of PrPC. Aside from its intrinsic
biological interest, identifying the function of PrP€ is likely to be important in understanding the
pathogenesis of prion diseases, as it has been suggested that impairment of this function as a result of
conversion to PrPS¢ may explain some features of the disease phenotype.

Several lines of evidence have emerged recently suggesting that PrP¢ may play an important role
in the cellular metabolism of the essential trace metal, copper. Taken together, these data constitute
the most substantial clues to the normal function of PrP€ to emerge in the 15 yr since the protein was
discovered. They suggest the hypothesis that PrPC may function in cellular pathways responsible for
uptake, delivery, or excretion of copper ions. There is also some evidence for an interaction between
PrP5¢ and copper, raising the possibility that copper metabolism may be altered during prion diseases
and that manipulation of copper levels may be useful in treatment of these disorders. In this chapter,
we will first provide a brief overview of prion diseases and the physiological function of PrP€, and
then go on to summarize and evaluate the evidence for a connection between copper and the two
isoforms of PrP.

2. PRION DISEASES AND PrP

The prion disorders include Creutzfeldt—Jakob disease (CJD), kuru, Gerstmann—Straussler syn-
drome, and fatal familial insomnia in man, as well as scrapie and bovine spongiform encephalopathy
(“mad cow disease”) in animals. In man, these diseases are characterized clinically by dementia and
motor dysfunction and neuropathologically by neuronal loss, spongiosis, and amyloid deposition.
Infectious, inherited, and sporadic forms of prion diseases have been described. Prion diseases are of
now of enormous concern from a public health standpoint because of an epidemic of bovine
spongiform encephalopathy in Britain and other European countries and recent evidence that this
disease has already been transmitted to human beings by consumption of contaminated beef (7,2).
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There is also great concern that these diseases could be acquired by blood transfusion or the admin-
istration of blood-derived products.

Prion diseases have been of great interest from a scientific standpoint because they exemplify a
novel mechanism of biological information transfer. The central molecular event in these disorders is
the conversion of PrP¢, a normal cell-surface glycoprotein, into PrP5¢, a conformationally altered
isoform that is infectious in the absence of nucleic acid (reviewed in refs. 3 and 4). PrPS¢ propagates
itself by impressing its altered conformation on PrPC, thereby generating additional molecules of
PrPS¢ in an autocatalytic reaction. This conversion process is initiated by exogenous PrP5¢ in cases of
infectious origin and occurs spontaneously in PrP molecules carrying germline mutations that are
linked to inherited prion disorders. Sporadic cases are thought to be the result of spontaneous conver-
sion of wild-type PrP€ molecules to the PrPS¢ state at a low frequency or, alternatively, to rare so-
matic mutations in the PrP gene. The complete structures of PrP¢ molecules from several species
have been determined by NMR techniques and consist of a flexible N-terminal domain and a folded
C-terminal domain containing three o-helices (5,6). Because there is not yet an experimentally
defined structure for PrPS¢, the precise structural differences between the two PrP isoforms remain to
be determined, although it is clear that PrPS¢ contains significantly more B-sheets and is more pro-
tease resistant than PrP€. Because PrP¢ and PrP5¢ are thought to have the same amino acid sequence
and differ only in their conformation, prion diseases are sometimes referred to as disorders of protein
folding. Self-propagating alterations in protein conformation have been described in yeast and fungi,
underscoring the generality of the prion concept in nature (7).

A great deal of evidence now supports the validity of the prion hypothesis. It is clear that PrP plays
a key role in the disease process and it has become increasingly difficult to explain all of the existing
data by a viral theory of pathogenesis. It is important to recognize, however, that what is perhaps the
most definitive test of the protein-only model has yet to be successfully carried out, producing infec-
tivity de novo in a test tube by experimental manipulation of recombinant or synthetic PrP. The
absence of this evidence does not invalidate the prion hypothesis, but simply underscores the diffi-
culty of reconstituting this remarkable molecular transformation outside the cellular environment.

3. THE FUNCTION OF PRP¢

Although we now have a detailed picture of how PrPS¢ figures in the disease process, the normal
biological function of PrPC remains a mystery. PrPC is expressed in neurons and glia of the brain and
spinal cord beginning early in embryogenesis, and it is found at lower levels in many peripheral
tissues (8—10). Its localization on the cell surface would be consistent with roles in cell adhesion and
recognition, ligand uptake, or transmembrane signaling. In addition, because PrPC has been reported
to be concentrated at presynaptic sites, it is possible that the protein serves some function in synaptic
transmission (/7). Identifying the normal function of PrP€ may be important in understanding the
pathogenesis of prion diseases, as it is possible that loss of this function as a result of conversion to
PrPS¢ may explain some features of these disorders.

In principle, Prn-p”°® mice, in which the PrP gene has been ablated by homologous recombination,
might provide clues to the normal function of PrPC. However, two different lines of these mice dis-
play no gross anatomical or developmental abnormalities (/2,13). Several subtle phenotypic defects
have been reported in these lines, including alterations in synaptic transmission (/4,15), ionic cur-
rents (16,17), nerve fiber organization (18), and circadian rhythm (/9). How these abnormal pheno-
types might relate to the normal function of PrPC is unclear. It is possible that a compensatory effect
of other proteins minimizes the phenotypic effect of PrP ablation, particularly when PrP is absent
throughout development. However, there are no deleterious effects on adult mice when PrP synthesis
has been reduced to about 10% of normal thorough the use of a tetracycline-regulated promoter (20).
Several lines of Prn-p”° mice do show a dramatic neurodegenerative phenotype, but this is now
know to be the result of artifactual upregulation of the adjacent gene encoding doppel, a PrP paralog,
rather than to a loss of PrP itself (21).
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4. COPPER AND PRP¢

There are now several kinds of experimental evidence linking copper to PrP€ and suggesting
possible physiological functions for the protein.

4.1. Copper Binding

A number of studies now make it clear that PrP€ can bind copper ions. At least one set of binding
sites is comprised of a tandem series of four octapeptide repeats in the N-terminal half of the protein,
which, in humans, have the sequence PHGGGWGQ (Fig. 1). (A fifth octapeptide repeat lacks histi-
dine and is not likely to be involved in copper binding.) Synthetic peptides as well as bacterially
synthesized PrP molecules that encompass the histidine-containing repeats have been shown to bind
copper ions based on a variety of techniques, including equilibrium dialysis, mass spectrometry,
fluorescence spectroscopy, circular dichroism, Raman spectroscopy, electron paramagnetic reso-
nance, and nuclear magnetic resonance (22—32). The measured affinity with respect to total copper
has been found to be 2—10 uM in most studies, but it has been pointed out that because binding
experiments are usually carried out in the presence of amino acids like histidine or glycine that can
themselves chelate copper, the actual affinity with respect to free copper ions may be much higher, in
the range of 10~'4 M (27). Most reports now suggest a stoichiometry of one copper ion per octapep-
tide repeat, with positive cooperativity in the binding of four successive copper ions. There has been
some debate concerning the structure of the metal-protein-binding site, although it appears likely
that nitrogen atoms in histidine side chains as well as in glycine backbone amides serve as coordina-
tion centers. Copper binding to the octapeptide repeats is specific for copper over other transition
metals and is pH dependent, with affinity falling sharply below pH 6.0. Recent evidence suggests that
there is likely to be a fifth copper binding site in PrP, probably involving histidine residues 96 and/or
111, although this site remains to be thoroughly characterized (27,28). There are also reports that
several additional binding sites may exist in more C-terminal regions of the protein (24,33).

An important question is whether copper binds to PrP€ in vivo and whether the affinity, stoichi-
ometry, and specificity are the same as for binding of the metal to recombinant PrP and synthetic
peptides. It is possible, for example, that the presence of posttranslational modifications such as
N-linked oligosaccharides and the C-terminal glycolipid anchor modify the copper binding proper-
ties of the protein. It has been claimed that PrP® immunopurified from brain or cell lysates does, in
fact, contain bound copper ions (34), but these data must be viewed with caution, because a micromo-
lar affinity is not likely to be sufficient to retain the metal during the immunopurification step.

4.2. Changes in Molecular and Biochemical Properties

Several spectroscopic studies suggest that binding of copper induces a conformational change in
PrPC, favoring the formation of B-sheets (26,30,35-38). At least part of this effect is likely to involve
structural changes in the normally flexible N-terminal part of the protein containing the copper-
binding octapeptide repeats. These results are consistent with the hypothesis that binding of copper to
PrPC triggers a functional change in the molecule that is related to its physiological purpose.

Copper also causes alterations in the biochemical properties of PrP. We have found that the metal
rapidly and reversibly causes PrPC in lysates of brain tissue and transfected cells to become detergent
insoluble and protease resistant, properties normally associated with PrPS¢ (39) (Fig. 2). However,
the copper-treated form of PrPC is distinct from PrPS¢, because it still reacts in the native state with
the monoclonal antibody 3F4, the epitope for which is buried in PrPS¢. These effects of copper on the
biochemical properties of PrPC require the presence of at least one histidine-containing octapeptide
repeat, consistent with direct binding of metal to the protein. Copper has also been reported to induce
protease resistance in purified recombinant PrP, although this effect required deamidation of the
protein, and the protease cleavage site observed was distinct from the one seen after metal treatment
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Fig. 1. Schematic structure of mammalian PrPC. The likely positions of the copper binding sites are indicated.

of brain- and cell-derived protein (37). Copper also causes aggregation of a synthetic peptide derived
from residues 106—126 of PrP, thereby enhancing its toxicity to cultured neurons (40). Finally, cop-
per has been found to produce covalent modifications of PrP€. The metal causes oxidation of recom-
binant PrP, involving either methionine or histidine residues (4/,42) and also induces a cleavage of
the N-terminus of the protein in the presence of hydrogen peroxide (43).

4.3. Enzymatic Activity

Several recent studies have suggested that PrP® may function as a cuproenzyme. Recombinant PrP
refolded in the presence of copper has been reported to exhibit a superoxide dismutase (SOD) activ-
ity, as did PrP® immunoprecipitated from brain tissue (34,44—47). This enzymatic activity depended
on the presence of the octapeptide repeats as well as on bound copper ions and was not affected by
KCN, thus distinguishing it from the activity of Cu—Zn SOD. In addition, immunodepletion of PrP®
from brain extracts was found to cause a reduction in SOD activity (48).

Although it would be certainly intriguing if PrP€ functioned as an SOD-like enzyme, the biologi-
cal significance of these results is uncertain for several reasons. First, the enzymatic activity mea-
sured for recombinant PrP depended on refolding the protein from a denatured state in the presence
of 5 mM copper, which is a highly supraphysiological concentration and is inconsistent with the
ability of micromolar concentrations of the metal to bind to the octapeptide repeats of the protein
after it has already been folded. Second, even small organic molecules like amino acids can bind
copper and exhibit weak dismutase activity, calling into question whether the protein moiety contrib-
utes at all to the SOD activity measured for PrPC. Finally, copper binds much more weakly to PrP¢
than to known cuproenzymes like Cu—Zn SOD, which must be denatured to remove bound metal,
arguing against the possibility that the copper plays a specific catalytic role in PrP€.

Whether PrP€ displays other copper-dependent enzymatic activities is unclear. There are two re-
ports that the octapeptide repeat region of PrP can function as a copper reductase, an activity that
depended on the presence of tryptophan residues (49,50). In contrast, another study indicated that
rather than being subject to reduction, Cu(Il) bound to the octapeptide repeats is maintained in a
redox-inactive state (57). These reports have yet to be followed up.
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Fig. 2. Cu®* causes PrP to become proteinase K resistant. Detergent extracts of mouse brain were incubated
with the indicated concentrations of CuSO, for 30 min and then digested with different amounts of proteinase K
(PK) for 30 min at 37°C. After termination of the digestion with PMSF, proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with either anti-PrP antibody or with
anti-actin antibody. The lanes containing undigested samples (0 pg/mL PK) represent 8 g of protein, and the
other lanes represent 40 pg of protein. (Reprinted from ref. 39.)

4.4. Cellular Trafficking

Our previous studies revealed that PrP¢ constitutively cycles between the plasma membrane and
an early endocytic compartment in neuronal cells, with clathrin-coated pits mediating endocytic
uptake of the protein (52,53). We have found that copper causes a dramatic alteration in this cellular
trafficking pathway (54; L. R. Brown and D. A. Harris, unpublished). Initially, we observed that
incubation of cells with Cu?* concentrations above 100 uM for 30-90 min caused a marked reduction
in the total amount of PrPC on the cell surface, as determined by biotinylation or by immunofluores-
cence staining. This effect was also seen with Zn>*, but not with Co?*, Mn?*, Cd?*, Ni?*, or Fe?*. The
effect, which was observed for mammalian as well as chicken PrP€ expressed in neuroblastoma cells,
was temperature dependent (it did not occur at 4°C) and was rapidly reversible (within minutes).
Neither copper nor zinc had any effect on the distribution of the transferrin receptor, suggesting that
the metals were not causing a generalized stimulation of endocytosis.

Several lines of evidence indicated that the primary effect of copper is to stimulate the endocytosis
of PrPC, with relatively little change in the rate of recycling. To measure endocytosis and recycling, we
used biochemical methods to follow the internalization of surface PrP¢ molecules that had been la-
beled by iodination or biotinylation (54). Alternatively, we used immunocytochemical techniques to
visualize the metal-induced redistribution of surface PrP¢ molecules that had been prelabeled with
anti-PrP antibodies (L. R. Brown and D. A. Harris, unpublished). We found that the antibody-tagged
protein was translocated from the cell surface to punctate intracellular compartments in the presence
of copper (Fig. 3). The internalized PrPC partially colocalized with both fluorescent transferrin and
fluorescent wheat germ agglutinin, but not with LysoTracker (a fluorescent lysosomotropic amine),
implying that the protein was being delivered to early endosomes and the Golgi, but not to lysosomes.

Copper-induced endocytosis of PrP¢ depends on the presence of the histidine-containing repeats,
implying that the effect is the result of binding of the metal to PrPC rather to some other cellular
protein that indirectly modulates endocytosis. Chicken or mouse PrP€ molecules in which the repeats
have been deleted or the critical histidine residues mutated are poorly endocytosed in response to
copper (54,55). Interestingly, an insertionally mutated form of PrP containing 14 octapeptide repeats
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Fig. 3. Copper causes endocytosis of antibody-labeled PrPC. N2a cells expressing chicken PrP were labeled
with PrP antibody at 4°C (left panel) and were then warmed to 37°C for 30 min either in the absence of metal
(middle panel) or in the presence of 250 uM CuSO4 (right panel).

that is associated with familial Creutzfeldt—Jakob disease is also refractory to copper-induced
endocytosis (55), implying that the normal complement of five repeats is necessary for optimal cop-
per binding or for whatever structural change the metal induces that triggers endocytosis. We have
hypothesized that copper binding may enhance the affinity of PrPC for a putative receptor on the cell
surface that is required for targeting to clathrin-coated pits (54).

4.5. Copper Content of Cells and Tissues

An initial report indicated that the content of copper, but not of several other transition metals, is
only 10% of normal in crude membranes, synaptosomes, and endosomes derived from the brains of
Prn-p”° mice, which carry a disrupted PrP gene (23). Moreover, removal of surface PrP¢ from wild-
type cerebellar neurons using a phospholipase dramatically reduced the membrane copper content.
Copper content was determined in these experiments using X-ray fluorescence and atomic absorp-
tion spectroscopy. A subsequent study from the same authors (/7) reported that synaptosomes from
Prn-p®° mice had a copper content that was 50% of the wild-type level, a considerably smaller differ-
ence than in the original report. Based on these results, the authors proposed that PrP€ may play a role
in regulating copper release at the synapse (56).

We have re-examined this subject, using mass spectrometry to measure the concentrations of sev-
eral transition metals in brain tissue from wild-type and Prn-p”° mice, as well as in Tga20 mice that
overexpress PrP by 10-fold. We were unable to find any differences in metal content in either whole
brain or of several subcellular fractions among mice of these three genotypes (57) and we believe that
the results of Brown and colleagues (/1,23) are likely to be in error.

4.6. Oxidative Stress

A number of pieces of evidence suggest that PrP€ may play a role in protecting cells from oxida-
tive stress and this function has been proposed to involve the ability of the protein to bind copper
(reviewed in ref. 56). The most direct evidence for a protective role of PrPC is the observation that
neurons cultured from the brains of Prn-p”°® mice are more susceptible to oxidative stress induced by
several different agents, including xanthine oxidase, copper, and hydrogen peroxide (58-60). Con-
versely, PC12 cells selected for resistance to oxidative stress (or resistance to copper toxicity) have
higher levels of PrPC (61). In addition, several studies suggest that protein and lipid markers of oxi-
dative stress are increased in brain tissue from Prn-p”° mice (62,63).

How might PrPC€ contribute to protection from oxidative stress? Certainly, one possible explana-
tion would be that the protein itself possesses a copper-dependent SOD activity, which could protect
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cells from superoxide radicals generated in the extracellular space, by analogy to the role of cytoplas-
mic Cu—Zn SOD. As discussed earlier, however, we feel that the reported SOD-like activity of cop-
per-refolded PrPC is unlikely to be physiologically significant. Another suggested hypothesis is that
PrPC is important for the delivery of copper ions to Cu—=Zn SOD. It has been reported that the enzy-
matic activity and the %*Cu loading of Cu-Zn SOD from the brains of Prn-p”’ mice is 10-50% of
normal (59,62,64). Conversely, it has been claimed that the activity and copper loading of Cu-Zn
SOD are increased in PrP-overexpressing mice. However, as shown in Fig. 4, we have been unable to
replicate these two sets of results (57). The activities of other antioxidant enzymes such as catalase
and glutathione reductase have been reported to be decreased in Prn-p”° mice (60,62), but whether
PrPC plays a direct role in regulating these molecules remains to be determined. At this point, then,
the mechanism by which PrP€ protects cells from oxidative stress and whether this process involves
binding of copper ions remain uncertain.

5. COPPER AND PrPS¢

There are now several results that suggest a connection between copper and PrPS¢, the pathogenic
isoform of PrP. First, copper facilitates restoration of protease resistance and infectivity during
refolding of guanidine-denatured PrP5¢ (65). Second, the protease cleavage pattern of PrPS¢ derived
from the brains of CJD patients is altered by addition of metal-chelating agents and by the readdition
of copper and zinc in micromolar concentrations (66). In fact, the cleavage patterns of two different
PrPS¢ subtypes, corresponding to distinct prion strains, can be interconverted by manipulation of
their bound metal. These effects of copper may not be the result of direct binding of the metal to
PrPS¢, because it has been reported that, in contrast to PrPC, PrPS¢ does not bind to a copper-loaded
affinity column (67). In fact, it is possible that loss of metal binding by PrP could play a role in prion-
induced pathology. Finally, it was reported almost 25 yr ago that administration of the copper-chelat-
ing agent cuprizone to mice caused a spongiform degeneration of the brain similar to scrapie (68).
Altogether, these results suggest that alterations in copper metabolism could play some role in the
pathogenesis of prion diseases and even raise the possibility that manipulation of copper levels could
represent a therapeutic modality.

6. CONCLUSIONS

A considerable body of data now indicates some connection between PrP and copper ions. How is
one to evaluate this evidence, some of which has proven to be controversial, and what is its biological
significance? First, we will address the possible role of copper in the physiological function of PrPC.
Probably the most compelling and widely agreed upon observation is that copper ions bind to PrP€. It
is clear that the histidine-containing octapeptide repeats represent one set of binding sites and that
additional binding sites in more C-terminal locations also exist. Although there has been debate about
the absolute value of the binding constants, it seems clear that PrPC binds copper with an affinity that
is considerably lower than that of bona fide cuproenzymes like Cu—Zn SOD and ceruloplasmin, which
need to be denatured to remove their bound metal. Thus, it is unlikely that copper serves an enzy-
matic function in PrPC, such as catalyzing the dismutation of superoxide anions. Rather, the affinity
of PrPC for copper is similar to that of amino acids, peptides, and proteins like albumin in the extra-
cellular medium. Thus, it seems most likely that the role of PrP€ involves the reversible binding of
copper ions that have been transferred from other extracellular ligands. Consistent with this idea, the
total concentration of Cu?* in plasma and cerebrospinal fluid (1-10 pM) is similar to the estimated K,
for copper binding to PrPC and the concentration of the metal in brain tissue is estimated to be even
higher (100 pM) (69).

Our observation that copper stimulates the endocytosis of PrPCsuggests the hypothesis that PrP¢
functions as a recycling receptor for the cellular uptake or efflux of copper ions. In an uptake model,
PrPC on the plasma membrane binds Cu’* via the peptide repeats and then delivers the metal by
endocytosis to an acidic, endosomal compartment. Copper ions then dissociate from PrPC by virtue of the



110 Brown and Harris

L ot

Fig. 4. Cu-Zn SOD protein, activity, and copper incorporation are similar in cultures of cerebellar neurons
from Prn-p®°, wild-type, and Tga20 mice. Lysates of cerebellar cultures were subjected to electrophoresis on a
10% polyacrylamide gel under nondenaturing conditions. (A) Western blot analysis of lysates using an anti-
serum against Cu—-Zn SOD; (B) gel-based assay for SOD activity was performed using nitro blue tetrazolium;
(C) autoradiography of lysates from %*Cu-labeled cultures. (Reprinted from ref. 57.)

low endosomal pH and, after reduction to Cu'*, are transported into the cytoplasm by a transmembrane
transporter. PrPC subsequently returns to the cell surface to bind additional copper, and the cycle is
repeated. This proposed function for PrPC is analogous to that of the transferrin receptor in uptake of
iron, with the exception that metal ions bind directly to the receptor in the case of PrPC rather than to
a protein carrier comparable to transferrin. In a second model, PrPC serves as a receptor that facili-
tates cellular efflux of copper via the secretory pathway. PrPC is first delivered via endosomal vesicles
to the trans-Golgi network or other post-Golgi compartments, and it then serves to bind copper ions
that have been pumped into these compartments during transit to the cell surface in secretory vesicles.
In addition to acting as a carrier for copper ions, PrP€ could also play a role in specifically transfer-
ring the metal from the Menkes or Wilson transporters to secreted cuproproteins such as ceruloplas-
min by physically interacting with these molecules. Our immunocytochemical localization of
copper-internalized PrPC in both endosomes and the Golgi is consistent with either an uptake or
efflux model.

It remains to be proven whether these models, or other ones, will turn out to be correct. The fact
that, in our hands, the copper content of brain fractions from Prn-p®° mice is normal (57) would seem
to indicate that if PrPC is involved in cellular uptake or efflux of copper, it is not likely to represent
the primary or major pathway. Rather, PrP¢ may be part of a more specialized copper trafficking
pathway. This conclusion is also consistent with our observation (at variance with ref. 70) that cells
expressing different amounts of PrP¢ do not show obvious differences in net uptake of ®*Cu (Pauly
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and Harris, unpublished data). In addition, the fact that Prn-p° mice do not, in our experiments, have

reduced Cu—Zn SOD or cytochrome oxidase levels (57) suggests that PrP€ is not involved in the
specialized pathways involved in copper delivery to these two cuproenzymes. Because several pieces
of evidence indicate that neurons from Prn-p”° mice are more susceptible to oxidative stress, it is
possible that PrP®-mediated copper uptake plays a role in delivery of the metal to other enzymes
capable of protecting cells from oxidative damage.

Finally, it is possible that copper plays some role in prion diseases. Alterations in metal metabo-
lism are known to be involved in the pathogenesis of several other neurodegenerative disorders (71).
Although the primary pathology in prion diseases is likely to be the result of a toxic effect of PrPS¢ or
some other abnormal form of PrP (77), it is possible that loss of a copper-related function of PrP¢
contributes in an ancillary way to the disease phenotype (e.g., via oxidative damage or abnormalities
in metal trafficking) (72-74). In addition, copper may play a role in the conversion of PrP® to PrPS¢,
The fact that copper-treated PrP is protease resistant but reactive with 3F4 monoclonal antibody
raises the possibility that this form of the protein represents a physical state that is intermediate
between that of PrP® and PrPS¢. Thus, some additional biochemical alteration might convert copper-
bound PrP fully and irreversibly to the scrapie form. Intermediate states of PrP have been postulated
on the basis of theoretical considerations (75), and PrP species that are distinct from both PrP¢ and
PrPS¢ have been postulated to be the primary neurotoxic species in some prion diseases (76,77). It is
thus possible to envisage that copper either initiates or modulates the production of pathogenic PrP
molecules in prion diseases and that manipulation of copper levels may represent a strategy for treat-
ing these disorders.
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Prion Protein
A Synaptic Cuproprotein

David R. Brown

1. PRION DISEASES

The names bovine spongiform encephalopathy (BSE), Creutzfeldt—Jakob disease (CJD), and
scrapie are now household names despite the fact that the human disease (CJD) remains a disease of
very low incidence, accounting for 1 in 10® deaths per annum worldwide. BSE and CJD are examples
of prion diseases, fatal neurodegenerative conditions (/). Before the BSE epidemic, prion diseases
were infamous because the cause could not be linked to a known pathogen such as a virus or bacte-
rium but to a single protein termed the prion protein. Prusiner’s protein-only hypothesis for the cause
of prion diseases (2) has become quite famous in recent years and won him the Nobel Prize (3)
despite the lack of decisive proof of the theory that the altered isoform is all that is need to induce
prion diseases. There is continued support for the hypothesis that “transmissible spongiform
encephalopathies” are not just the result of conformationally corrupted protein (PrPS¢) passing from
individual to individual. At the far end of this opposition are those who believe that there is a hidden
virus that stimulates production of the abnormal prion protein but is the real culprit. At the other end
are those who say that the “protein-only” cause is inadequate as tests show that recombinant prion
protein forced to take on a similar conformation to that found in disease does not induce prion disease
when injected into (4,5). The evidence that confounds the idea that PrPS¢ is not sufficient to cause
disease is growing. It is now possible to isolate PrPS¢ from mouse brain that has much lower infectiv-
ity than a standard PrPS¢ preparation (6). However, infectivity can be restored to this protein by the
addition of heparin sulfate (6). Nevertheless, mice that cannot express the prion protein because of
genetic ablation cannot be infected with the disease (7). Thus, only those that express the prion pro-
tein can get prion disease. Despite the possibility that a virus might emerge as the cause of prion
disease, the diseases themselves are inseparable from the prion protein. Therefore, understanding
what the prion protein does and how it is important to cellular metabolism is central to the whole
enigma of the prion diseases.

2. THE PRION PROTEIN

The genetic code of the prion protein was identified only after the isolation of the abnormal isoform
(PrPS¢) from infected brains. Discovery of the gene led to the realization that there was a normal brain
protein involved in the disease (/,3). However, what this protein actually does in the brain has
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Fig. 1. The primary structure of the mouse prion protein. This protein is anchored to the cell membrane by a
glycosylphospholipid (GPI) anchor. The signal peptide for entry into the endoplasmic reticulum and the GPI
signal peptide are cleaved off before the protein reaches the cell surface. Glycosylation can occur at one two or
none of the asparagine residues indicated. A hydrophobic region envelopes a cleavage point where the protein
is cleaved during normal metabolic breakdown. A disulfide bond links two regions of the protein that form
separate o-helices in the three-dimensional structure of the protein. The complete octarepeats can bind up to
four copper atoms. Most mammals also have an incomplete repeat prior to this.

remained a mystery for the last 15 yr. The prion protein (PrP®) is a glycoprotein expressed (Fig. 1) on
the surface of many cell types (8—12). The protein is linked to the cell membrane by a glycosal
phosphatidyl insoitol anchor (/3). It has one or two sugar chains linked close to the C-terminus but
may also exist in a nonglycosilated form. PrP€ is probably expressed by all vertebrates. Many mam-
malian and avian genes have been sequenced and, recently, the coding sequence for turtle prion
protein has also been described (/4,15). One region of the protein that encapsulates a normal meta-
bolic splice site is so precisely conserved and is so unique among protein sequences that it must
represent a functional domain of the protein essential to normal activity of the protein. Two sepa-
rately derived “strains” of mice in which protein expression has been knocked out (Zrch1, Npu) were
examined for gross disturbances in behavior and development (/6,/7). None were found, and on the
basis of this, some experts suggested that the protein had a redundant function or no function at all.
However, why would the sequence of the prion protein be so highly conserved from turtle to man?
Possibly its function is so essential that, like many such proteins, normal metabolism has mecha-
nisms to compensate for its loss.

Yet, even this picture has been blurred when other strains of prion-protein-deficient mice (Zrch2,
Ngs, Rem0) were found to develop late-onset motor disturbances and the loss of Purkinje cells in the
cerebellum (18-20). A recent article has suggested that these other strains of PrP®-deficient mice
become ill because another protein, termed doppel, with a small degree of homology (approx 25%) to
the prion protein is highly expressed in these mice (/9). This expression is possibly driven by the
prion protein promoter running directly into the doppel reading frame, which is directly in tandem
with that of the prion protein. Whatever the role of doppel in causing the phenotype of these PrP¢-
deficient mice, the late-onset pathology is abrogated by reintroducing prion protein expression (20).
It is possible that renewed prion protein expression has a negative feedback effect on the prion pro-
tein promoter, inhibiting doppel expression. Regardless of this, the implication is that prion protein
expression has a positive function in preventing disease. A close study of the doppel protein with
NMR has shown stronger homology to PrPC at the secondary-structure level than the primary-
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sequence homology would suggest (27). These nuclear magnetic resonance (NMR) results show a
similar globular domain containing three helical domains and a small amount of 3-sheet structure.
However, unlike PrP€, doppel contains two disulfide bridges and is more heavily glycosilated (22).
There is also evidence from my group’s own work that doppel, unlike PrPC, is unable to bind Cu,
which is not surprising because it lacks the octameric repeat region involved in Cu binding to PrPC.

In RemO mice and other PrP knockout mice with late-onset neurodegeneration, the increased
doppel expression is ectopic (/9-22). In wild-type mice, doppel is expressed predominantly in other
regions such as heart and testes. Cell death in mice overexpressing doppel in the brain is possibly
related to increased production of nitric oxide. Rem0 mice show increased levels of the enzymes that
generate nitric oxide (iNOS and nNOS) and signs of oxidative and nitroxic damage to lipids (23).
Despite these interesting investigations there is little evidence that doppel plays any role in prion
disease. Studies from the lab of Aguzzi suggest that mice that lack doppel expression are just as
sensitive to infection by scrapie and show similar degrees of neurodegeration. These results came
from transplantation studies in which tissue from the brains of doppel knockout mice were implanted
into the brains of PrP knockout mice (24). Thus, it remains to be determined what the normal function
of the doppel protein is and whether doppel expression will affect disease progression in prion disease.

The initial suggestion that knocking out prion protein expression has no implication has also
proven to be false for the two strains of PrPC-deficient mice that do not develop late-onset disease. At
the level of the whole animal, there are behavioral differences related to changes in circadian rhythms
(25). At the level of the nervous system, there are changes in electrophysiological parameters (26,27).
PrPC-deficient mice are also more sensitive to kindling agents that cause fits (28). Although there is
contradictory evidence from some investigators working with slice preparations at room temperature
(29), there is evidence that parameters such as long-term potentiation and GABA-type inhibitory
currents are abnormal in PrPC-deficient slices at physiological temperatures (26). Other parameters
also differ, as do responses to stress-inducing agents such as exogenous copper and hydrogen perox-
ide (30,31). Down at the level of single cells, PrPC-deficient cells are less viable in culture than wild-
type cells and are more susceptible to oxidative damage and toxicity from agents such as copper and
cytosine arabinoside (32—36). Astrocytes show changes in ability to take up glutamate (37) and
microglia are less responsive to activating substances (11). Therefore, at all levels, PrPC-deficient
mice show a clear phenotype, indicating that they are more sensitive to various kinds of stresses
implying that PrPC has an important function protecting cells from environment assaults. Further-
more, there is now evidence that prion protein expression increases when the brain is stressed by
oxidative damage (38). Brains of patients with Alzheimer’s disease show a 10-fold increase in the
level of prion protein expression.

3. THE PRION PROTEIN AT SYNAPSES

The prion protein is expressed by many cells. These include glia (//,/2) and blood cells (39) as
well as neurones. Therefore, a neurone-only function for the prion protein is not valid. However, the
fact that the protein is expressed in neurones at higher levels than in any other cells suggests that the
prion protein has special importance for neurones. Additionally, PrPC is highly concentrated at the
synapse (40). There is evidence of intense localization not only at CNS synapses but also at end
plates. There is little reason to think that the expression of PrP€ is limited either presynaptically or
postsynaptically. Although expressed by neurones, PrPC is expressed by muscle cells as well (10).
There is evidence for specific axonal transport of different PrPC glycoforms, suggesting that perhaps
one glycoform or another might be specifically presynaptic (4/). PrP€ can be isolated in detergent-
insoluble rafts (42). There is evidence that such rafts may represent specialized areas of synaptic
membrane that might, in turn, give rise to cavaeolilike domains. PrP€ is associated with such specific
regions of the membrane (43). The full details of the specialized association with the synaptic membrane
have not yet emerged, but it is likely that there are two forms of prion protein in neurones: synaptic
and nonsynaptic.
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As indicated earlier, PrPC-deficient mice show a number of electrophysiological differences, sug-
gesting that PrP€ expression somehow influences neurotransmission. There is no evidence to suggest
that synaptic activity influences the level of expression of PrPC. Furthermore, there is no knowledge
on what causes clustering of PrPC at synapses. As already stated, the expression of PrPC in other cell
types suggests that it has a function that is not limited to excitable cells. Therefore, it is likely that the
function of PrPC is related to protection of the synapse rather than direct augmentation of or involve-
ment in neurotransmission. A better idea of the nature of the function of PrPC has emerged since it
has become established that the prion protein binds copper.

4. COPPER BINDING

Structural studies of the prion protein have concentrated on the globular domain of the C-terminus
because of its solubility when prepared from bacterial inclusion bodies (44). Further studies have
found little structure in the N-terminus, a region of approx 90 amino-residues (45). Such a suggestion
that a large part of this protein has no structure is surprising, as it contains what appears to be a
conserved functional domain of 32 amino residues formed from 4 repeats of an octomer, each of
which contains histidine. In birds and turtles, this sequence is a hexameric repeat region, but it is
found in a similar position. Analysis of peptides based on this region suggested that copper might
bind to this region but with a surprising low K, of 6.7 uM (46,47). At the time of this finding, this low
affinity suggested to many that this binding was nonspecific. However, further analysis of a larger N-
terminal fragment (amino residues 23-98) using equilibrium dialysis provided more rigorous support
for the idea that PrPC binds copper (30). These new data suggested that the N-terminal could be
saturated by 5 atoms of copper, and 3.4 atoms showed cooperativity in binding even though the first
atom of copper again appeared to bind at a low K, of 5.9 uM. The interpretation of this is nevertheless
that once one atom of copper has bound to PrPC, further binding occurs at a higher K ;, implying that
perhaps the low initial K;’s reflect the artificial nature of attempting to add copper to the protein in a
nonphysiological manner.

More recently, studies have continued with new peptides based on the octameric repeat region
(48-53). These studies have focused on the interaction between the copper and the amino residues in
the octameric repeat. Binding of copper to the repeat causes a change in conformation of amino
residues outside of the repeat region itself (49). Peptides based on the repeat region appear to bind the
copper in the form of Cu(Il) (53) and coordinate it between the four single histidine residues of the
repeats (48). The coordination of the two or four atoms of copper may require one or two histidines
per atom. However, despite the suggestion that copper is bound as Cu(II), there is evidence that this
copper can go through redox cycling; when this occurs, tryptophan residues within the repeats also
interact with the Cu(I) (5/). Although in vitro studies of peptides provide interesting insights, they
are not necessarily indicative of what occurs in cells.

A very recent study by Jackson et al. (54) using NMR to monitor the binding of the first atom of
Cu to an octameric-repeat region peptide has suggested that the correct K, for this interaction is in the
low femtomolar range (8 x 10~!4 M). Additionally, Jackson et al. (54) also suggest that a fifth copper
atom can bind at another site (involving histidines at amino residue 96 and 111 in the human
sequence). Evidence for this binding has been reported (30,55,56). The K as reported by Jackson et
al. (54) for this fifth site is also reported to be in the femtomolar region, but this was determined for
a fragment of PrP in which the octameric repeat region had been deleted (PrP90-231). However,
recent research from my own laboratory suggests that the K; for the fifth site in full-length PrP is
considerably less than this (27 uM), whereas that for the first atom of Cu to bind in the octameric
repeat region of full-length PrP is much lower than any previously reported (8 x 10~'7 M, determined
by competition assay). Regardless of the exactitude of these measurements, the implication is that
PrPC is a true Cu-binding protein. The variability in the affinities determined would, however, sug-
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Fig. 2. The majority of the prion protein synthesized by cells is anchored to the outside of the cell membrane
by a GPI anchor. The prion protein may come to the surface-binding copper or it might bind additional copper
on reaching the cell surface. The turnover of the prion protein is very fast. The protein has a half-life of 1 h or
less. It is not exactly known where N-terminal cleavage occurs. Cleavage at the cell surface would result in
release of the copper-binding domain into the extracellular space separating it from the globular C-terminal
domain. However, there is more evidence to suggest that cleavage occurs intracellularly, in which case the
copper would be released inside the cell where it could be mobilized for other activities.

gest that Cu binding to PrPC is very sensitive to the test conditions and PrP¢ might show diminished
Cu binding in unfavorable environments.

The case for PrPC binding copper was strengthened by studies that looked at changes caused by
depletion of PrP¢ from cells. Mice lacking PrPC expression were initially dismissed as lacking any
phenotype after superficial behavior and developmental studies failed to see any difference between
PrPC knockout mice and wild-type mice (/6). However, analyses of these mice indicated a number of
differences at the level of cells indicative of both a disturbance and a relation to copper (30). Synap-
tosomes purified from the brains of PrP¢ knockout mice contained substantially less copper than
wild-type mice (30). Synaptic release of copper has been documented since the 1960s, although the
reason for it remains a mystery (57). Imbalance in synaptic copper caused disturbance to activity of
receptors such as GABA receptors and altered long-term potentiation (58,59). PrP€ knockout mice
have been studied electrophysiologically and found to have altered GABA-type inhibitory currents
and also altered LTP (26). Additionally, if copper is applied to cerebellar slices from PrP® knockout
mice, there is a decrease in both the frequency and amplitude of spontaneous currents measured on
Purkinje cells (30). This effect is not seen on patching Purkinje cells from wild-type mice. These results
suggest that PrP€ knockout mouse synapses are intolerant to high copper concentrations.

Further evidence for differences in the way neurones lacking PrPC deal with copper comes from
culture studies using cerebellar cells derived from PrP¢ knockout mice. Growing cerebellar cells in
medium containing low amounts of copper reveals that wild-type cells retain higher amounts of cop-
per than PrP€ knockout cerebellar cells (30). This difference can be abolished if PrP€ is cleaved from
the surface of the cells with an enzyme that cuts the glycosylphospholipid (GPI) anchor. Analysis of
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uptake of radioactive copper by cerebellar cells overexpressing PrPC or lacking PrPC show differ-
ences to that of wild-type cells (60). Both membrane retention and uptake into the cytosol of copper
at nanomolar concentrations is greatly enhanced by prion protein expression by cerebellar cells (Fig.
2). Cells lacking PrPC expression still take up copper but to a lower degree than wild-type cells (60).
Furthermore, my lab has new evidence suggesting that PrP knockout cells compensate by other cop-
per uptake proteins such as the mCTR proteins.

Exposure of cells to copper increased the turnover rate of PrPC (61). This further supports the idea
that PrPC may take up copper and if new binding of copper occurs to PrPC€ at the surface, this would
lead to increase entry of copper into the cell. Evidence for this comes from a recent study (62) that
shows that removal of either the whole octa-repeat region or mutation of the histidines in two of the
repeats of PrP€ did not lead to increased turnover of PrP€ when cells transfected with these mutants
were exposed to copper. Furthermore, a similar analysis of a mutant with an expanded number of
repeats showed that the expansion mutant was not turned over faster when the expressing cells were
when exposed to copper. These results show the importance of the interaction between copper and
PrPC for the normal function and metabolism of the protein.

Copper taken into cells via PrPC appears to be utilized differently to copper taken up by the cell by
alternative mechanisms. Veratridine-induced depolarization is known to cause increased release of
copper at synapses (63). The copper so released can be utilized from pools of copper taken up by
high-affinity transporting protein only minutes earlier. Studies of cerebellar neurones loaded with
radioactive copper have shown that PrPC-expressing neurones release large amounts of radiolabeled
copper on depolarization with veratridine and neurones expressing higher levels of PrPC release con-
siderably more (60). However, veratridine-induced release of copper is virtually abolished if the
cerebellar neurones lack PrPC expression or if the cerebellar neurones are pretreated to cleave PrP¢
from the cell surface before loading with radioactive copper. On the basis of these results, it is rea-
sonable to conclude that prion protein expression regulates the amount of copper associated with the
synapse.

5. ANTIOXIDANT ACTIVITY

Why would copper associated with the prion protein at the synapse be of any benefit? Since 1996,
there has been increasing evidence that the prion protein increases cellular resistance to oxidative
stress (64). Cerebellar neurones and astrocytes from PrP€ knockout mice are more sensitive to super-
oxide toxicity (32,34). Additionally, there is evidence from cell culture models that toxicity of PrPS
involves oxidative stress, as blocking toxicity of the neurotoxic peptide mimic of PrPS¢ can be
achieved with antioxidants (65). Cultured cells “infected” with PrPS¢ are also much more sensitive to
oxidative assault than noninfected cells (66). Our laboratory also has evidence that when N2A neuro-
blastoma cells are transfected to overexpress PrPS¢ they show increased resistance to the toxicity of
superoxide. However, when those cells are infected so that they express large amounts of PrPS¢ in-
stead they are more sensitive to superoxide toxicity (Fig. 3). More recently, there is evidence that
PrPC itself is upregulated in prion disease and possibly other diseases marked by the presence of
oxidative damage (38).

Not only are neurones lacking PrPC expression more sensitive to oxidative stress, but the same
PrPC-deficient neurones are also more sensitive to copper toxicity (33). PC12 cell lines developed to
be more resistant to copper toxicity are more resistant to oxidative stress and show increased expres-
sion of PrP¢ (65). A peptide based on the octameric-repeat region of PrPC can block both toxicity
caused by either oxidative stress or exogenous copper (33). Oxidative stress and copper toxicity are
linked together by the complexity of Fenton chemistry in that copper can catalyze the interconversion
of various reactive oxygen species or generate the hydoxyl radical directly from water. Thus, seques-
tering copper has immediate protective benefits for cells very sensitive to oxidative damage.
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Fig. 3. N2A neuroblastoma cells were transfected with a construct (p)CDNA3) expressing PrPC. Cells ex-
pressing large amounts of PrPC (@) are more resistant to the toxicity of superoxide as generated by xanthine
oxidase (in the presence of 40 U/mL of catalase) than non transfected cells (O). However, infection of these
cells with the ME7 strain of scrapie so that the cells generate PrPS¢ (M) renders them much more sensitive to
superoxide toxicity. Survival was determined using an MTT based assay. Shown are the mean and SEM of four
separate experiments.

Analysis of recombinant mouse and chicken prion protein has led to the discovery of an important
gain of function once PrPC binds copper (55). Recombinant PrPC with at least two atoms of copper
bound specifically via the octameric-repeat region has an activity like that of superoxide dismutase
(SOD), implying that the prion protein may act to detoxify superoxide, thus preventing oxidative
stress from occurring (67). PrP€ binding four atoms of copper has higher activity than that binding
only two. However, the activity is enzymatic, because copper forced to bind to a mutant prion protein
lacking the octameric region does not endow the protein with this antioxidant activity (55). There is
also evidence that SOD by the prion protein leads to specific oxidation of methionines that are clus-
tered in the C-terminal of the protein (68). Although many SOD remove the extra electron of super-
oxide by forming hydrogen peroxide, it is also possible that the electron can be removed by rapid
oxidation of methionines. PrP€ is rapidly turned over and part of its metabolic breakdown involves
cleavage of the N-terminal at a site that lies between the octameric repeat and the methionine-rich
globular C-terminal domain. Thus, separating the copper from what is probably the active site of the
protein in its catalytic form.

These results have also been confirmed with native PrPC purified from either the brains of mice or
from cultured neurones (56). PrP€ purified from mouse brain has three atoms of Cu bound per mol-
ecule. This is sufficient to endow it with SOD activity. By growing neurones in culture under condi-
tions of low copper, it is possible for cells to express PrPC, which has very low Cu bound. It was not
possible to isolate PrP¢ from cells grown under low-Cu conditions with less than one atom of Cu
bound per molecule. Such purified protein lacked SOD activity. Neurones grown under different
copper conditions could be induced to express PrPC with one, two, three, or four atoms of copper
bound. Increasing Cu concentration in the cell culture medium to 25 uM (which is toxic) did not
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Fig. 4. Circular dichrosim spectra analysis of recombinant mouse PrP of different alleles. Recombinant
protein was produced from E. coli based either on the a allele (PrPa) or the b allele (PrPb) The far UV spectra
for PrP samples were analyzed using circular dichroism spectroscopy. Samples were refolded to bind copper
and measured immediately or when aged for 4 wk. Shown are fresh PrPa (thin unbroken line), PrPb (thick
dotted light) aged PrPa (thick unbroken line) and aged PrPb (thick dotted line). Values are expressed as molar
ellipticity (0) for 190-250 nm.
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Fig. 5. The highest concentration of the prion protein is found at synapses. It has been found that expression
of prion protein increases the amount of copper found at and released by synapses. It is possible that the prion
protein could be released along with copper bound to it. Alternatively, copper could be captured by PrP on
membranes on either side of the synpatic cleft. However, studies on the effects of copper on synapses suggest
that the absence of prion protein expression makes synapse more susceptible to the deleterious effects of copper
on neurotransmission implying that the prion protein is expressed there to have a protective role.
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increase the amount of copper bound to PrP€ isolated from the neurones. PrP€ with two, three, or four
copper atoms bound could protect neurones against the toxicity of superoxide, indicating that not
only does the protein exhibit SOD activity in the test tube but it is also an effective antioxidant in
culture.

Analysis of what happens when the PrPC binds other cations has shown that manganese can substi-
tute for copper and that manganese-binding PrPC also has some SOD activity (67). However, this
activity is rapidly lost and the manganese-binding protein undergoes a folding transition resulting in pro-
tease-resistant protein. Such protein has similarities to the abnormal form of the protein PrPS¢. Although
this resistant protein might not be infectious, this insight provides the intriguing possibility that the dis-
ease-specific form of the protein might be generated in vivo by incorporation of the wrong metal either as
a result of dietary imbalance in metal ions or some other abnormality in metabolism of metals.

Changes in the amino acid sequence also influence the SOD activity of PrPC. Pure bread labora-
tory strains of mice usually express one of two alleles that differ only at two amino residues. A mouse
strain that, as a general simplification, has a longer incubation time for the mouse form of scrapie
prion disease expressed what is called the “b” allele of PrP® (69). Recombinant protein generated to
have the sequence of the b allele has higher SOD activity than that of the normal allele (70). Addi-
tionally, this protein is more labile and breaks down more rapidly and loses activity more rapidly than
the more common form of the mouse prion protein. These changes are reflected in the differences in
the circular dichroism spectra of the proteins measured after aging the two proteins for several weeks
(Fig. 4).

These findings suggest that PrPC is a copper-binding protein with antioxidant activity, expressed
at the synapse (Fig. 5). A synaptic SOD may have benefits protecting synaptic termini from the
damaging effects of superoxide and reactive oxygen species. Superoxide is known to inhibit some
aspects of neurotransmission, and loss of synaptic spines is a common feature of diseases involving
oxidative damage. Thus, as described earlier the reason for the high expression of the prion protein at
the synapse may be the need to protect synaptic integrity.

6. BAD EFFECTS OF COPPER ON PRION PROTEIN

Several studies have now indicated that aberrant interaction between copper and PrP€ leads to
misfolding of the protein and can also enhance the neurotoxicity of its potentially toxic domains.
Experiments with recombinant PrP that had been left to age showed that exposure of this material to
high (nonphysiological) concentrations of free copper led to a change in proteinase resistance of the
protein (71 ). Conformational transition in PrP is typical of the conversion process between PrP¢ and
PrPS¢. However, not all conformational transitions leading to proteinase resistance and fibril forma-
tion are the same. Indeed, further analysis of this process using PrP€ derived from cells suggests the
conformational changes induced by exposure to free copper are not the same as those that distinguish
PrPS¢ from PrPC (72). The implication of this is that one has to be careful in the interpretation of
experiments based on proteinase K resistance. Although such an assay is useful in distinguishing
PrPS¢ from PrPC, it does not imply that all proteinase-resistant PrP is PrPS¢. Manganese can also
induce proteinase resistance in recombinant PrP and PrP€ purified from cells grown in the presence
of high manganese (70). Proteinase resistant protein produced in this manner possesses a conforma-
tion more equivalent to that of PrPS, Nevertheless, without increased infectivity there is still no
evidence that proteinase-resistant PrP generated in this way is PrPSe,

Some experiments have looked at the ability of copper to increase the “infectivity” of PrP. In these
experiments, an extract of brain high in PrPS¢ was produced and treated to reduce infectivity (73).
Incubating the resulting material with high copper resulted in a restoration of the infective titer of the
protein. However, these manipulations are rather unsatisfactory, as the infectivity of the material was
not abolished and, as stated earlier, it is not fully clear what other than PrPS¢ is necessary for infectivity in
prion diseases. It is quite possible the effect was related to the oxidizing potential of copper rather
than copper per se.
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Other experiments have studied the effects of copper on the neurotoxicity of PrPS¢ or the peptide
mimic PrP106—126. Chelation of copper in culture models of PrP106—126 neurotoxicity abolish the
toxicity of the peptide, suggesting that copper is necessary for PrP106—126 toxicity (74). Neurones
grown in low concentrations of copper are also more resistant to the toxicity of PrP106—126. Transi-
tion metals have been shown to have a critical effect on the ability of the f-amyloid protein to induce
fibril formation of that protein (75). Another study has investigated whether this property is common
to other prion protein peptides, by studying the effect of metals on PrP106—126 aggregation (76). In
that article, the authors show that fibrillization of PrP106—126 was completely inhibited in a transi-
tion-metal-depleted environment. Cu®* and, to a lesser extent, Zn>** could restore PrP106—126 aggre-
gation. The metal-binding site was localized and found to comprise the N-terminal amino group:
histidine 111 and methionine 112. Although our own studies have suggested that these residues are
unnecessary for PrP106-126 toxicity (77), the known ability of Cu to interact with 3-sheet-rich struc-
tures could exacerbate fibrillization, even in the absence of the histidine.

The implication of these results is that interaction between PrP and copper can be of two forms.
The first is appropriate and leads to protective effects such as correct delivery of copper or antioxi-
dant activity. The second is aberrant and involves misfolded protein and can result in neuronal death.
This second effect probably involves the interaction of copper with a site outside the octameric-
repeat region.

7. THE RELEVANCE PRION PROTEIN FUNCTION AND COPPER BINDING
TO PRION DISEASE

If loss of prion protein function has consequences for disease progression in prion diseases, then
one would expect that the earliest changes in prion disease would be seen at the synapse. Recent
studies of changes in neurones in experimental prion disease have identified loss of dendritic spines
occurring before any other change in prion disease (78). However, such changes, although fitting
with the hypothesis that loss of prion protein function contributes to neurodegeneration in prion
disease, do not prove the connection.

As already mentioned, PrP€ expression is necessary if not sufficient for prion disease (7). How-
ever, animals lacking PrPC expression do not develop a spontaneous form of prion disease. Neverthe-
less, these mice do have a phenotype indicative of a disturbance and neurones lacking PrP€ expression
in particular are more sensitive to oxidative stress. PrP¢-deficient cells have diminished cellular ac-
tivity of SOD and diminished copper content.

Studying neurodegeneration in vivo has been a problem in prion disease. Insights into the mecha-
nism by which PrP%¢ is neurotoxic have come from cell culture studies using the peptide mimic of
PrPS¢, PrP106-126 (32,33,60,64). This peptide has effects on cells that include reducing their resis-
tance to oxidative stress and decreasing activity of SOD in cells (32). Studies with similar peptides
have suggested that PrP106-126 could bind directly to PrP€ in the vicinity of the palendromic repeat,
which, as suggested earlier may be the active site of the protein (79). This interaction directly inhibits
the SOD activity of PrP® (56,74). Furthermore, PrPS¢ can also inhibit the activity of PrPC. In a reac-
tive environment such as the damaged brain, this would expose neurones to the toxicity of substance
such as superoxide generated by microglia or excess neurotransmitters such as glutamate, which can
activate intracellular production of superoxide.

PrP106-126 also inhibits copper uptake. This effect is seen only in cells expressing PrP¢ (74).
This inhibition of copper uptake is thus probably a result of interaction between PrP106-126 and
PrPC at the cell surface. This interaction would have a similar effect to a PrP knockout phenotype,
implying a loss of function of PrP€. The consequences of this are decreased incorporation of copper
into enzymes such as SOD (80). This would further compromise cellular resistance to oxidantive
stress. Although not conclusive, these observations are pointing in the direction that loss of PrP¢
function is a disadvantage for a cell. In a healthy animal, this disadvantage might not lead to death,
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Fig. 6. Metals in the brains of patients with CJD were measured using mass spectroscopy. Changes in man-
ganese and copper were observed suggesting that prion disease causes dramatic changes in the metal content of
the brain. These changes may be a result of the disease but they suggest that prion diseases involve disturbances
to the metabolism of trace elements. Shown are the mean and SEM of nine results for CJD patients (gray bars)
and three for control patients (open bars).
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Fig. 7. The critical question as regards prion disease is how conversion of the normal cellular isoform (PrPC)
to the disease-specific isoform (PrPS¢) causes neurones to die. It is likely that the conversion of PrPC to PrPS°
results in a loss of PrP€ function without upregulation of compensatory mechanisms. These upregulatory mecha-
nisms would probably be active when there is no PrPC expression detected by the cells. Although this loss of
function might not induce cell death on its own, the neurone, having lost functional PrPC, might be more sus-
ceptible to the toxicity of substances generated in the brain as a reaction to the presence of inflammatory PrPS¢,
This combination of effects might then lead to neuronal death.
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but in an animal in which an inflammatory response has been initiated, loss of active PrP¢ would be
a clear disadvantage.

Recently studies of transition metals in prion diseases have begun to emerge. Studies of the brain
of CJD patients have shown that the levels of copper in their brains are decreased (8/) (Fig. 6).
Similar studies with mice experimentally infected with the disease scrapie confirm this result. The
changes in copper in this model precede neruonal death and follow the course of PrPS¢ generation in
the brain. Furthermore, analysis of PrPS¢isolated from the brain of CJD patients and mice with scrapie
has shown that this protein lacks significant copper binding and the antioxidant activity associated
with PrPC has been lost completely. This implies that prion disease does cause a loss of PrP€ function
that is directly related to the ability of the protein to bind copper. Maintaining functional PrP¢ is
clearly advantageous and there is evidence to suggest this can protect against prion disease (Fig. 7).
PrP knockout mice that have been modified to express hamster PrP via a GFAP promoter express
PrPC only in astrocytes. These mice are susceptible to infection with hamster scrapie and develop
prion disease (82). Wild-type mice are highly resistant to hamster scrapie because of specific differ-
ences between the protein sequence of hamster and mouse PrPC. However, if wild-type mice are
made transgenic to express hamster PrPC in astrocytes, they cannot be infected with hamster scrapie.
The implication of this is that mouse PrP¢, which cannot be converted to mouse PrP5¢ by hamster
PrPSe, protects against prion disease. This suggests that where there is sufficient functional PrPC,
neurones may be protected from neuronal death caused by prion disease. In years to come, strategies
that protect or restore the normal copper-dependent functions of PrPC might be useful therapeutics to
treat or prevent prion disease.

In the future years, we may see a deeper understanding of the nature and cause of prion disease,
but, in parallel, we are likely to see the prion protein become accepted as a cuproprotein essential to
normal neuronal survival and function.
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Cytochrome-c Oxidase

Shinya Yoshikawa

1. INTRODUCTION

Cytochrome oxidase is the terminal oxidase of most of aerobic organisms and reduces molecular
oxygen (O,) to water (/). The electrons and protons required for the formation of water molecules are
transferred from both sides of the mitochondrial inner membranes in eukaryotic cells and of the cell
membrane in prokaryotic cells (/). The migration of positive and negative charges from the different
sides of the membrane produces electric potential across the membrane. In addition to the O, reduc-
tion, this enzyme pumps protons from the inside to the outside of the membrane to produce a proton
gradient across the membrane in addition to the membrane potential produced by the net migration of
the positive charges (/,2). This enzyme contains heme iron and copper ions in the catalytic center (/).
Because of the intriguing reaction of this copper-containing enzyme in addition to its physiological
importance, many articles have been published on its structure and function, isolated from various
organisms and tissues, in the last 75 yr or so (/,3,4) since its discovery by Warburg (5). Progress in
understanding of the reaction mechanism of cytochrome-c oxidase has been accelerated by X-ray
structures of the enzyme isolated from mammalian tissue and bacterial cells, which began to appear
as late as in 1995 (6,7).

In this chapter, the mechanism of this enzyme will be discussed based mainly on the nonempirical
structural information on this enzyme, including X-ray structures. Emphasis will be placed on the
importance of careful experimental procedures involved in the process of structural determination.

2. PURIFICATION, CRYSTALLIZATION, AND CONSTITUENT
DETERMINATION OF CYTOCHROME-C OXIDASE

2.1. Purification and Crystallization

Cytochrome-c oxidase was first isolated from bovine heart muscle as early as in 1941 by Yakushiji
and Okunuki (8). They used a natural detergent, sodium cholate, for solubilizing the enzyme. This
enzyme is a multisubunit protein with two extramembrane moieties on both ends of the transmem-
brane core moiety. The most critical step for isolation of a membrane protein is to extract the protein
from the biological membrane by replacing the membrane phospholipid bilayer with detergents. This
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step is called solubilization. The efficiency of the solubilization and the stability of the solubilized
protein in mixed-micelle states is greatly dependent on the detergent species. It should be noted that
no detergent better than sodium cholate, first used 60 yr ago (8), has been found for solubilizing
bovine heart cytochrome-c oxidase. The solubilized fraction usually contains various protein con-
taminants. However, if the solubilization is successful in (i.e., if the solubilized protein is integral),
the removal of contaminant proteins is rather simple. A drawback of using sodium cholate for purifi-
cation of bovine heart cytochrome-c oxidase is its deteriorative effects on protein conformation and
its inhibitory effect of the enzyme activity. Thus, cholate must be replaced with nondeteriorative
detergent as soon as possible after removal of the contaminant proteins. Many kinds of nonionic
detergent with low critical micelle concentations are appropriate for this purpose. Crystals of bovine
heart cytochrome-c oxidase solubilized with cholate and replaced with decylmaltoside diffracted X-
rays up to 2.0 A resolution, which is the highest resolution so far obtained for this enzyme (9).

Crystallization conditions are also greatly influenced by the detergent species used for stabilizing
a membrane protein in aqueous solution (/0,/1). In fact, dodecylmaltoside also stabilizes the absorp-
tion spectrum and enzymic activity as effectively as decylmaltoside. However, no crystal has yet
been obtained from preparations stabilized with dodecylmaltoside. At present, many kinds of syn-
thetic detergent are commercially available. However, it is desirable to search for the best detergents
for crystallization and for solubilization of each protein by synthesizing new detergents that are com-
mercially unavailable. These strong effects of detergent structure on crystallization condition for
each membrane protein provide a great advantage for crystallization of membrane protein, because
completely different crystallization conditions for a membrane protein can be obtained by exchang-
ing the detergent species.

2.2. Composition of Bovine Heart Cytochrome-c Oxidase

This enzyme has four redox active metal sites, two heme sites (hemes a and a3), and two copper
sites (Cu, and Cug) (/). The structure of heme A, which is involved in both heme sites, were deter-
mined by Caughey and co-workers in 1995 (/2). The heme is characterized by a hydroxyl
farnesylethyl group at position 2 and a formyl group at position 8 of the porphyrin substitute groups.
The formyl group provides a bright blue—green color when the heme is in the ferrous low-spin state.
The absorption spectrum of heme is sensitive to the oxidation and spin states of the iron atom. Thus,
absorption spectroscopy has been used in the investigation of heme function. Thus, accurate determi-
nations of the extinction coefficients of these hemes are indispensable for extensive studies on the
mechanism of electron-transfer reactions within the enzymes. The accuracy of a metal content analy-
sis is limited by the purity of the purified sample. After the initial purification of the enzyme by
Yakushiji and Okunuki (8), many reports on iron analysis and extinction coefficients of the two
hemes were published (/,3,4,13,14). Unfortunately, a significant amount of contaminant iron binds
to contaminating proteins. This was shown by a significant decrease in iron content by purification of
the enzyme preparation with crystallization in the final step (/4). No other method is able to remove
the contaminant iron. As given Table 1, the iron content decreases with repeated crystallization.
Twofold crystallization is sufficient for complete removal of the contaminant iron. One of the advan-
tages of crystallization for purification of multicomponent large proteins is that crystallization is
unlikely to remove loosely bound enzyme components (overpurification). Thus, if a particular com-
ponent is not influenced by repeated crystallization, it is highly likely to be an intrinsic constituent of
the protein. Thus, the redox inactive metals, Mg?* and Zn**, given in Table 1 (/4), are likely to be
intrinsic although the physiological roles are still unknown. Furthermore, all three copper atoms must
be intrinsic to this enzyme because the copper content is insensitive to repeated crystallization. The
extinction coefficient of the enzyme determined by the iron content of the enzyme preparation puri-
fied with crystallization is 1.2—1.4 times greater than previous values determined for uncrystallized
enzyme preparations (/4).
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Table 1
Effect of Crystallization on the Metal Content of Bovine Heart Cytochrome-c Oxidase

Atomslenzyme molecule &ed 604—630 nm

Preparation Fe Cu Mg Zn (mM~" cm™)
Before crystallization? 2.90 2.90 1.04 0.97 32.2
Once crystallized” 2.21 3.04 1.07 1.01 422
Twice crystallized? 2.06 3.00 1.06 1.00 45.6
Three times crystallized? 2.00 2.95 1.04 1.04 46.6

Twice crystallized, averaged” 2.00 (0.07) 2.95(0.12) 1.02 (0.08) 1.04 (0.04) 46.6(1.16)

Note: All of the values were determined assuming that the three-times crystallized sample contains two iron atoms
per molecule of enzyme.

“Enzyme stabilized with CH;(CH,);;(OCH,CH,)3sOH was used.

bAveraged values with standard deviation (in parentheses) for three and four enzyme preparations stabilized with
CHj3(CH,);(OCH,CH,)3OH and CH;3(CH,),;(OCH,CH,),30H, respectively.

The composition of protein subunits of a large multisubunit protein such as bovine heart cyto-
chrome-c oxidase is not easily determined if it has not been crystallized. For example, the smallest
subunit of bovine heart cytochrome-c oxidase is smaller than 5 kDa and does not have redox active
metal. Its physiological role is still unknown. However, two groups proposed that the subunit was an
intrinsic constituent, based only on the result that a band in sodium dodecyl sulfate—poliacrylamide
gel electrophoresis (SDS-PAGE) corresponding to the subunit is detectable reproducibly in many
purified preparations (/5,/6). The proposal was not widely accepted because copurification of the
small subunit had not been discounted. The debate ended when the X-ray structure of bovine heart
cytochrome-c oxidase at 2.8 A resolution reported in 1996 (17) showed the specific assembly of the
smallest subunit with large-core subunits, which included redox active metal sites. The presence of
the other 10 subunits, whose physiological roles are unknown, are also conclusively shown by the
X-ray structure at 2.8 A resolution (/7). Thus, X-ray structural determination is essential for the
determination of the composition of a large multicomponent protein. Repeated crystsllization is
extremely effective for removing contaminant proteins, which are readily detectable via SDS-PAGE.
However, the accuracy of quantitative determination of each subunit content is much lower than that
of metal content analysis.

Phospholipid content is also not easy to determine. Detergent treatment may remove intrinsic
phospholipids because the phospholipid themselves are detergents. Furthermore, quantitative analy-
sis of phospholipids is not as accurate as that of metals. For the complete determination of phospho-
lipid content, X-ray structures at high resolution are required, as in the case of the determination of
subunit composition. Eight phospholipids are identified in an X-ray structure at 2.8 A resolution (17).
The total phosphorous content in the crystalline enzyme preparation (approx 20 per enzyme) is defi-
nitely higher than the total phosphorous in the phospholipids detectable in the X-ray structure in the
enzyme molecule. Also, no caldiolipin, which is likely to be essential for the enzyme activity
(18,19,20), has been detected in the X-ray structure, indicating that X-ray structure at 2.8 A resolu-
tion is not accurate enough for the determination of phospholipid composition.
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3. FUNCTIONS OF REDOX ACTIVE METAL SITES OF CYTOCHROME-C
OXIDASE

3.1. Spectral Properties

Keilin and Hartree discovered two types of cytochrome containing heme a: one of them oxidizes
cytochrome-c and reduces another cytocrome, which is autoxidizable (2/). The former is named
cytochrome a and the latter, cytochrome a; (2/). However, as shown in X-ray structure, two cyto-
chromes are not independent proteins, but the two heme sites are located within the single polypep-
tide of subunit I. Thus, the two heme iron sites are called hemes a and as.

A respiratory inhibitor, cyanide, specifically binds to heme a; in the oxidized state and stabilizes
the oxidized state strongly (22). The cyanide-bound heme a; cannot be reduced even with an excess
amount of dithionite, whereas heme a is unreactive to cyanide and is readily reduced by dithionite.
Thus, a difference spectrum of the cyanide-treated enzyme reduced with dithionite versus the cya-
nide-treated enzyme without the addition of the reductant provides the redox difference spectrum of
heme a, provided no interaction exists between the two hemes. On the other hand, a difference spec-
trum of the fully reduced enzyme against the fully oxidized enzyme gives the sum of the redox
difference spectra of heme a and heme a;. Thus, the redox difference spectrum of heme a; can be
determined by subtracting the redox difference spectrum of heme a determined as earlier from the
redox difference spectrum without addition of the inhibitor. As stated earlier, these procedures are
appropriate for the spectral separation if the spectral changes in the two hemes are independent of
each other. The proximity of the two hemes as shown in the X-ray structure of the enzyme (/7)
strongly suggests some interaction between the two hemes. Nevertheless, the spectral properties of
the two hemes thus obtained are consistent with the expected structures of the two hemes. The differ-
ence spectrum of heme a shows a sharp intense band in the visible (a.-band) region indicating that the
reduced heme a is in a six-coordinated ferrous low-spin state. On the other hand, the weak a-band of
the difference spectrum of heme a5 indicates a five-coordinated ferrous high-spin state. Both hemes
contribute to the Soret band region in almost equal amounts. These spectral analysis were first done
extensively by Yonetani (23), followed by Vanneste (24). The extinction coefficients determined by
the above procedure have been used for all kinetic investigations of the internal electron-transfer
reactions as well as redox titration studies.

The strong absorption spectra of the two hemes mask the absorption spectrum of Cuy. In fact, the
Cu, moiety of one of the subunits (obtained by recombinant methods) shows an absorption spectrum
in the visible Soret region of heme, although much weaker than the heme spectra (25). The contribu-
tion of Cu, seems negligibly small in calculations of the redox difference spectra of the two hemes.
On the other hand, Cu, contributes significantly to the near-infrared band region (26,27). The redox
state of Cu, has been monitored by the spectrum in this region. The magnitude of the redox differ-
ence absorption at 825 nm is approx 1/30 of those in the a-band peaks (/4). However, the contribu-
tion of the heme absorption to the near-infrared region should not be ignored (13). No absorption
spectrum assignable to Cug has been reported, although reversible one-electron reduction has been
established by redox titration studies (4,14,28). Perhaps, the electron paramagnetic resonance (EPR)
signal detected under conditions similar to enzymic turnover is the only spectrum of this copper
obtained thus far (29).

Cuy, shows a strong EPR signal near g = 2.0. The signal was assigned to a mononuclear copper
center similar to the structure of type-I copper (30). However, about 10 yr ago, similarity between the
EPR-detectable copper in nitrous oxide reductase (N,OR) and Cu, in cytochrome-c oxidase was
reported (37). The similarity between the two copper sites was proposed also by electron spin echo
envelope modulation data (32) and magnetic circular dichroism (MCD) and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopies (33). The similarity suggests that the Cu, site is a mixed-
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valence dinuclear copper center in which an electron equivalent is delocalized between the two Cu?*
ions to provide a [Cu(1.5)Cu(1.5)] center. The structure is confirmed by the multifrequency EPR
spectrum of the Cuy, site in bovine heart cytocrome-c oxidase (34).

The low-spin heme EPR signal is reasonably assigned to heme a in the fully oxidized state as
prepared. However, quantitation of each of the two EPR signals indicates that the EPR-detectable
component of each metal corresponds to roughly half of each metal contained in the enzyme. No
other EPR signal assignable to that of intrinsic metals has been observed in the fully oxidized enzyme.
These results suggest that only Cu, and heme a in the fully oxidized state are EPR visible. It was
proposed as early as in 1969 that Cup and heme a5 in the fully oxidized state are antiferromagnetically
coupled with each other to eliminate the EPR spectra of both metal sites (30). The proposal was
confirmed by several subsequent investigations (35-37).

3.2. Redox Properties

Redox titrations of this enzyme have been done by various methods, including changing the poten-
tial of the enzyme solution and additions of reductants and oxidants (/4,28,38—43). In the potentio-
metric method, various electron-transfer mediators must be added for equilibration between the
enzyme and the electrode, because the redox active sites of the enzyme are located inside the protein.
For titrations with chemical reagents, NADH with a catalytic amount of phenazinemethosulfate,
dithionite, ferricyanide, ferrocyanide, and O, have been used. The results so far obtained are not
consistent with each other.

Redox titration experiments of cytochrome-c oxidase are influenced by many factors. Because of
the extremely high reactivity with O,, a trace amount of contaminant O, affects the titration results.
On the other hand, complete removal of O, from cytochrome oxidase in a mixed-micelle state is very
difficult and tedious. Attainment of the equilibrium state is usually assessed monitoring the spectrum
to an asymptotic level. Slight damage to the conformation of the enzyme could influence the kinetic
properties of the redox active metal sites to give no apparent spectral change with time without attain-
ing the equilibrium state. Thus, both the stability and integrity of the enzyme preparation are critical
for the redox titration of cytochrome-c oxidase. Another important point often neglected is the effect
of electron-transfer mediator. This point is especially important for the redox titration of cytochrome-
¢ oxidase because the electron-transfer mediators stimulate autoreduction (reduction of the active
site metals by electrons from amino acids in the protein moiety) (/4). For example, it has been shown
that phenazinemethosulfate under anaerobic conditions influences the reductive titration curve (/4).
Furthermore, significant amounts of contaminant metals are included in the cytochrome-c oxidase
preparation if the enzyme is not purified by crystallization (/4). The contaminant metals could influ-
ence the titration curve by redox interactions with the metal sites of cytocrome-c oxidase.

An anaerobic reductive titration using an anaerobic titration system designed for detergent-stabi-
lized redox enzymes is given in Fig. 1, where bovine heart cytochrome oxidase purified by crystalli-
zation was used (/4). Dithionite was used as the reductant without additional electron-transfer
mediators. The spectral changes in Soret, visible, and near-infrared regions proceed essentially in
parallel, as shown in the absorption changes at fixed wavelengths given in the insets. The results
indicate that the oxidation state of all four redox active metal sites are essentially identical at any
overall oxidation state, indicating that the redox potentials of all four metal sites are essentially iden-
tical. The insets show that six electron equivalents are required for complete reduction of the fully
oxidized enzyme.

The initial 1- to 2-electron equivalents provide the absorbance change with shallow slopes as
shown in the inset of Fig. 1. The shallow slopes are not the result of incomplete anaerobiosis because
increasing the number of evacuation—equilibration cycles for removing O, from 3-10 times did not
remove the initial shallow portion of the titration curve. Incomplete anaerobiosis (one cycle of the
evacuation—equilibration treatment) provided a two-phase curve similar to those given in the insets
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Fig. 1. A reductive titration of the crystalline bovine heart cytochrome-c oxidase with dithionite. Absolute
spectra for each oxidation states are shown for Soret (A) and visible (B) regions. The difference spectra against
that in the fully reduced state are given for the near-infrared region (C). The insets show titration curves against
the electron equivalent per enzyme. The reaction mixture contained 7.5 uM bovine heart cytochrome-c oxidase
in 0.1 M sodium phosphate buffer (pH 7.4). The enzyme preparation was stabilized with a synthetic nonionic
detergent, CH3(CH,),;(OCH,CH,)3OH. The light path was 1 cm.
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of Fig. 1, but both slopes were shallower than those given in the insets. The above results are consis-
tent with the X-ray structure of fully oxidized bovine heart cytochrome-c oxidase in which peroxide
is bridged between Fea;* and Cug?*. The initial two-electron equivalents are mainly used for cleav-
age of the O—O bond of the bridging peroxide to generate the fully oxidized form with no bridging
ligand.

A discrepancy in the redox titration for the samples with and without purification by crystalliza-
tion is detectable in the relative distribution of electron equivalents in the four redox active sites
(14,28,38—43). Various uneven distribution have been reported (38—43). It should be noted that crys-
talline enzyme preparation shows an even distribution of electron equivalents added (/4,28). The
integral enzyme in mitochondrial membrane is the most likely to show an even distribution. The
structures of the four redox active metal centers are quite different from each other. However, it is not
surprising that different structures of metal sites have an identical redox potential, because small
structural changes in bond length or bond angles could induce large changes in the affinity of the
metal for electrons. The equipotential property of the four redox active metal sites is expected to
facilitate facile electron transfers among the four sites, as well as multiple-electron transfers to the
bound O,.

3.3. Electron Transfer Mechanism

The kinetics of internal electron transfer during the course of O, reduction have been extensively
studied by following the absorption changes in visible, Soret, and near-infrared regions. At ambient
temperature, O, reduction by this enzyme is complete within 0.1 ms or so. A conventional stopped-
flow apparatus with a dead time of 1 ms or longer cannot be used for the kinetic investigation. Thus,
a flow—flash method developed by Gibson and Greenwood (44) has long been used for kinetic inves-
tigations. This method is outlined as follows: The fully reduced enzyme solution saturated with CO is
mixed with O,-containing buffer using a stopped-flow apparatus to introduce the mixture into an
observation cell designed for effective flash irradiation of the mixture. When the flow stops, the flash
is turned on to photolysing CO from the enzyme and triggers the initiation of the reaction between the
fully reduced enzyme with O,. The affinity of CO to the enzyme is not high enough for complete
protection of the enzyme from auto-oxidation (oxidation by O,), although CO inhibits the reaction
between the enzyme and O, for several milliseconds. Thus, the flash—photolysis system equipped
with a stopped-flow apparatus is required to observe the O, reduction kinetics. Since the historical
work by Gibson and Greenwood in 1963 (44), the reaction was extensively studied with various
instrumental improvements for about 30 yr. In 1994, the electron-transfer pathway from cytochrome-
¢ to O, was determined as cytochrome-c to Cu, to heme a to [heme a;~Cug] (45).

3.4. Chemistry of O, Reduction

As shown in Fig. 2, the one-electron reduction process of O, in the ground state has a negative
oxidation—reduction potential; all the other steps have positive potential (/3). In other words, a one-
electron reduction of O, is energetically unfavorable, but the other steps are strongly favorable. This
unfavorable one-electron reduction of O, contributes greatly to the stability of oxygenated forms of
hemoglobins and myoglobins because, in the oxygenated forms, Fe>*—0, is isolated within the pro-
tein moiety so that a second electron for the two-electron reduction of O, is not available. On the
other hand, ferrous heme in aqueous solution is readily auto-oxidizable, because the second electron
is available from another ferrous heme iron. In the two-electron reduction, a wu-peroxo complex (a
peroxide compound with two heme irons on both ends) is formed as an intermediate species. In fact
such a u-peroxo intermediate has been identified in an auto-oxidation reaction of an amine cobalt
compound (46). It was well known long before publication of the X-ray structure of the O, reduction
site of cytochrome-c oxidase that, in contrast to hemoglobins and myoglobins, the penta-coordinated
heme iron in the O,-binding site is located near one of the copper sites, Cug (4,47). The structure
suggests an effective O, reduction process including the u-peroxo intermediate between ferric heme
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Fig. 2. Standard oxidation—reduction potentials for the steps involved in the conversion of O, to water at
25°C and pH 7.0.

a5 iron and cupric Cug ion. The mechanism was proposed by Caughey et al. 25 yr ago (47), and was
widely accepted. An important corollary of this mechanism is a negligibly low level of the oxygen-
ated intermediate (Fe,;>*—0,) during the course of the O, reduction. The formation of the u-peroxo
intermediate (Fe,;3*—0—0—Cug?") from the oxygenated form (Fe,3>*—0,Cug!*) is rate limited by an
electron transfer from Cug!* to the oxygen atom of the O, closest to Cug. The electron-transfer rate
through such a short distance (approx 2 A) could be on the order of 1 ps. On the other hand, formation
of the oxygenated form is rate limited by migration of O, through an O, transfer pathway, which is
limited by the protein dynamics. Thus, formation of the oxygenated form is likely to be much slower
than the transition to the u-peroxo form. The oxygenated form is therefore undetectable during the
course of O, reduction.

3.5. Resonance Raman Studies on O, Reduction by Cytochrome-c Oxidase

As described in Section 3.3., the reaction of the fully reduced enzyme with O, has been investi-
gated extensively for so many years by the flow—flash method by following the spectral changes in
the visible—Soret and near-infrared regions (4,45). The method is very effective for investigations of
the kinetics of the redox reaction between the metal sites. However, the electronic spectra provide
essentially no information about the chemical structure of the ligand on Fe ;. An important approach
for identification of the chemical structure of the intermediate species is the trial for trapping the
oxygenated form at low temperature by Chance and co-workers (48). They followed the reaction by
visible spectroscopy. The oxygenated form was identified by the very weak photosensitivity of the
intermediate in addition to the characteristic visible spectrum at 590 nm closely similar to that of the
CO compound. Subsequently, a similar approach was done by Gibson’s group in which they fol-
lowed the disappearance of the oxygenated form by its photosensitivity to laser flashes (49). These
works have contributed significantly to improvements of our understanding of the mechanism of O,
reduction by the emzyme. However, they have never succeeded in obtaining direct chemical struc-
tural evidence for the oxygenated form.

Vibrational spectroscopy is amenable to examination of the chemical structures of the ligands on
heme a; in the intermediate species. Time-resolved resonance Raman spectroscopy was applied
effectively for identification of the intermediate species during the course of O, reduction. Three
research groups identified almost at once the initial intermediate as an oxygenated form (Fe**-O,)
decisively (50-52). The identification of Fe?*—0O, is extremely astonishing considering the above
discussion. Figure 3 shows the resonance Raman band of the initial intermediate during the course of
the reaction between the fully reduced enzyme with O,, determined by one of the three groups. The
results were taken by using the extensively improved instrumentation given in the article by Ogura et
al. (53). Because of the weak intensity of the resonance Raman band, the bands were identified only
in the difference spectrum between the spectrum obtained for the naturally abundant '°O, and that for
an isotopically labeled '80,, as shown in Fig. 3. To examine the mode of binding of O, to Fe,;>*, a
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Fig. 3. Resonance Raman spectra of the Fe**-O, stretching frequency region of bovine heart cytochrome-c
oxidase at 0.1 ms after initiation of the reaction of the fully reduced enzyme with O,. Spectra on the left-hand
and right-hand sides are the observed spectra and the calculated spectra with the differences of the observed vs
calculated spectra, respectively. Spectrum d is obtained by the following calculation: (Spectrum
b-Spectrum c¢)/2. (e) Simulated bands for Fe-'°0, (1), Fe-'°0'80 (2), Fe-'30'°0 (3), and Fe-'%0, (4). The
peak intensity ratio is 6:6:5:5. All bands have the Gaussian band shape with a half-maximal bandwidth of
12.9 cm™.
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terminally labeled '°0'80 was used. If O, binds to Fe,; in a bent end-on fashion, two bands with
equal intensity are expected at a band position near but slightly lower than that of 1°0O, and at a
position slightly higher than that of '®0,. On the other hand, for a side-on fashion, a single band is
expected at a position halfway between those of '°0O, and '80,. If only an oxide binds to the heme iron
to produce a ferryl oxide (Fe**=02"), the terminally labeled '°0'80 provides two bands strictly at the
positions obtained for '°0, or '80,. As shown in Fig. 3D, the spectrum obtained for '°O'80 is not
identical with the average of '°0, and '%0,. The difference spectrum is able to be simulated by the
four bands given in Fig. 3D, which indicates a bent end-on type coordination of O, to Fe ;>*. Further-
more, the band at 571 cm™! is in the range of the Fe—O, stretch band of various hemoglobins and
myoglobins. This is one of the most fundamental results for elucidation of the reaction mechanism of
this enzyme, which is inconsistent with the conclusion given in Section 3.4.

The next intermediate exhibits resonance Raman band at 785 cm™!, followed by the band at 804
cm™!, which is the result of the third intermediate. Similar analysis of the second intermediate using
160,, 130,, and '°0'80 showed, again, astonishingly that the 785-cm™! intermediate is the ferryl oxide
(53). That was the case for the 804-cm™! band (53). The implication of these results will be discussed
next in relation to the O, reduction mechanism.

4. X-RAY STRUCTURES OF THE REDOX ACTIVE METAL SITES

The electron density of the Cu, site is spherical at 2.8 A resolution, as shown in Fig. 4A (6).
However, location of amino acid side chains clearly shows that the Cuy site includes two copper
atoms. The arrangement of these amino acids suggests that two cysteine sulfur atoms bridge the two
copper atoms and form a rhombic square planar coordination structure. Each copper atom has two
other amino acid ligands arranged perpendicularly against the rhombic plane in tetrahedral arrange-
ment. The two tetrahedral copper sites are symmetrically opposed at 2.8 A resolution. However, at
2.3 A resolution, some asymmetry is detectable (unpublished observation). In any case, the structure
is fully consistent with the multifrequency EPR data (34).

As expected, Fe, is in a hexa-coordinated structure (Fig. 4B) (6). The heme plane is perpendicular
to the membrane surface plane, which is defined by both ends of the transmembrane helices. The long
alkyl side chain at position 2 is close to fully extended. Two propionate groups point toward the
membrane surface plane on the intermembrane side. It should be noted that no other method is able to
determine these structures and orientation of the heme. On the other hand, an extremely high resolu-
tion of the X-ray structure is required for determination of the positions of the double bonds in the
long alkyl chain. Nuclear magnetic resonance (NMR) (/2) and mass spectrometry are better suited
for these determination than X-ray structural analysis.

Figure 5 shows a stereoscopic drawing of the heme a5 and Cug sites (the O, reduction site) in the
fully oxidized state at 2.3 A resolution (9). Unexpectedly, this structure includes a peroxide (0,%)
between Cug and Fe, ;. The refined model for the residual electron density between Cug and Fe;
indicates the presence of peroxide (O,%) bridging between the two metal ions. The atomic distance
between the two oxygen atoms (1.62 A) is slightly longer than that of the O—O bond of hydrogen
peroxide (H,O,) but definitely shorter than that of the two oxygen atoms in a hydrogen-bonded state.
The bond lengths for Cug—O and Fe;—O are 2.16 A and 2.52 A, respectively, showing a fairly weak
coordination of a peroxide oxygen atom to Fe,;**. The weak coordination is consistent with the high-
spin state of Fe,; in the fully oxidized state as prepared (35-37). The peroxide on the Fe ;—Cuy site is
consistent with the titration results as described in Section 3.2. (14).

The copper ion, Cug, has three imidazole ligands from His290, His291, and His240. Another
unexpected finding is a direct covalent linkage between the nitrogen atom of the imidazole ring of
His240 and the ortho carbon atom of the phenol ring of Tyr244 (9). This covalent linkage is detect-
able conclusively and nonempirically at 2.3 A resolution in the fully oxidized state and at 2.35 A
resolution in the fully reduced state (9). The covalent linkage structure is consistent with the electron
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Fig. 4. Stereoviews of the Cu, site and the heme a site. The blue cages are composed at 20 of electron
density at 2.8 A resolution together with yellow cages, drawn at 100 of the native anomalous difference Fourier
at 4.5 A resolution. (A) Cu A site: The two blue balls show the positions of two copper atoms. (B) Heme a site:
The red structure represents the porphyrin plane with a red ball showing the position of iron.

density maps at lower resolution, including those of the fully oxidized enzyme azide derivative at 2.9
A resolution (9,54), the fully reduced enzyme CO derivative at 2.8 A resolution (9), and the fully
oxidized enzyme free from the inhibitors at 2.8 A resolution (6), although these electron density
maps are not accurate enough to conclude the covalent linkage nonempirically. The covalent linkage
is reported for the Paraccocus enzyme at 2.7 A resolution (55).

As shown in Fig. 5, the phenol-ring plane of Tyr244 and the imidazol-ring plane of His240 are not
in the same plane to form a significant interaction between the two m-electron systems. The angle
between the two planes is about 60°. However, the covalent linkage could be a part of a facile elec-
tron-transfer pathway from Cug to the ligand of Fe,; (such as O, and —OOH), which is hydrogen-



Fig. 5. X-ray structure of the O, reduction site of bovine heart cytochrome-c oxidase in the fully oxidized state at 2.3 A resolution. The cages show the |F—F |
difference Fourier map of the oxidized form calculated by omitting His240, Tyr244, and any ligand between Fe,; and Cug from the F', calculation. The cages are
drawn at the 70 level (10 = 0.00456e7/A3).
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bonded to the OH group of Tyr244. In the fully reduced form, no ligand is detectable between Cug
and Fe,; (9). On reduction of the fully oxidized enzyme, the Fe,;—Cuy distance increases from 4.91 A
to 5.19 A as a result of the movement of Cug relative to the fixed position of Fe,; (9). No other
conformational change is induced on reduction in the Cug—Fe,; site. Thus, in the fully reduced state,
Cug has a trigonal planer geometry.

Three redox inactive metal sites are detectable in the electron density map of the enzyme at 2.3 A
resolution (9). The magnesium site is located on the interface between subunits I and II. The carboxyl
groups of Glu198 of subunit IT and the two amino acids of subunit I, the imidazole of His368, and the
peptide carbonyl group of Asp369 coordinate to the magnesium ion. In addition to these three ligands,
three water molecules are coordinated to form a slightly distorted tetragonal bipyramid. The magne-
sium is located near the level of the mitochondrial innermembrane surface (9). The zinc atom is
coordinated by four SH groups of Cys60, Cys62, Cys82, and Cys85 in subunit Vb, which is encoded
by a nuclear gene and is attached to subunits I and II on the matrix side (6). A sodium ion site is
detectable near the intermembrane surface of subunit I (9). Three peptide carbonyl groups of Glu40,
Gly45, and Ser441, a carboxyl group of Glu40, and a water molecule coordinate to the Na* ion to
form a trigonal bipyramid. In the bacterial enzyme, the sodium ion is replaced with calcium and
includes an extra negatively charged ligand to balance the charge (55).

The physiological roles of these redox inactive metal sites are unknown. The magnesium and zinc
ions have been proposed to be the intrinsic constituents because they were reproducibly found in
many samples of purified bovine heart cytochrome-c oxidase (56,57). However, the possibility exists
that these metals are bound tightly to contaminant proteins and copurified with cytochrome-c oxi-
dase. The X-ray structure showing specific binding of these metals to the intrinsic protein subunits
indicates that these metals are intrinsic constituents of this enzyme. Prior to the solution of X-ray
structures, the presence of sodium site had not been suggested. These X-ray structures are good
examples of the importance of the determination of the composition of a large multicomponent
protein.

5. MECHANISM OF O, REDUCTION BY CYTOCHROME-C OXIDASE

As described earlier, Cug in the reduced state is in a trigonal planar coordination environment with
three histidine imidazole groups (9). Usually, cuprous trigonal planar compounds are very stable and
are poor ligand acceptors as well as poor electron donors. Thus, O, bound at Fe;>* is unlikely to
interact with Cug!'*. The coordination structure of Cug!'* is highly likely to contribute to the astonish-
ingly high stability of the oxygenated form. On the other hand, the hydroxyl group of Tyr244 is fixed
near the O, reduction site. The shortest distance between the OH group and an atomic model of O,
placed on Fe,; is estimated to be 3.4 A. Considering the possible rearrangement of three-dimensional
structure when O, is introduced to Fe,;>* site, the OH group of Tyr244 is placed close enough for
formation of a hydrogen bond with the O, bound at Fe,;>*. The formation of the putative hydrogen
bond between the Tyr244 OH group and the bound O, is rate limited by the rearrangement of the O,
reduction site. Once the hydrogen bond is formed, the OH group could readily donate a hydrogen
atom (a proton + an electron) to the bound O, to form a hydroperoxo intermediate (Fe,;**—~OOH) by
a two-electron reduction process. Because the two-electron reduction process is very rapid, as
described in Section 3.4. (47), the formation of the hydroperoxo intermediate is likely to be rate
limited by the rearrangement of the three-dimensional structure of the O, reduction site for the hydro-
gen-bond formation between O, and Tyr244. Thus, the process could be as slow as #, = 0.4 ms (53).

The resultant hydroxyl radical of Tyr244, after formation of the hydroperoxo intermediate, could
be readily reduced with an electron equivalent from Cug'* to produce a deprotonated phenol group of
Tyr244, which is ready to accept a proton. Now, Cug is in the cupric state. Thus, it is ready to accept
a negatively charged ligands. Then, in the next step, the hydroperoxo group bound to Fe,;3* could be
deprotonated by transfer of the proton to Tyr244. The resultant peroxide bound to Fe,;3* is coordi-
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nated to Cug?*. The oxidation of Cug'* facilitates the reaction step. Ligand-binding studies of cya-
nide and azide suggest the presence of a proton-accepting site near the O, reduction site. The avail-
ability of acidic protons could stimulate cleavage of the O—O bond and result in a two-electron
abstraction process, possibly from Fe,;>* and Fe,?*. Thus, once the u-peroxide intermediate is formed,
the acidic protons from the proton-accepting site could trigger the O—O bond cleavage. In fact, for-
mation of the second intermediate (P form) next to the oxygenated form is coupled to the oxidation of
heme a. Also, the resonance Raman results, as described in Section 3.5., shows that the P form is a
ferryl oxide form (53).

The reaction step from the oxygenated form to the P form is essentially a four-electron reduction
process. Molecular oxygen (O,) in the oxygenated form must receives four electrons to break the
0=0 bond to provide two oxides (O?>") and Fe,; in the high oxidation state. This four-electron reduc-
tion of O, essentially at once may be the strategy that the enzyme uses for reduction of O, to water
without the release of active oxygen species. This process produces an Fe,; site in the high oxidation
state, where the iron is Fe**. These high oxidation states of iron are very reactive but are trapped in
the porphyrin system. Thus, they are much safer than the active oxygen species produced in the O,-
reduction site.

The X-ray structure of the fully oxidized form of bovine heart cytochrome-c oxidase as prepared
has a peroxide bridging Cug?* and Fe,;3* (9). The stability of this form indicates that no acidic pro-
tons is available in the Cug>*—Fe,;3* site in the state. The reactivity with cyanide (/4) shows that the
fully oxidized form as prepared is the “fast” form, which is considered to be an active enzyme form
involved in the enzymic turnover (58). However, the X-ray structure suggests that this form is a
resting oxidized form and that the bridging peroxide prevents the Cug?*—Fe ;> site from being
exposed spontaneously to O,, which is likely to form active oxygen species by extracting electrons
from the dimetalic site. It should be noted that no experimental evidence has been obtained for
involvement of the “fast” form in the catalytic turnover. On the other hand, two water (OH/H,0)
molecules are assigned to the electron density between Cup?* and Fe,;** of the fully oxidized form of
the Paracoccus enzyme at 2.7 A resolution (55). The electron density map of the fully oxidized form
of bovine heart enzyme at 2.8 A resolution is not accurate enough for differentiating peroxide from
two water (OH/H,0O) molecules.

6. PROTON-TRANSFER MECHANISM

6.1. Possible Proton-Transfer Paths

Cytochrome-c oxidase must transfer protons for two purpose, for producing water molecules and
for pumping protons. Usually, the interior of a globular proteins is filled with hydrophobic amino
acid side chains to provide a very low dielectric constant to the inner environment. Thus, special
structures are required for proton transfer through proteins. A hydrogen bond between two functional
groups, both of which can be either hydrogen donor or acceptor, could serve as an effective proton-
transfer path, as given in Fig. 6A. In the X-ray structure of bovine heart cytochrome-c oxidase, sev-
eral cavities large enough to trap water molecules are observed but no clear electron density peaks are
detectable. These structures suggest that the cavities contain mobile water molecules. Thus, hydro-
nium ions could transfer protons inside the cavities. Hydroxide ions also carry protons.

It should be noted that a long hydrogen-bond network including many interconnecting hydrogen
bonds is unlikely to be an effective proton-transfer path. Proton transfer through a single hydrogen
bond is strictly reversible; that is, the forward reaction rate is identical to the reverse reaction rate.
Thus, the fraction of the forward reaction decreases by 50% at each hydrogen bond. On the other
hand, proton-transfer rates inside cavities are determined by the mobility of water molecules. Thus,
the proton-transfer rate is essentially independent of the cavity size.
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Fig. 6. Possible proton transfers through hydrogen bonds. (A) A possible proton-transfer pathway through a
hydrogen bond between the two groups, both of which can be either a hydrogen donor or an acceptor. (B) A
possible irreversible proton transfer with migration of a hydronium ion.

Proton transfer through a long hydrogen-bond network may be promoted by an arrangement of
disconnecting points in the network where protons are transferred irreversibly with the aid of confor-
mational changes. For example, a water molecule fixed by a hydrogen bond at a hydroxyl group as
given in Fig. 6B, on receiving a proton from the hydroxide group, moves to other OH groups to form
anew hydrogen bond. Then, a proton on the water molecule could be transferred to the OH group on
the right-hand side. The migration of water could be irreversible if it is controlled by a conforma-
tional change inducing the polarity decrease in the environment of the hydronium ion, hydrogen-
bonded to the left-hand hydroxyl group, down to the level significantly lower than that of the
right-hand hydroxyl group. This irreversible conformational change provides an irreversible proton-
transfer step from the left-hand hydroxyl group to the right-hand hydroxyl group. If this conforma-
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tional change is coupled to the oxidation state of a metal center, a redox coupled proton transfer is
facilitated by this system. The migration of water can be replaced with that of ionizable amino acid
side chain. Proton transfers inside the protein both for water formation and for pumping protons must
include such irreversible steps. In other words, protons for making water molecules must also be
actively transported (pumped).

6.2. Proposed Mechanisms of Redox Coupled Proton Transfer

The first proposal for the proton pumping element of cytochrome-c oxidase included the redox
coupled change in the coordination of the Cu, site (59). Unfortunately. this mechanism was not
widely accepted, because the proton-pumping activity of Escherichia coli quinol oxidase, which
does not have Cuy, site, was shown experimentally. Many researchers believe that cytochrome-c
oxidase and quinol oxidase pump protons by an identical mechanism, although evidence to support
this proposal is lacking.

Another proton-pumping element including the Cuy site was proposed in 1994 (60). This mecha-
nism proposes that protons are pumped directly by a redox coupled coordination change in the Cug
site. The key point of this proposal is that redox coupled movement of one of the three hisidine
imidazole group responsible for pumping protons. This histidine cycle mechanism was quite widely
accepted because all of the amino acids included in this mechanism are completely conserved in all
biological species with terminal oxidases in the heme—copper terminal oxidase superfamily. Further-
more, an X-ray structure of Parraccocus cytochrome-c oxidase in the fully oxidized azide bound
state lacks one of the histidine imidazoles bound to Cug, which suggests the mobility of the imidazole
group (7). Many researchers accepted that this X-ray structure supports the histidine cycle mecha-
nism. However, X-ray structures of the bacterial enzyme in both fully oxidized and fully reduced
states showed that all three histidine imidazoles are coordinated to Cug (67). Furthermore, X-ray
structures of bovine heart cytochrome-c oxidase in the fully oxidized, fully reduced, fully oxidized
azide-bound and fully reduced CO-bound states clearly showed that three histidine imidazoles are
bound to Cug (9,54).

A drawback of this proposal is that no mechanism for sorting protons for pumping from those for
making waters is given. If protons to be pumped are introduced to the O, reduction site, they would
be readily used for water formation. Then, the protons cannot be pumped to the intermembrane side.
One would state that the O, reduction and the proton pumping can occur in a separated timely man-
ner. However, experimental results show that both the proton pumping and the proton transfer for
water formation are coupled tightly with the electron transfer for the O, reduction (62,63). Thus, the
mechanism for the time sharing would not be simple. No experimental evidence supporting the time
sharing has been obtained.

6.3. Redox Coupled Conformational Change in Bovine Heart Cytochrome-c Oxidase

Figure 7A shows a comparison of X-ray structures of bovine heart cytochrome-c oxidase in the
fully oxidized and reduced states at 2.30 A and 2.35 A resolution, respectively (9). A fairly large
change in conformation is detectable in a loop region between helices I and II on the intermembrane
side. No significant conformational change is detectable in other protein moiety of this enzyme. The
conformational change includes the peptide backbone. Only the conformational change in Asp51
induces the change in the accessibility to the bulk water phase on the intermembrane side. In the fully
oxidized state, Asp51 is completely buried within the interior of the protein, and water molecules in
the bulk water phase are not able to access the amino acid side chain. On reduction of this enzyme,
Asp51 moves toward the molecular surface to be exposed to the bulk water phase in the intermem-
brane side. On the other hand, as shown in Fig. 7B, Asp51 in the fully oxidized state has an effective
accessibility to the bulk water phase on the matrix side, because Asp51 is connected to Arg38 via a
hydrogen-bond network that includes a peptide bond. The Arg38 is located on the wall of a large
cavity located close to heme a plane, which holds mobile water molecule. The cavity is connected to
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the matrix space via a water path. Thus, Arg38 is equilibrated with the bulk water phase on the matrix
side, so that Asp51 can take up protons from the matrix side. In this sense, Asp51 is accessible to the
matrix side. In the reduced state, the hydrogen bond between Asp51 and the peptide NH group of
Ser441 is broken and Asp51 loses the accessibility to the matrix space. Thus, the redox coupled
movement of Asp51 strongly suggests that this is the site for proton pumping.

6.4. Proton Transfer Through a Peptide Bond

As shown in Fig. 7B, the hydrogen-bond network between Asp51 and Arg38 includes a peptide
bond. This peptide bond is likely to facilitate a unidirectional proton transfer to Asp51. It has been
well established that H/D exchange in a peptide NH group proceeds through an imidic acid interme-
diate (-C(OH)=N*H-) because the peptide C=0 is much more basic than the peptide NH (64). The
imidic acid releases the proton to give the enol form of the peptide. The enol form tautomerizes back
to the keto form of the peptide, which is much more stable than the enol form. In this step, H/D
exchange in NH group occurs in solution. In the enzyme, once the peptide carbonyl is protonated, the
positive charge migrates to the nitrogen atom, which can then donate protons to the deprotonated
carboxyl group of Asp51 hydrogen-bonded to the peptide NH, leaving the enol form of the peptide.
The enol form will be readily transformed to the more stable keto form by migration of the proton on
the enol OH to =N-. When the peptide is in the enol form, the reverse reaction to form the imidic acid
is possible. However, once the enol form tautomerizes back to the keto form, the reverse reaction is
unlikely to occur. Even if the NH group is protonated to give N*H,, the imidic acid intermediate
cannot be formed from this form. The proton will then be readily taken up by the nearby COO™~ group.
Thus, the stability of the keto form versus the enol form contributes to the unidirectionality in the
proton transfer. Furthermore, a conformational change of Asp51 also strongly contributes for the
unidirectinality of the proton pump. The third factor contributing to the unidirectionality could be
that oxidation of heme a decreases significantly the pK of the propionate groups. Dissociated protons
from one of the propionates shown in Fig. 7B could be transferred to the peptide carbonyl to form an
imidic acid. The positive charge on Arg38 may prevent the protons from approaching the large cavity
in which water molecules are equilibrated with bulk solvent. The electrons taken from heme a are
transferred irreversibly to the O,-reduction site. When heme a is reduced again to increase the pK
value of the dissociated propionate, the propionate will be reprotonated by water molecules in the
large cavity via Arg38.

6.5. FTIR Studies on the Redox Coupled Conformational Change

The redox coupled conformational change in Asp51 is clearly detectable by comparison of the
X-ray structure of the fully oxidized enzyme at 2.3 A resolution with that of fully reduced enzyme at
2.35 A resolution (9). However, the resolution of the X-ray structure is not high enough for detection
of the protonation state of Asp51. For this purpose, infrared spectroscopy is very useful. An infrared
positive band near 1750 cm™! assignable to the COOH group of Asp or Glu was observed in the
difference spectrum of the oxidized versus reduced forms of bovine heart cytochrome-c oxidase.
This band was not observed in the redox difference spectrum of Paracoccus cytochrome-c oxidase,
which does not have aspartate in the corresponding position in the amino acid sequence (65). Thus,
the infrared band is likely to be the result of the redox coupled protonation change of Asp51 (COOH
in the oxidized state and COO™ in the reduced state).

Recently, it has been claimed that the conformational change in Asp51 is controlled only by
electrostatic attraction between Asp51 COO~ and Cu,, which are located only 6 A apart in the oxi-
dize state (66). However, these Fourier-transform infrared (FTIR) results do indicate that Asp51 does
have a redox coupled protonation change. Furthermore, in the oxidized state, the carboxyl group is
protonated so that no electrostatic interaction is possible for the -COOH group. On the other hand, in
the reduced form, the carboxyl group is deprotonated, but the Cu, site in the reduced form does not
have any net charge. Thus, no electrostatic interaction is possible between them. However, during the



Fig. 7. Redox coupled conformational change in a loop between helices I and II of subunit I. A stereoview (A) and a schematic representation of the hydrogen-
bond network connecting Asp51 with the matrix space (B). (A) The molecular surface on the intermembrane side is shown by small dots. Red and green sticks
represent the structures in the fully oxidized and reduced states.
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oxidation process of the reduced form of the enzyme, the oxidized form of Cu, could trigger the
conformational change of Asp51 COO™ by an electrostatic attraction.

6.6. Proton-Pumping Mechanisms in Cytochrome-c Oxidase in Various Biological
Species

The key amino acid in the proton-pumping process of bovine heart cytochrome-c oxidase is con-
served only in the animal kingdom. Plant cytochrome-c oxidase, bacterial cytochrome-c oxidase, and
other enzymes in the heme-copper terminal oxidase superfamily do not have Asp51. Thus, the above
proton-pump mechanism including Asp51 has not been accepted widely. An interpretation for the
incomplete conservation of Asp51 is as follows: Reduction of O, without release of active oxygen
species is an extremely complex and specific reaction. For this purpose, a heme—copper system is
optimal. Thus, amino acids ligand to the metals must be conserved. On the other hand, proton pump-
ing is much simpler chemically. Many amino acids, cofactors, and even water molecules can transfer
protons. Thus, it is not surprising that Asp51 is not completely conserved. In fact, the Paracoccus
enzyme contains a structure similar to that of the proton-pumping system in the bovine heart enzyme,
although no COOH-containing amino acid is located at the position corresponding to that of Asp51
of the bovine heart enzyme. The structure suggests that the Paracoccus enzyme also pumps protons
using a system that is closely similar to that of bovine heart enzyme, which does not include the
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O,-reduction site. Thus, the proton transfers for pumping is completely separated from the proton
transfer for water formation.

According to the recent mutagenesis works for the bacterial channel-like structure corresponding
to the possible proton pumping channel of the bovine heart enzyme, mutations of amino acids located
on the wall of the water channel in the bottom half of the channel has no significant effect on the
enzyme activity (67,68). On the other hand, a mutation of Arg38 to Met in bovine number, which is
at the starting point of the hydrogen-bond network, kills the enzyme (68,69). These mutation results
are consistent with the structure of the channel composed of the water channel and the hydrogen-
bond network in the bottom and upper halves, respectively, with Arg38 at the interface.
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The Fet3 Protein

A Multicopper Ferroxidase
Essential to Iron Metabolism in Yeast

Daniel J. Kosman

1. INTRODUCTION

Iron homeostasis in eukaryotes is dependent on adequate copper nutrition. This physiologic link-
age between copper and iron is the result of the enzymatic activity of one or more multicopper
ferroxidases. Ferroxidases are enzymes that catalyze the reaction shown in reaction (1).

4Fe(Il) + O, + 4H* — 4Fe(IIl) + 2H,0 (1)

There are two ferroxidases in humans, ceruloplasmin and hephaestin, and two in the yeast Saccharo-
myces cerevisiae, Fet3p and FetSp. In addition, each one of these copper proteins relies on a copper
ATPase found in the membrane of a specific vesicular compartment for the copper necessary for each
protein’s activation. The copper pumping that any one of these ATPases does may be critical to
copper homeostasis as well as for copper excretion, for example. These pumps, in turn, rely on a
protein—a copper chaperone—that ferries the copper from the plasma membrane copper permease
through the cytosol to this vesicular compartment. The permease relies on a plasma membrane
cuprireductase to supply it with the Cu(I) as substrate for uptake. Nonetheless, irrespective of whether
or how a defect in any one of these enzymes, transporters, chaperones, or pumps may contribute to a
dysfunction in copper handling, there most certainly will be a direct impact on the copper incorpora-
tion into one or more of these ferroxidases leading to a secondary effect on iron homeostasis. The
copper ferroxidases are central to this secondary nutritional, metabolic, essentially epistatic relationship
between copper and iron in eukaryotes. The yeast protein Fet3, a paradigm for this subclass of multicopper
oxidases, is the focus of this chapter.

2. THE THREE TYPES OF PROTEIN COPPER SITE

There are three types of copper site found in nature; copper proteins are classified on the basis of
the “type” of copper site that they contain (/). These three types of copper site differ as to coordina-
tion number, type of ligands, and geometry; these differences, in turn, are the basis for these sites’
electronic signatures and chemical (redox) activity. Type-1 Cu(II) exhibits a very strong absorbance
at approx 600 nm (¢ = 5000 M~! cm™"). This absorbance imparts a striking blue color to type-1
copper-containing proteins at concentrations >100 wM. This absorbance is the result of a charge-
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transfer transition from the cysteine sulfur ligand that characterizes the type-1 site to the Cu(II). This
Cys-S 1 to Cu®* d,,_,, transition also places significant unpaired electron spin density on the sulfur
rather than on the copper. As a result, the type-1 Cu(Il) has a correspondingly small parallel electron
spin—nuclear spin hyperfine coupling evident in the continuous-wave electron paramagnetic reso-
nance (cwEPR) spectrum (A, = (43-95) x 10~* cm™"). In addition to this Cys ligand, type-1 sites also
have two histidine imidazole ligands. These three ligands typically describe a trigonal plane such that
the geometry of the site overall can be described as distorted tetrahedral or distorted trigonal pyramid
with the fourth ligand, if present, at the apex of this pyramid. However, it is the cysteine sulfur ligand
common to all type-1 sites that dominates their electronic and chemical properties (7,2).

Type-2 copper sites are “normal” in that they exhibit only the weak (forbidden) d—d transitions
typical of Cu(Il). They are “nonblue.” Not surprisingly, they lack the cysteine sulfur ligand found at
all type-1 sites while most commonly containing only histidine imidazole coordination by the pro-
tein. The absence of significant electron spin transfer to the ligands at type-2 Cu(Il) results in these
sites having the copper hyperfine coupling typical of (pseudo)square-planar—Cu(Il) complexes con-
taining nitrogenous and/or oxygenous ligands. A, values for type—2 Cu(Il) sites in proteins range
from 140 to 190 x 10~* cm™!. The wave function that describes the unpaired electron in type-1 Cu(II)
(spin density higher at the S) results also in a smaller spin-orbit coupling in comparison to the wave
function that describes the unpaired electron at type-2 Cu(Il). With the electron spin density higher at
the metal in this latter case, there is greater spin-orbit coupling. This difference results in a larger
contribution of orbital angular momentum to the magnetization of an electron at a type-2 Cu(Il) and
thus in a stronger interaction with the magnetic field. This is reflected in a larger g, value for type-2
sites, typically >2.2; in contrast, g, values for type-1 Cu(Il) are closer to the free-electron value of
2.002.

Another feature that distinguishes type-2 from type-1 copper sites is that the former nearly always
have at least one water molecule from solvent as one of the inner-sphere ligands; many have two
solvent-derived exchangeable ligands. Type-1 Cu(Il), in contrast, does not have a coordinated sol-
vent-derived ligand. This structural difference is directly linked to the different function that the two
sites play in the electron-transfer reactions involving copper proteins. Type 1 sites are restricted to
outer-sphere electron-transfer processes, whereas type-2 sites catalyze reactions that involve a direct
coordination of an electron donor or acceptor. Thus, in the case of the multicopper oxidases, the type-
1 copper is the site of entry of the electron from the one-electron reductant, whereas dioxygen—the
electron acceptor or oxidant—is reduced at the type-2 copper site.

Type-3 copper is the third type of Cu(Il) site in biology. A type-3 site has two distinguishing
electronic properties. The first is its relatively strong absorbance in the near ultraviolet (UV) at approx
330 nm (g = 3-5000 M~' cm™). This transition is indicated by a shoulder on the much stronger
absorbance at approx 280 nm because of protein aromatic amino acid residues. Second, type-3 sites
are diamagnetic despite the presence of Cu(I). The lack of a cwEPR spectrum, for example, is attrib-
uted to the fact that the type-3 Cu(Il) site contains two copper atoms that are antiferromagnetically
coupled through a bridging oxygen (—OH) atom. The absorbance at 330 nm is the result of charge
transfer from this ligand onto the copper atoms. This bridging ligand is the hallmark of type-3 copper
sites, at least in their fully oxidized state; in other respects, they vary as to the nature of the protein
ligands, although most contain either or both histidine imidazole and tyrosine phenol ligands.

3. MULTICOPPER OXIDASES HAVE ONE EACH OF THE THREE TYPES OF
COPPER SITES: FET3P

What distinguishes multicopper oxidases from other copper proteins is that they contain one each
of these three types of copper sites (/,3). Not only does this make them excellent models for all copper
proteins, but because they have four redox active metal ions, they also serve as paradigms for other enzymes
that couple a one-electron reductant to a four-electron oxidant, most notably cytochrome-c oxidase. Indeed,
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X-Band EPR Spectra of Wild Type,
T1D, and T2D Fet3p
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Fig. 1. Electron paramagnetic resonance spectra of wild-type and T1D and T2D mutants of Fet3p as indi-
cated. Spectra were obtained at a microwave frequency of 9.5 GHz and 120 K. The samples were prepared in
25% (v/v) ethylene glycol/50 mM MES buffer (pH = 6.0). The instrument settings were constant with 10 mW
microwave power, 100 kHz modulation frequency, 10 G modulation amplitude, 0.02 s time constant, and 60 s
sweep time. (From ref. 4.)

the three copper sites (and four copper atoms) in the multicopper oxidases play essentially equivalent roles
in comparison to the two heme groups and two copper atoms in that enzyme.

Spectral data on the Fet3 protein illustrate the electronic properties of the three types of Cu(Il) site
found in multicopper oxidases (4,5). The cwEPR spectrum shown in Fig. 1 for the wild-type protein
has contributions from both the type-1 and type-2 Cu(Il) electron Zeeman and nuclear spin interac-
tions. The spectra for mutant proteins that lack either the type-2 copper (T2D) or type-1 copper (T1D)
exhibit the EPR spectrum of the remaining Cu(II) site only (Fig. 1). These latter spectra show clearly
the relatively smaller A and g values associated with the type-1 Cu(Il) (seen in the T2D protein) in
comparison to the type-2 Cu(Il) (seen in the T1D protein) as was noted earlier. The UV-visible absor-
bance spectra of this set of three Fet3 proteins are shown in Fig. 2.

Shown also in Fig. 2 is the spectrum of a double-mutant protein. This is the T1D/T2D protein that
lacks both the type-1 and type-2 copper atoms. Only the type-3 binuclear cluster contributes to the
nonprotein absorbance in this protein, demonstrating that the shoulder at 330 nm seen in all of the
spectra shown in Fig. 2 is the result of this cluster. This cluster contributes a broad absorbance
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Near UV and Visible Absorbance of Wild Type
and Mutant Fet3 Proteins (Fully Oxidized)
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Fig. 2. Absorbance spectra of wild type, T1D, T2D, and T1D/T2D mutants of Fet3p as indicated. All samples
were prepared in 50 mM MES buffer (pH = 6.0). Spectra were recorded following treatment of the samples with
0.5 mM hydrogen peroxide to ensure that all copper atoms present were in the cupric state. (From ref. 4.)

centered at 720 nm, as the spectrum of this double mutant demonstrates also. The absorbance of the
wild-type protein at 608 nm is clearly the result of type-1 Cu(Il) because it is seen only in protein
forms that possess this site (e.g., the wild-type and T2D mutant protein). The spin Hamiltonian and
absorbance values for the copper sites in Fet3p are summarized in Table 1. In Fet3p as in all of the
multicopper oxidases, the type-1 Cu(Il) is the site of entry of electrons from the reducing substrate,
whereas oxygen binds to and is reduced at the type-2 and type-3 binuclear clusters. In the ferroxidase
reaction [reaction (1)], the reducing substrate is Fe**. Although all multicopper oxidases use organic
reductants as substrate (e.g., o-dianisidine, p-phenylenediamine, and p-hydroquinone), hCp, Fet3p,
and the other ferroxidases alone as a subclass have strong activity toward Fe>*,

4. KNOWN STRUCTURES OF MULTICOPPER OXIDASES

Structures of three multicopper oxidases have been determined by X-ray crystallographic analy-
sis: human ceruloplasmin (hCp), Coprinus cinereus (fungal) laccase (Lac), and Cucurbita pepo
(zuccini) ascorbate oxidase (AO). hCp is the only ferroxidase whose structure has been determined
crystallographically (7,8). Lindley and his coworkers have published a 3.1-A map (PDB accession number,
1KCW). This structure showed that as in Lac (1A65) (9) and AO (1AOZ) (10-12), the type-2 and type-3
copper atoms in hCp are trigonally arranged with an atom-to-atom spacing of approx 3.5 A. This
“trinuclear” cluster is, in turn, approx 13 A from the type-1 copper atom. This arrangement of the
three copper sites is diagrammed in Fig. 3 using ligand assignments for Fet3p. These assignments are
based on the sequence homologies among the multicopper oxidases, as shown in Fig. 4. In all cases,
the numbering is based on the encoded protein, not the mature processed one. All of the encoded
proteins contain leader signal-recognition sequences that are cleaved during their maturation. As
noted earlier, the type-1 Cu(Il) is the redox partner of the reducing substrate. The trinuclear cluster, in
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Table 1
Spin Hamiltonian and Absorbance Parameters for the Copper Sites in Fet3p
Copper site g Ay (x10~* em™) g A (M1M) eMem™)
Type 1 2.19 89 2.05 608 5500
Type 2 2.24 195 2.05 Not resolvable, <100
Type 3 Diamagnetic 330 ~5000

~720 ~300

Source: Data from refs. 4-6.

turn, is responsible for the four one-electron transfers to dioxygen that result in the production of two
water molecules (13).

The structures of the type-1 sites in hCp, Lac, and AO—and in Fet3p—differ in some details;
nonetheless, the electron-transfer reactions at this site in the four proteins are all outer sphere in
nature (3). This mechanism is dictated by the fact that type-1 sites, as a class, do not have exchange-
able solvent-accessible inner coordination sites to which a reductive ligand could bind. On the other
hand, the relationship between the copper atom and the solvent-accessible surface of the protein does
vary among these proteins. For example, the type-1 copper in hCp is completely buried (7), whereas
this site in Coprinus cinereus Lac is much closer to the surface (9). This difference is apparent in Fig.
5, which displays Connelly surfaces adjacent to the type-1 sites in the two proteins. Connelly sur-
faces, in effect, show the solvent surface of a macromolecule. The green-hued surface patch in the
Lac structure (Fig. 5, left) is the result of the N® of H494; clearly, the edge of this copper ligand is
strongly exposed to solvent. In contrast, the corresponding histidine in hCp, H1045, is buried in the
protein and completely shielded from solvent (Fig. 5, right). In both cases, the electron transfer from
the substrate, irrespective of its nature, is outer sphere; however, given the striking difference in
surface accessibility, the precise mechanism (route) for how the electron gets to the Cu(II) may be
quite different in the two proteins.

5. ESEEM ANALYSIS OF FET3P COPPER-SITE STRUCTURE: THE TYPE-1
AND TYPE-2 CU(I) SITES

Although the structure of Fet3p is not known, electron spin-echo envelope modulation (ESEEM)
data suggest that its type-1 copper has a solvent accessibility that is intermediate between the situa-
tion in hCp and Lac (1/4). ESEEM is a pulsed EPR technique that resolves spin interactions that are
weak compared to the interaction of the electron spin magnetization with the instrument magnetic
field or with those fields resulting from strongly interacting nuclei. Those are the interactions detected
in the cwEPR spectrum as in Fig. 1. Thus, ESEEM that is the result of the weak interaction (approx 1
MHz at a field of 3 kG) of the distal, noncoordinating N in an histidine imidazole found at a Cu(II)
site in a protein can be resolved easily (1/5). The ESEEM spectra of the unpaired electron at the type-
1 Cu(Il) (in the T2D mutant) is shown in Fig. 6A (14). The depth and period of modulation of the
electron spin magnetization can be correlated to the amount of spin density that is transferred from the
Cu?* to equatorially coordinated histidine imidazoles and the number of such ligands. The modulation
depth of the ESEEM spectrum resulting from the typel1 Cu(Il) is therefore relatively weak because much
of the spin density is on the S ligand of Cys484 at this site (/,2). The Fourier transform of the modu-
lation envelope gives the modulation frequencies that generate it. This transform is shown in Fig. 6B
and can be best fit with a model that includes two equatorial but inequivalent imidazole ligands at the
type-1 Cu?*,

The ESEEM spectrum of the type-2 Cu®* (in the T1D mutant) is substantially different, both
because at this site there is significantly more spin density at the copper (no charge transfer involving
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Fig. 3. Spatial relationship among the three copper sites in a multicopper oxidase. The structure (and residue
numbering) is a representation of these sites in hCp. The trinuclear cluster is a near-isosceles triangle, approx
3.4 A on a side. The notation Cu(y and Cugs, is taken from ref. /0 and corresponds to the notation Type 3" and
Type 3', respectively, used by Zaitseva et al. (7). Oxygen is thought to bind between the type-2 copper and Cuyy,.

a cysteine sulfur) and because this copper atom is directly coordinated by solvent water. The first of
these differences is apparent in the depth of modulation, as seen in Fig. 7A. The second is apparent in
the weaker modulation seen at longer times. This is the result of 'H associated with bound water
molecules. The Fourier transform of the ESEEM data is given in Fig. 7B and is best fit by assuming
one equatorial imidazole and, perhaps, a second imidazole ligand coordinated axially.

The spectra in Figs. 6 and 7 were taken in H,O and therefore do have the potential to show a
modulation resulting from 'H of any water that might be coordinated to or magnetically “near” the
type-2 Cu(Il) as well. This modulation was well resolved in the type-2 Cu(Il) spectrum as noted but
was essentially absent in the type 1-Cu(Il) one. In order to better resolve this modulation, however,
one takes spectra in 'H,O and ?H,0O and calculates the ratio of the experimental modulation patterns:
in effect, the pattern in deuterium oxide provides the negative control for water proton modulation
(16). Again, the strength and pattern of this ratioed modulation can be interpreted in terms of how water
might be coordinated to or how it might magnetically interact with the Cu(Il). This is illustrated in the
theoretical traces given in Fig. 8 A,B for one equatorial water, or for one axial water, or for ambient
water only (“outer-sphere” water). These three traces can be compared to the experimental trace for
the ratioed envelope for the type-1 site in Fet3p. This experimental trace can be best modeled by a
Cu(Il) that has a “half-shell” of ambient water only, with no directly coordinated water molecules
(Fig. 8D). The fit that is shown is for a model that has this “hemisphere” of water molecules at 3.75
A from the type-1 Cu(Il). In comparison to the known structures of Lac and hCp (Fig. 5), this result
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Lac 142 Ser-lle- |His{ Trp- Gly-Met
Fet3 79 Ser-Met-|His | Phe Glyv-Leu
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Fig. 4. Sequence alignments of the copper-binding motifs in multicopper oxidases. The sequences are for
Neurospora crassa laccase (Lac), Cucimus sativus ascorbate oxidase (AO), and two ferroxidases, human ceru-
loplasmin (hCp) and Fet3p, from Saccharomyces cerevisiae. The key indicates the ligand assignments to the
three copper sites found in these proteins. The sequence numbering is referenced to the ATG that encodes the
start codon in the translated mRNA and not to the carboxyl terminal residue of the processed mature protein.
Note that all of these are glycoproteins and are targeted to the endoplasmic reticulum. Thus, the nascent polypep-
tide contains a canonical signal-recognition sequence that is cleaved as part of the proteins’ overall processing,
which includes the posttranslational insertation of the four active-site copper atoms.

indicates that in Fet3p the N¢ of His489 (corresponding to His494 and 1045 in Lac and hCp, respec-
tively) would be just at the protein surface and contributing little to the Connelly surface. On the
other hand, the He2 hydrogen at His489 would be solvent exposed and H-bonded to water. Further
ESEEM analysis was consistent with this inference. The type-1 Cu(Il) sites in the three proteins are
directly compared in the illustrations shown in Fig. 9.

In addition to the relative degree of solvent exposure represented in these models, the difference in
coordination can also be seen. Lac (A) and Fet3p (C) have three-coordinate trigonal type-1 Cu(Il)
sites, whereas hCp (B) has a four-coordinate distorted tetrahedral structure. Type-1 copper sites in
general exhibit this divergence, which can also be seen in the sequence alignments in Fig. 3: AO, like
hCp, has the thioether of Met as a fourth ligand. What is interesting is that although this ligand does
modulate the properties of type-1 Cu(Il) to some extent, other features, such as protein-induced dis-
tortion, overall are much stronger determinants of type-1 copper structure and reactivity (2,17).

The ratioed envelope for the type-2 Cu(Il) spectrum is best fit with a combination of one equato-
rial water, one axial water, as well as a distribution of ambient water at a radius of 4-8 A (Fig. 8E).
Together with the Fourier transform shown in Fig. 7B that is attributable to a single equatorially
coordinated histidine, the water modulation analysis suggests a structure of the type-2 Cu(Il) site in
Fet3p that is significantly different from what crystallographic analysis has indicated for the type-2
sites in hCp (7,8) and AO (11,12). This site in these proteins appears to have two equatorial histidine
imidazoles, and one equatorial water ligand in an essentially trigonal planar complex. This is illus-
trated in Fig. 10A. In contrast, Fet3p appears to have only one equatorial histidine imidazole, and one
equatorial and one axial water. Inasmuch as the type-2 site in Fet3p has both conserved histidines
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Fig. 5. The Connelly surface at the type-1 copper sites in C. cinereus Lac (left) and hCp (right). These
surfaces were generated using Insightll software from Molecular Dynamics. The structure files came from the
PDB; the accession numbers were 1A65 for Lac, and 1IKCW for hCp. The type-1 site in hCp is completely
shielded from solvent; H1045 (to the right), which is the closest ligand to the surface, is at least 7 A from it. In
contrast, the corresponding His ligand in Lac, His494, is strongly solvent exposed. The shading in the right
panel is the result of the N¢ of this residue and the magenta indicates the adjacent ring carbons. Electron spin-
echo envelope modulation data indicate that this site in Fet3p is more similar to Lac than to hCp.

(His81 and His416), it is possible that the second of these is an axial ligand at this site and therefore
does not contribute to the modulation pattern. This model of the type-2 site is presented in Fig. 10B.
A model for all three copper sites in Fet3p and there putative spatial relationship was given in Fig. 3.

6. EXAFS ANALYSIS OF FET3P COPPER-SITE STRUCTURE:
THE BINUCLEAR TYPE-3 SITE

One recombinant Fet3p mutant has been particularly informative about the structure of the type-3
binuclear cluster in them. This is the TID/T2D double mutant that contains only this type-3 site (5).
EXAFS (extended X-ray absorption fine structure) analysis of this protein contains contributions
from electron ejection and scattering from only the type-3 copper atoms and thus provides direct
structural information about this cluster. The K-edge XAS spectrum for this mutant in its oxidized
and reduced states is shown in Fig. 11. The oxidized sample has a nearly featureless edge with a
midpoint energy of 8990 eV typical of tetragonally distorted type-2 Cu(Il) centers (i.e., ones with
predominantly histidine imidazole coordination). The reduced type-3 cluster exhibited a pronounced
shoulder at 8984 eV just below the midpoint energy of 8987 eV. The shoulder is characteristic of a
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Fig. 6. ESEEM spectra for T2D Fet3p (A) the ESEEM spectrum of the type-1 Cu(Il) site (T2D mutant) was
collected at 2825 G with T =250 ns. The measurement conditions were 8.80 GHz microwave frequency, 43 dB
microwave power, and 4.2 K sample temperature. The sample was 0.5 mM Fet3p in pH = 6.0 MES buffer
containing 25% ethylene glycol. (B) Fourier transform of the ESEEM data. (From ref. /4.)

three-coordinate site with a significant doming of the Cu(I) out of the trigonal plane, presumably
toward a more weakly bound fourth ligand.

The EXAFS analysis of the reduced and the oxidized T1D/T2D mutant protein and of the T1D
mutant that had an intact trinuclear center gave a rather complete picture of the coordination at the
type-3 cluster. The best fit of the EXAFS data in all cases included the coordination of three histidine
imidazoles to each of the two type-3 coppers consistent with the K-edge results. Furthermore, the
bridging oxygen ligand that electronically couples the two Cu(lIl) in the oxidized state was strongly
evident in the data. Also evident was the scattering that gave a Cu—Cu distance in the cluster of 3.33
A. The fitted data for the oxidized cluster are indicated in the structure shown in Fig. 12A.

The analysis of the data for the reduced protein was slightly more ambiguous. This ambiguity
followed from the fact that the best fit required an additional single oxygen or nitrogen first shell
atom at 2.49 A distributed between the two copper atoms. This was at a considerably longer distance
than the bridging O in the oxidized cluster (2.49 vs 1.91 A; see Fig. 12A,B). Also, the Cu—Cu dis-
tance in the reduced cluster was greater because there was no evidence of Cu backscattering in the
data. One interpretation of these data is given in Fig. 12B. In the model, the two copper atoms move
apart upon reduction. The oxygen bridge is disrupted and the putative hydroxide is protonated, thus
making cluster reduction electroneutral. (As presented in Fig. 12, the formal charge of both the oxi-
dized and reduced states is +2; this is arbitrary, of course, because it depends on how one writes the
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Fig. 7. ESEEM spectra for T1D Fet3p. (A) ESEEM spectrum of the type-2 Cu(Il) site was collected at 2690
G with T =260 ns. The measurement conditions were 8.80 GHz microwave frequency, 43 dB microwave power,
and 4.2 K sample temperature. The sample was 0.5 mM Fet3p in pH = 6.0 MES buffer containing 25% ethylene
glycol. (B) Fourier transform of the ESEEM data. (From ref. /4.)

state of protonation/ionization of the bridging oxygen/hydroxide.) In this model, the two Cu(I) could
now serve different roles in O, binding and reduction. The open “apical” coordination site on Cuy)
(see Fig. 12; see also Fig. 3) would be one binding site for the dioxygen molecule; the other site,
tethering the O-O to the protein, would be the type-2 Cu(l), as has been indicated by several studies
(13). The other type-3 Cu(l), in addition to supplying one of the electrons for dioxygen reduction,
serves as part of an acid catalyst, thereby also supplying proton(s) to the reduced oxygen species, O,>
and HO’. There certainly needs to be proton transfer coincident with electron transfer to the dioxygen.
The EXAFS data on the T1D/T2D Fet3p are the first to suggest a model for this part of dioxygen
reduction at the trinuclear cluster of a multicopper oxidase.

7. WHAT MAKES A MULTICOPPER OXIDASE A FERROXIDASE?

7.1. Human Ceruloplasmin

Human ceruloplasmin is composed of six plastocyaninlike domains (plastocyanin is a type-1 copper-
containing protein) that are arranged in a trigonal array (7). One result of this domain replication is a
conformational fold that produces a distinct, negatively charged patch on the protein surface adjacent
to the catalytically active type-1 Cu(Il). This copper atom is in domain 6. Domains 2 and 4 contain
type-1-like copper sites that do not participate in the ferroxidase reaction. Lindley and his co-workers
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Fig. 8. Simulated and experimental two-pulse 2H,O (solvent water) ESEEM spectra. Theoretical ESEEM
spectra for equatorial, axial, and ambient water are calculated as indicated. These can be compared to the
experimental envelopes for the Fet3p type-1 and type-2 Cu(Il) sites (solid lines) and the simulations for these
envelopes assuming only ambient water for the type-1 copper and a combination of one equatorial, one axial,
and ambient water (dotted lines) for the type-2 copper. (From ref. /4.)

have proposed that this patch contains two ligand arrays essential to the ferroxidase reaction (8).
First, they interpreted a region of electron density adjacent to the type-1 Cu(Il) as a “labile” copper-
binding site that includes residues E291, E954, H959, and D1044. (This numbering is referenced to
the mRNA sequence that includes the signal sequence cleaved during processing. This notation has
been chosen to facilitate genome-based alignments.) They postulate that Fe>* binds at this site and is
oxidized in an outer-sphere electron transfer to the type-1 Cu(II). His959 and/or D1044 could pro-
vide the path for this process because both are in contact with the two histidine imidazoles that are
ligands to the type-1 copper. Immediately adjacent to and on the solvent side of this “labile” site is a
region in which additional electron density is observed when the crystals are soaked in Fe3*. The
authors refer to this as the Fe>* holding site for the ferric ion product of the ferroxidase reaction. The
ligands at this putative Fe3* site are not well delineated. However, D249, E950, E951, and E976 are
in the vicinity of this electron density. Also, the electron density resulting from E954 shifts away
from the “labile” site toward this “holding” site, suggesting that this side chain could play a role in
the channeling of the Fe3* from one site to the other. As appealing as this model is, it is based on
fairly limited structural data. Systematic structure—function studies have yet to be done to test this
model (illustrated in Fig. 13).

7.2. Fet3p

Fet3p most certainly does not have the trimeric structure that Cp has and thus cannot have the
ligand arrays that Lindley and co-workers propose for the “labile” and “holding” sites. In both
sites, the ligands come from at least two of the six domains. There is nothing in the Fet3p se-
quence to indicate that Fet3p has a tertiary fold of this nature. On the other hand, Fet3p most
reasonably has one or more ligand arrays that play a similar function. What the crystallographic
data on hCp and their interpretation suggest is that these arrays would be composed of similar
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Fig. 9. Model of the type-1 Cu(Il) structures in Lac, hCp, and Fet3p. The solvent accessibility is indicated by
the shading. As shown in Fig. 5, His494 in Lac is strongly solvent exposed, whereas in hCp, His1045 is fully
buried within the protein. ESEEM analysis (Fig. 8) suggests that this residue in Fet3p, His489, is at or near the
surface of the protein, more similar to Lac than to hCp.

amino acid side-chain types, specifically D or E and H residues. Askwith and Kaplan based
mutagenesis studies on the very reasonable assumption that such residues would provide this
type of metal-ion coordination (/8). Based a homology modeling study carried out by Murphy
et al. (20) and sequence alignments among the putative multicopper oxidases found in a variety
of yeast genomes (shown in Fig. 14), they prepared several Fet3p mutants. These were tested in
vivo for their ability to support iron uptake and in vitro for their ferroxidase activity as visual-
ized by a histochemical enzyme stain of membrane extracts fractionated in polyacrylamide gels.
Among these mutants were E227A, D228A, and E230A. These are found in “ferroxidase” Box 3
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Fig. 10. Alternative type-2 Cu(Il) coordination. (A) The structure of the type-2 site in AO and hCp is repre-
sented in which the two His ligands define a single, presumably equatorial plane. An equatorial H,O is indi-
cated by the fact that anions, including peroxide, the two-electron oxygen reduction intermediate, does bind
equatorially in AO (11). (B) The type-2 Cu(Il) coordination proposed for Fet3p. ESEEM indicates that this site
has only one equatorial His, and one equatorial and one axial water. The other His at this site may be axial
because it does not contribute to the N modulation in the ESEEM pattern (74).
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Fig. 11. XAS of the binuclear type-3 copper site in a Fet3p double mutant. The T1D/T2D Fet3p sample was
0.5 mM in pH = 6.0 MES buffer at 11-14 K. The data were collected at the Stanford Synchrotron Radiation
Laboratory (5). The XAS for the oxidized and reduced type-3 sites are indicated.

(Fig. 14), and except for the latter residue in Fiolp, they are fully conserved in all the yeast
“ferroxidases” identified by sequence analysis to date. Based on the structural model, all were
predicted to play a role in either the binding of Fe?*, or the electron-transfer reaction, or both
(19,20). In fact, none of these mutants constructed by Askwith and Kaplan exhibited any signifi-
cant loss of ferroxidase activity in this qualitative histochemical assay, and all supported a nor-
mal rate of iron uptake. Possibly, a more rigorous kinetic analysis would reveal some deficit in
enzymic activity in one or more of these mutant proteins. However, in light of the normal physi-
ologic activity of these several-mutant proteins, it is highly unlikely that any one of these resi-
dues plays a critical role in the structure and function of Fet3p.
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Fig. 12. Model for the coordination changes at the binuclear copper site in Fet3p upon reduction. This model
is based on the fitting of the EXAFS data from the oxidized and reduced forms of T1D and T1D/T2D Fet3p.
This fitting indicated three significant structural differences upon cluster reduction: (1) loss of the bridging
oxygen ligand; (2) separation of the two copper atoms; (3) appearance of a nonbridging O/N ligand with a
relatively long bond to one of the copper atoms. Also pictured in the model for the reduced state is the dioxygen
liganded to Cu,), as has been proposed based on a variety of spectral and kinetic data. The model here suggests
that the proposed water at Cu s, that results from protonation of the bridging (~OH) upon reduction could serve
as an acid catalyst of the reduction of the bound O,. (From ref. 5.)
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Fig. 13. Model of the iron-binding sites in hCp. Fe?* oxidation is proposed to occur with the metal bound at
a site adjacent to the type-1 copper. Crystallographic data suggest that E291, E954, H959, and D1044 are
ligands to the iron at this site (8). The Fe3* produced is suggested to then migrate to a “holding site” that is
closer to the protein surface. The ligation of this site is not resolved crystallographically; the residues indicated
are potential ligands.
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Fig. 14. Alignment of encoded sequences of Fet3p (gi6323703) and Fet5p (gi6321067) from Saccharomy-
ces cerevisiae, and Fet homolog from Candida albicans (gi1684656), and Fiolp (gi1067210) from
Schizosaccharomyces pombe. The copperligands are indicated by ¢ . The four homology elements common to
the fungal “ferroxidases” are noted as “boxes.” Within two of these boxes, specific residues have been mutated.
These are indicated by an asterisk (*). The arrow below the Leu residue in the type-1 site of these fungal
proteins shows that, as a group, this site is trigonal in this class of multicopper oxidases. The bar above residues
560-579 in Fet3p indicates the predicted carboxyl-terminal membrane-spanning element in this protein; the
alignment shows that this element is likely conserved in FetSp (a known type-1 membrane protein) and the Fet
homolog from C. albicans but is most likely absent in Fiolp. These sequences and others noted in the text can
be retrieved from the website maintained by the National Center of Biotechnology Information (NCBI) using
the accession numbers given (www.ncbi.nlm.nih.gov).

One of the two systems that has been developed to produce soluble, recombinant Fet3p involves
expression of FET3 in insect cells using the standard Baculovirus system (21). The protein produced
localizes to the cell membrane from which it can be released in soluble form by mild trypsin diges-
tion. The protein released is in a copper-free apo form and must be incubated with copper in vitro to
attain enzymatic activity. In this system, two mutants were constructed based on a model of Fet3p
built on the structure of ascorbate oxidase (19,20). In this model, residues E185 and Y354 were
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located adjacent to the type-1 site and therefore were proposed to be involved in iron binding. The
inclusion of Y354 in this set is somewhat surprising inasmuch as Y would preferentially bind Fe3*,
not Fe*. On the other hand, both residues are fully conserved among the yeast ferroxidase homologs
(see Fig. 14, Box 2 and Box 4). In any event, only the EI85A mutant exhibited strikingly different
kinetics with Fe?* as substrate. For this mutant, V,,,, was reduced 2.5-fold while K,, for Fe>* was
increased 6-fold. The result of these two changes was a 16-fold decrease in V,,,,/K,, for Fe** turn-
over. Steady-state results like these are ambiguous with respect to mechanism because these kinetic
constants can reflect the contributions of several discreet steps in the overall enzymic reaction. Among
these are the intermolecular and intramolecular electron-transfer steps, the electron transfers to O,,
and the release of H,O. Therefore, it is not possible to conclude from this type of experiment that a
particular amino acid residue is playing a specific role in only one of these steps.

Nonetheless, mutation at E185 expressed in the Baculovirus system did alter the ferroxidase activ-
ity of Fet3p, indicating that this residue could be a candidate for one of the ligands involved in iron
binding and/or electron transfer into the type-1 Cu(Il). These initial data indicated that the role of
E185 needed to be thoroughly delineated as noted, particularly because it is found within one of the
highly conserved motifs that appear to distinguish the yeast ferroxidases from those found in other
eukaryotes (e.g., flies and mammals). Therefore, it could have played a specific role in the ferroxidase
reaction of Fet3p and there may not be a functionally homologous residue in hCp.

On the other hand, one can reasonably question the choice of structural template in either of these
modeling studies. As noted, Fet3p and hCp have little in common except the copper liganding motifs
characteristicsof all multicopper oxidases (Fig. 4). Although more similar to Fet3p, AO, used by
Buonaccorsi di Patti et al. in their modeling studies, also has a domain structure that sequence align-
ments indicate are not likely to be found in Fet3p. The most similar to Fet3p of those multicopper
oxidases for which structural coordinates have been published is C. cinereus laccase. In a structure
of Fet3p built in silico based on the Lac structure, E185 and Y354 are both over 20 A away from the type-
1 copper site (Kosman, unpublished). The location of E185 in Fet3p based on this model is shown in
Fig. 15A. Of course, this model is no more likely to be correct than either of the other two. Clearly, truly
useful knowledge about the structure of Fet3p with regard to residues with the potential to contribute to
substrate specificity will come only from the crystallographically determined structure itself.

8. KINETIC EVALUATION OF FET3P STRUCTURE AND FUNCTION

A yeast system has been developed capable of producing the soluble recombinant Fet3p
needed for detailed structural, spectroscopic and kinetic analysis (4,5,13,21). This system has
been successfully used to produce the copper-site-deleted mutants whose spectral properties were
described in some detail earlier (4,5,13,21). The amino acid replacements made in these mutants
were shown in Fig. 3. This system is based on a truncation of the FET3 gene at nucleotide +1666
(at amino acid residue 555); a nucleotide sequence encoding the FLAG epitope was appended at
that point. The result of this manipulation was the production of a Fet3p that lacked its carboxyl-
terminal membrane-spanning domain. Instead, it was epitope tagged at its C-terminus. Lacking
its membrane domain, this protein was secreted into the growth medium rather than remaining
tethered to the plasma membrane. This strategy is illustrated in Fig. 16. The protein produced
was easily recovered from the growth medium by ion-exchange chromatography. The yield of
pure protein was 5-10 mg/L, depending on the precise protein species being produced. This
system has two significant advantages over the Baculovirus one. First, the protein is recovered
directly from the growth medium without protease treatment. More importantly, unlike the
Baculovirus expression system, the protein is processed normally within the yeast cell and there-
fore contains all of its copper prosthetic groups.

This protein has been used to determine the precise kinetic constants for the ferroxidase reaction
catalyzed by Fet3p. These constants are given in Fig. 17; this figure also includes the kinetic constants
for iron uptake by the yeast cell. The strong similarity between the two sets of kinetic constants is
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consistent with the inference that the latter values are simply a reflection of the former, that is, that
the ferroxidase reaction catalyzed by Fet3p [reaction (1)] is the rate-limiting step in iron uptake by
the yeast cell. In particular, note that the K,, for O, is essentially the same in both reactions, approx 1 uM.
This underscores the tight coupling that must exist between iron uptake through the iron permease,
Ftrlp, and the ferroxidase reaction catalyzed by Fet3p, as is indicated by the diagrams in Fig. 17.

The yeast-expression system has allowed for the production of the 100-mg quantities of Fet3p
required for detailed structure—function studies. These studies have been of two general types: kinetic
and spectroscopic/biophysical. Most recently, diffraction-quality crystals of Fet3p have been pro-
duced. A sample of these are shown in Fig. 18. These particular crystals are approx 300 um in length
and diffract to approx 3 A, indicating that crystallographic structure determination of Fet3p will be
accomplished in the near future (Taylor et al., unpublished results).

This structure will show whether any of the homology modeling studies alluded to above
provided any real insight into Fet3p structure and function. As noted, the model based on the C.
cinereus laccase is the more reliable based on the paradigms used to select among possible ho-
mologs in choosing a basis set for model building. In fact, this model did locate a pair of aspartic
acid residues at positions 278 and 283 in the encoded protein that were on one side of a shallow
cleft with His489 on the opposite side. His489 provides one of the two type-1 histidine imida-
zole ligands and would be the His that is at or near the protein surface. In this model, D278, in
particular, is immediately adjacent to the site of entry of the electron from the ferrous ion sub-
strate and thus could be part of the substrate-binding site for Fe?* (Fig. 15B). In addition, the
aspartic acid residues lie within a region of the protein that secondary-structure prediction indi-
cates may be o-helical. This would put both D residues on the same face of this putative helix,
indicating that both could be part of the “ferroxidase” site. Furthermore, these D residues are
conserved in all of the yeast “Fet3p” homologs (Fig. 14).

The possible role of either E185 or D278 in the oxidase activity of Fet3p was investigated in the
recombinant protein produced by the method outlined in Fig. 16. Both proteins had intact and spec-
troscopically normal type-1, type-2, and type-3 copper sites as determined by visible aborbance and
cwEPR (e.g., as in Figs. 1 and 2). In contrast to the Baculovirus-produced protein, the E185 mutant
exhibited only a modest decrease in activity (approx 50% of wild type under V/K,, conditions). Under
the conditions of this assay, the D278 mutant was fully wild type in regard to enzymic activity. The
former result was in contrast to that reported by Buonacorsi di Patti et al. (19); their mutant protein
had only approx 6% wild-type activity. However, their expression system did not give them suffi-
cient protein for spectral assay so that they had no independent method by which to determine the
state of the copper sites. In any event, none of these attempts to locate “ferroxidase” residues based
on homology modeling have yielded much insight and thus the question “what makes Fet3p a
ferroxidase” remains unanswered.

That Fet3p and hCp do indeed have specificity for Fe>* as a substrate can be demonstrated directly
by kinetic analysis. The copper-site mutants generated in the yeast-recombinant system have been
particularly useful in two different types of experiments designed to explore the substrate specificity
and overall reaction mechanism for Fet3p. First, the T2D protein allows for investigation of the
electron transfer to the type-1 Cu(Il) in the absence of turnover. This is because in the multicopper
oxidase reaction, electron transfer from the type-1 copper—as Cu(I)—to the trinuclear cluster where
O, is reduced, requires the type 2-Cu(Il) (/,3). Thus, the addition of Fe(II) or other substrate
(o-dianisidine, p-phenylenediamine, hydroquinone) to the fully oxidized T2D protein results in the
reduction of the type-1 Cu(Il) without further turnover (5). This reaction is shown in Fig. 19A with
Fe(II) as substrate and in Fig. 19B with hydroquinone as the substrate (22). The results demonstrate
clearly the strong selectivity that Fet3p has toward Fe(II) in comparison to hydroquinone. The reac-
tion with Fe(Il) is complete within the instrument dead time (approx 2 ms); therefore, the k., must be
>1200 s~!. Under similar conditions of reactant concentrations, the k, for reduction of the type-1
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Fig. 15. Computer modeling of the ferroxidase site in Fet3p. Model proposed by Buonaccorsi di Patti et al.
(21) based on the structure of ascorbate suggested that Glu185 was part of the Fet3p ferroxidase site. A model
of Fet3p based on the more similar laccase structure (9) or a de novo model generated in InSightlI places this
residue >20 A away from the type 1 Cu(Il) (panel A). Instead, this model places residue D278 within 7 A of this
copper site (panel B) (Severance and Kosman, unpublished).

Cu(I) in Fet3p by hydroquinone was 0.008 s~!. The large k., for the reaction with Fe(Il) suggests that
electron transfer takes place within a Fet3p—Fe(II) substrate complex, although it does not require it.

Using this stopped-flow technique, Machonkin and his co-workers have measured the rate con-
stant for the Fet3p—hydroquinone reaction and compared it to the type-1 reduction rates for hCp and
Lac (22). The purpose of this comparison was to establish any possible correlation between solvent
accessibility of the type-1 sites in these proteins (e.g., see comparisons shown in Figs. 5 and 9) and
their reactivity. The second-order rate constants for the reaction of hCp and Fet3p with hydroquinone
were 6.1 x 10* M~'s™! and 3.5 x 10° M~'s™!, respectively. The value for the C. cinereus Lac reaction
was >107 M~'s~!. This pattern of reactivity parallels the solvent accessibility of the type-1 site in the
three proteins in that this site in hCp is completely buried while one edge of this site in C. cinereus is
fully solvent accessible. As suggested by the ESEEM data, the Fet3p type-1 Cu(II) falls in between
these two extremes (/4).

There was no similar correlation between reactivity toward Fe(II) and solvent exposure. Fet3p and
hCp exhibited similar rates of type-1 Cu(II) reduction by Fe(II) (ks > 1200 s7'), whereas the rate
with C. cinereus Lac was >23 s~!. In other words, laccases can use Fe(Il) as the substrate but have no
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Fig. 16. Strategy for production of a recombinant, soluble Fet3 protein in yeast. (From ref. 4.)

better than 1-2% of this activity in comparison to Fet3p and hCp. In addition, they are at least 100-fold
better than the ferroxidases in the turnover of bulky organic reductants. Combining the structure and
reactivity features of these proteins indicates that the type-1 sites in the ferroxidases are less acces-
sible to these large reductants while possessing specificity elements that support the recognition and
binding of Fe(Il) as the substrate. As outlined earlier, some of these elements may have been identi-
fied in hCp; they remain uncharacterized in Fet3p.

Theoretically, the redox potential of the type-1 Cu(II) could provide the specificity toward a par-
ticular reductive substrate in comparison to another. Type-1 copper sites do exhibit a remarkable
variability in reduction potential, from 240 mV in nitrite reductase (23,24) to >1 V for a noncatalytic
type-1 copper in hCp (25). This variability is certainly the result, in part, of the presence of the
methionine ligand found in the four-coordinate type-1 sites (as in hCp and AO) that is absent in Lac
and Fet3p, for example (cf. Figs. 4 and 9). Mutagenesis studies indicate that this ligand “tunes” the
E°’ down by approx 100 mV (26). On the other hand, the ferroxidase-active type-1 sites Fet3p and
hCp have essentially identical reduction potentials (427 and approx 450 mV, respectively) despite
the fact that the latter has Met coordination, whereas the former does not (6,22). In summary, avail-
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Reaction K _(0,), uM K _(Fe*"),uM k_,, min"!
Ferroxidation 1.3 4.8 9.5

SFe Uptake 1.2 a* 367

*Value taken from Dancis ef al (1990)

TValue calculated from V. for ¥Fe uptake at
saturating [O,] of 3.5 pmol Fe/10° cells/h assuming
10° Fet3pe Firlp complexes/cell

Fig. 17. Kinetic equivalence of ferroxidation and iron uptake in yeast. The ferroxidation kinetics were deter-
mined using soluble recombinant Fet3p, whereas >°Fe uptake was determined in whole yeast cells. (Data are
taken from ref. 4.)

able data do not suggest that a simple linear free-energy relationship links substrate specificity to
type-1 reduction potential in the multicopper oxidases, nor does the presence or absence of a Met
ligand predict the E°’. Instead, ferroxidase activity appears to be an acquired trait resulting from
protein elements that are in addition to the copper ligands and environment that directly modulate the
spectral and redox properties of the type-1 copper atom itself.

9. WHERE DO WE GO FROM HERE?

The experimental tools and reagents are now in hand to develop a complete understanding of how
the ferroxidases, Fet3p and hCp, and their congeners in the same and other organisms work, both in
molecular and physiologic terms. Most certainly, a high-resolution structure of Fet3p will be avail-
able, as will data on structure—function studies on mutant forms of recombinant hCp. This informa-
tion will go a long way to fill the current gaps in our understanding of ferroxidase structure and
function. There will be data on the electrophysiology of Fe(II) oxidation by Fet3p and iron uptake
through Ftr1p in a heterologous eukaryotic system (e.g., Xenopus oocytes or transfected Caco-2 cells).
These studies would test models for the coupling mechanism that links Fe(II) oxidation to iron uptake.
The cellular role of other ferroxidases (e.g., hephaestin) in human iron metabolism will have been
established and that of the other ferroxidase/permease pair in yeast, FetSp/Fth1p. The links between
ferroxidases and the Fe?* transporters—those in both the plasma and intracellular membranes—in
the various cell types in mammals will become clearer.

Finally, as this new information becomes available, we will be come to an understanding of the
evolution of the multicopper oxidase that had ferroxidase activity. Copper and iron, of course, are
intimately associated with aerobic metabolism, although copper and iron enzymes are not confined to
obligate aerobes. True, the ferroxidase reaction is explicitly an aerobic process. However, taking
Fet3p as an example (K,, for O, = 1 mM, equivalent to a partial pressure under an 0.1% O, atmo-
sphere), the ferroxidase reaction can proceed under microaerobic conditions. These conditions do not
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Fig. 18. Diffraction-quality crystals of Fet3p. These crystals, which are bright blue, diffract to approx 3 A,
but do not have suitable temperature behavior for analysis using synchrotron radiation. This is likely the result
of the presence of approx 10% residual carbohydrate following endoglycosidase treatment. A recombinant
form of Fet3p lacking carbohydrate is under construction.

obtain for yeast under most lab conditions, but they certainly do for hCp because free O, in the
plasma is strongly buffered by hemoglobin and they certainly would have obtained in the early stages
of geologic aerobiosis. Certainly, one of the early events in aerobiosis would have been evolution of
the copper- and iron-requiring processes of respiration that enormously extended the energy-produc-
tion capacity of facultative aerobes. Mechanisms for supplying iron to cells to support these respira-
tory functions would have been part of this early evolution. In this view, the ferroxidases may have
been the first of the multicopper oxidases and may have been selected for specifically as a component
of iron uptake in these first eukaryotes. There is an irony in this view in that the target for this cellular
iron, whose uptake required the action of a copper ferroxidase, was itself a copper- and iron-depen-
dent enzyme—cytochrome-c oxidase—and both enzymes were dioxygen reductases. On the other
hand, this may not be irony, but a very reasonable evolutionary trick. After all, both enzymes are also
multinuclear metallo-oxidases with surprising homologies despite their disparate overall structures
and cofactors. Reasonably, they are part of the same adaptive stream; perhaps they also part of the
same evolutionary tree. This question, too, may be brought closer to resolution in these next few
exciting years of research on ferroxidases and iron homeostasis.
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Interaction of Copper-Binding
Proteins from Enterococcus hirae
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1. INTRODUCTION

Copper is imported into prokaryotic cells by CPx-type ATPases. CPx-type ATPases have the
transmembrane characteristics typical of P-type ATPases involved in the translocation of many ions.
A conserved Cys—Pro—X (X = C or H) sequence within the transmembrane channel and a variable
number of distinct amino-terminal domains define the CPx classification (/). The cytoplasmic
subdomains of the CPx-ATPases have a MxCxxC or M/HxxMDHS/GxM metal-binding site (x = any
amino acid). Intracellular copper is utilized in the activation of enzymes, such as cytochrome-c oxi-
dase, superoxide dismutase, and lysyl oxidase. Copper also has the potential to cause cellular damage
because of its redox properties. To overcome this dichotomy, the cell regulates copper levels and
prevents toxicity with overlapping mechanisms: sequestration, export, and inhibition of entry.

Protection by sequestration can have numerous modes of action. Metals are secluded by binding to
high-affinity peptides, such as metallothionein (2), or can be stored in vesicles with import facilitated
by ATPase pumps [e.g., the Menkes and Wilson proteins (3)]. Sequestration mechanisms result in an
intracellular environment rich in chelating agents that limit the concentration of potentially toxic
metals. In fact, studies on baker’s yeast Saccharomyces cerevisiae have shown that cells contain very
low levels of available free copper (4). In spite of the chelating environment, essential copper reaches
its target by utilizing a mechanism that both sequesters and directs the copper to copper-dependent
proteins. This mechanism involves a class of proteins termed the copper chaperones.

Copper chaperones have been identified for the delivery of copper to copper-regulated DNA-
binding proteins from bacteria, cytochrome-c oxidase from yeast, superoxide dismutase from yeast and
humans, and Cu(I)-ATPases in yeast and humans (5—7). The utilization of homologous metallochaperones
across such a diverse range of organisms suggests that a common method of copper trafficking has
evolved. The copper chaperone, CopZ, has a central role in copper routing in the gram-positive bac-
terium Enterococcus hirae (8). The E. hirae copper homeostasis gene products are translated from
the cop operon, which encodes four genes copZ—copY—copA—copB. The proteins expressed from the
operon are the copper chaperone, a copper-regulated repressor CopY, and two ATPase pumps, CopA
and CopB (9). The current understanding of the cop system is that cellular copper levels are con-
trolled by the import and export pumps (CopA and CopB) whose expression is regulated by CopY (10).
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Fig. 1. The solution structure of CopZ traces the same global Bafaf fold found in the copper chaperone
Atx1 and the regulatory domain of phenylalanine hydroxylase. The two o-helices lay diagonally across four 3-
strands. CopZ and Atx1 share the same metal-binding loop (MxCxxC) between the first B-strand and the o-
helix. (PDB accession nos. 1CPZ, 1CCS8, 1PHZ).

Copper binds to CopZ in the cytoplasm and is subsequently transferred to CopY. The binding of
copper to CopY leads to release of the repressor allowing expression of the operon to proceed.

2. COPZ: A COPPER CHAPERONE

CopZ has sequence homology to proteins involved in the homeostasis of numerous metals. These
include the copper chaperone, Atx1 (S. cerevisiae), the mercury chaperone, MerP (Shigella flexneri),
a domain in the copper chaperone for superoxide dismutase, CCS (S. cerevisiae and Homo sapiens)
and as the N-terminal domains of the CPx-ATPases: Menkes disease (MNK), Wilson’s disease
(WND), and CopA (H. sapiens and E. hirae). The solution structure of CopZ reveals a conserved
BaBPof global fold and an exposed flexible loop that contains the MxCxxC metal-binding motif
(Fig. 1) (11). The two o-helices lie diagonally across four B-strands forming an “open-faced (3-sand-
wich” (12). This simple global fold is utilized for many different functions. The BaBBaf fold is
found as a domain in phenylalanine hydroxylase (/3) (Fig. 1), procarboxypeptidase (/4), and ferre-
doxin (15). Solution structures of MerP (/6) and MNKTr4 (/7) and the crystal structures of Atx1 (/8)
and CCS (719) have the same BoPPof fold and reinforce the importance of the fold in the
metallochaperone family. The ubiquitous nature of this global fold contrasts to the specificity of the
copper chaperones for their target.

Spectral analysis of CopZ has revealed that the protein binds copper and silver (20,21). Copper-
binding stoichiometry of apoCopZ can be determined by monitoring the amplitude of the metal—
ligand charge-transfer band (MLCT). The untraviolet (UV)-visible absorption spectra of Cu(I)CopZ
displays the characteristic MLCT of a Cu(I)—sulfur transition near 250 nm (Fig. 2). The MLCT reaches
a plateau at 1 mol equivalent of Cu(I). The cysteine residues of the metal-binding site are exposed on
a loop between the first B-strand and the first o-helix with little protection from the surrounding
environment (/7). CopZ displays no copper—thiolate luminescence characteristic of a Cu(I)S protein
in which the Cu(l) is shielded from the solvent environment (Fig. 2). Protected sites are found in
some copper-binding proteins such as metallothionein and the yeast transcription factor Acel (22).

X-ray absorption studies of Cu(I)~CopZ have confirmed the coordination of Cu(I) through two
sulfur ligands, with an average bond length of 2.244 A (21). Extended X-ray absorption fine-struc-
ture (EXAFS) studies of metals coordinated to other BofBop folded proteins have all resulted in
large Debye—Waller factors indicative of static disorder (23-26). All of these studies have derived
bond lengths suggesting a coordination environment with a high proportion of Cu(I) bound to two
cysteinyl sulfurs. Digonal coordination of cuprous copper in proteins was, until the discovery of
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Fig. 2. Reconstitution of Cu(l) into the copper chaperone CopZ. The increase at 250 nm is the result of the
formation of a Cu(I)-S metal-ligand charge-transfer band. Inset: Absence of Cu(I)-S luminescence at 600 nm
in Cu(I)-CopZ (excited at 295 nm).

these proteins, thought to be rare although whole-cell EXAFS performed on S. cerevisiae did predict
a high proportion of digonal copper (27). By providing only two adjacent sulfurs as ligands, the
copper chaperone has exerted pressure on copper to remain digonal. Because the d'° electronic con-
figuration of Cu(l) enforces no stereochemical demands, the coordination is largely determined by
the electrostatic and molecular mechanical factors (28). A combination of direct ligands and the
electrostatic configuration around the metal-binding loop provides a site suited to two-coordinate
Cu(I). This site also allows for the ligand-exchange reactions thought to be involved in the metal
transfer from the metallochaperones to the target. Ligand-exchange mechanisms have been proposed
for the transfer of Cu(I) from a two-coordinate site to a two-coordinate site (Atx1-Ccc2) (23), from a
two-coordinate to a three-coordinate site (CopZ—CopY) (21), and for the transfer of mercury (MerP—
MerT) (29).

3. COPY: A COPPER-REGULATED REPRESSOR

The expression of the cop operon is dependent on the intracellular concentration of copper. The
expression of the operon is biphasic because the operon encodes both the import and export pumps.
Transcription is represssed under normal copper conditions by a DNA-binding protein, CopY. CopY
is a homodimer repressor that binds across the transcription start site to a 27-base-pair inverted repeat.
DNA footprinting and site-directed mutagenesis of the regulatory region has revealed an ACA triplet
at —61 and —30 (from translation start site) to be critical to DNA binding (/0). The secondary struc-
ture predicted for CopY suggests a multidomain protein. The first domain is predicted to have a
helical bundle structure made up of three repeated o-helices making up a DNA-binding domain. A
second domain is proposed as a metal-binding domain; this region lacks regular secondary structure
and encompasses a CxCx,CxC motif (Fig. 3). The CxCx, s;CxC motif is repeated in the
metallothionein family and in a number of transcription factors involved in the expression of
metalloregulated proteins. These transcription factors include Acel (S. cerevisiae) (22), AMT (Can-
dida glabrata) (30), Macl (S. cerevisiae) (31), and Grisea (Podospora anserina) (32). Interestingly,
the Cys motif is found in a human homolog of unknown function (accession no. A161517) (Fig. 4).

CopY is one of the target molecules for Cu(I)~CopZ. DNA-binding activity of CopY is dependent
on metal occupancy of the CxCx,CxC motif (8,10). In the metallotransfer reaction, CopZ transfers
univalent copper ions into the site occupied by the single divalent zinc, displacing the zinc. The size
difference between CopZ/CopY coupled with atomic absorption spectroscopy enables metal transfer
to be monitored (8). Additionally, the CxCx,_sCxC homologs have been demonstrated to have lumi-
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Fig. 3. CopY secondary-structure prediction and proposed domains. The cysteine residues of the metal-
binding domain are highlighted.

CopY mkqlnkkepvetieCnCipgq.CeCkkq

AMT1 qekgitieedmlmsgnmdmclergepCrCharrkrtqksnkk
ACE1 cmcasarrpavgskedetrCeregekaChtkrkssrks
Macl evlthkgiflsthsC.edestCvnclihrseeelns
Grisea mvpvrkpgrplsthCppgkpCnggvrvaipkkq
MT2 P domain mdpnCsCatggsCtCtgsckckeckcns
AF161517 quvsklnqgkpCtCigke.Cqurwhdmevysfsgl
Consensus CxC (4-5)CxC

Fig. 4. Sequence alignment of CxCx4_5/CxC motifs from bacteria, yeast, and humans. CopY is a repressor
protein from E. hirae. AMT]1 is a transcription activator for metallothionien from C. glabrata. ACEl is a
transcription activator for metallothionein from S. cerevisiae. Macl is transcription factor for the CTR/FRE
proteins from S. cerevisiae. Grisea is a Macl ortholog from Podospora ansernia. MT2 B-domain is the N-
terminal domain of metallothionien from H. sapiens. AF161517 is a human protein of unknown function.

nescent Cu(I)-S cores (33). Copper coordinated to sulfur in a solvent-shielded environment is lumi-
nescent at room temperature (28). Cu(I)—S luminescence is observed as the CopZ/CopY metal trans-
fer proceeds. This Cu(I)-S luminescence is the result of Cu(I) binding to CopY, as the Cu(I)-S site in
CopZ is solvent accessible. This can be exploited to determine the copper-binding stoichiometry of
CopY. The increase in Cu(I)~CopY luminescence plateaus at 2.0 Cu(I)/CopY (Fig. 5). AMT titrated
with copper beyond the plateau results in a decreased specific activity of the transcription factor (30).
The binding of these copper ions occurs in an all-or-nothing-type mechanism that has been identified
previously in homologous CxCx,_sCxC proteins (33).

X-ray absorption studies of Cu,CopY confirmed the cuprous state and provided evidence for
Cu(I)-S bonds of 2.26 A. This bond length is best fit with three sulfur bonds; therefore, Cu(I) coordi-
nation in CopY requires the sharing of two sulfur ligands. A secondary scatter at 2.69 A, usually
attributed to a metal-metal interaction, is also evident from the EXAFS analysis (27). These X-ray
data suggest a tight Cu(I),S, core. The distorted planar geometry of three-coordinate copper and the
sharing of ligands mean that the four sulfur groups should be mostly planar. Native CopY is isolated
with 1 mol equivalent of Zn(II) per CopY. This zinc is displaced upon copper binding. In contrast to
the Cu(I)-S planar geometry the zinc in Zn(II)-CopY should be coordinated in a tetrahedral geom-
etry, with three sulfurs in a plane and one sulfur axial. The structural changes in the metal-binding
domain when Cu(I) binds is dramatic enough to effect the DNA-binding activity of the protein. The
addition of copper and reorientation of the metal-binding sulfurs affects DNA binding but does not
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Fig. 5. Copper titration of CopY with Cu(I) as Cu(I)~CopZ. (A) The dotted line represents Zn(I[)-CopY; the
solid line represents 2Cu(I)-CopY. (B) The stepwise increase in relative luminescence at 600 nm for Cu(I)—
CopY. The plateau represents the formation of a stable Cu(I), S, core in CopY.

affect the dimer interaction of CopY. Gel filtration of the CopY species in the transfer reactions
indicates no observable difference in size.

4. THE CHAPERONE-TARGET INTERACTION

Metallochaperones facilitate the transport of metal around the cell to its site of utilization. There-
fore, metallochaperones may have at least dual specificity: one for the site of metal uptake and another
for the target protein. The S. cerevisiae chaperones Atx1, Cox17, and CCS identified for CCC2,
CCO, and SOD1 may deliver copper to a wide variety of copper-dependent enzymes, including the
transcription factors Acel and Macl. Current evidence suggests that the copper chaperones have
limited targets and that the specificity for the target is high (/9). The yeast chaperone—target interac-
tions, identified to date, appear to involve similarly structured domains and/or metal binding sites in
the copper-transfer reaction. The Atx1-CCC2 interaction proceeds between two open-faced B-sand-
wiches with MxCxxC binding sites (same domains/same sites) (34). The CCS—SODI1 interaction
requires the formation of a heterodimer between CCS—SOD1 and results in the movement from a
Cys—Cu-bridged complex to the SOD1 Cu site (same domains/different sites) (35,36). The only con-
firmed target for E. hirae’s CopZ is CopY. The other potential targets for CopZ include the import
and export ATPase pumps. The import pump, CopA, is similar to the Menkes, Wilson, and CCC2
ATPases in that the N-terminus contains a domain with a MxCxxC metal-binding site (37). CopA has
only one BofPaf domain compared to six in the Menkes/Wilson proteins and two in CCC2. The
interaction between CopA and CopZ represents a potential same domain/same site type interaction,
similar to the Atx1-CCC?2 interaction. CopB, the copper export ATPase, has a cytoplasmic domain
rich in histidine residues (38). If CopZ is the only copper chaperone in E. hirae, then it may have
three different targets. A copper homeostasis model for E. hirae is summarized in Fig. 6, with the
assumption that the CopZ is the only copper chaperone.

5. THE MECHANICS OF THE CHAPERONE-TARGET INTERACTION

CopZ transfers copper to CopY, leading to a structural change in CopY and a concomitant decrease
in DNA-binding activity. A structural homolog of CopZ, MNKTr2, the second Cu(I)-binding
subdomain at the amino terminus of the Menkes protein, is unable to transfer copper to CopY (8).
CopZ does not transfer or exchange metal to either MNKr2 or the complete amino terminal of the
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Fig. 6. Schematic representation of copper routing in E. hirae. The import and export ATPase pumps CopA
and CopB control the intracellular concentration of copper by pumping metal across the membrane into and out
of the cytoplasm. Cytoplasmic copper is transferred, by CopZ, to the repressor, CopY, which induces expres-
sion of the operon.

Menkes protein (unpublished data). The subdomains at the amino terminus of the Menkes ATPase
have been shown to have a role in the copper regulated translocation of the Menkes protein from the
trans-Golgi network to the plasma membrane (39). Individually, the structure and metal-binding prop-
erties of the subdomains are identical to the reported properties of the metallochaperones (40).
Because MNKir?2 is predicted to have the Bofof global fold and the MxCxxC motif seen in CopZ,
the ability to recognize a target is not dependent on these general elements. The electrostatic surface
of CopZ and its homologs have charged residues grouped into charged faces (71,18). The organiza-
tion of these faces appears to be individual for the different chaperones. Electrostatic interaction has
been widely implicated in the interaction of the chaperones with targets. A charge relationship be-
tween CopZ and CopY was originally proposed when the cop operon was first described (9). The
structure of Atx1 and modeling of its target, CCC2, has revealed oppositely charged faces that are
proposed to interact (/8). Site-directed mutagenesis of Atx1 has revealed the importance of particular
lysine residues forming patches at the start of the first helix and the end of the second helix. Mutagen-
esis of these two patches resulted in a dysfunctional Atx1. Mutation of a single lysine residue located
close to the MxCxxC motif indicated that this residue is necessary for both delivery of copper to
CCC2 and Atx1’s antioxidant role (47). In the Menkes modules, MNKr4 and MNKr2, a phenylala-
nine occupies this position. A large number of Nuclear Overhauser Effect (NOE) contacts from this
Phe to the methionine of the MxCxxC motif suggest that this Phe’s role is to assist in the stabilization
of the metal-binding loop (/7). Indeed, this residue may orientate the loop for correct copper binding.

The in vitro assay for copper transfer between CopZ and CopY linked to mutations of MNKr2
provides us with a powerful system to exploit gain-of-function mutations (42). The Atx1 lysine resi-
dues, critical for chaperone—target docking in Atx1-CCC?2, are not found at the same position in
CopZ (Fig. 7). MNKTr2 shares similar lysine positions to Atx1 but lacks the lysine arrangement of
CopZ (Fig. 7). This may explain the inability of MNKr2 to deliver Cu(I) to CopY. Whereas Atx1 has
lysine residues on the helical regions, CopZ has lysine patches on the B-sheet and these patches were
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Fig. 7. The lysine arrangement in CopZ, MNKr2, and Atx1. The residues critical to the chaperone function
in Atx1 (highlighted) are not present in CopZ. The residues highlighted in CopZ at positions 31, 32, 37, and 38
have been engineered into MNKr2. The structures of CopZ and Atx1 show that the lysine residues are on
opposite sides of the molecules.
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Fig. 8. Copper transfer of copper chaperone CopZ and homolog MNKTr2. (A) The dotted line represents the
luminescence of Cu(I)-CopZ; the dashed line indicates the luminescence of 2[Cu(I)-MNKr2]+Zn(II)-CopY;
the solid line is Zn(II)-CopY +2[Cu(I)-CopZ], resulting in Cu(I),—CopY. (B) The dotted line represents Cu(I)—
MNKTIr2 4K; the solid line is 2[Cu(I)~-MNKr2 4K+Zn(II)-CopY], resulting in Cu(I),—CopY (i.e., the addition of
lysine residues to MNKr2 along 3-2/B-3 confers a gain of function mutation.

mimicked in MNKr2 mutants. The mutants produced in MNKr2 were QRDN31,32,37,38 KKKK (4K),
QR31,32KK (2K3'32), and DN37,38KK (2K?7-3%). When the ability of the mutants to transfer copper
to CopY was assessed, the 4K mutant was able to function as a chaperone for CopY (Fig. 8). The
2K?3132 and 2K37-® mutants were prepared to determine which end of the B-sheet was predominantly
involved in docking to CopY. 2K37-38 is able to function equally well as the 4K mutant, but 2K3!-3?
was unable to transfer copper (Fig. 9). This indicates that specificity for a target may be conferred by
the arrangement of charged patches on the surface of the chaperone. The nonfunctional 2K3!'-32 mutant
residues lie at the very beginning of the second -strand, which is at the opposite end of the molecule
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Fig. 9. Mutant MNKr2 interactions with native Zn(II)-CopY and the construct Yygs. (A) The dotted line is
Cu(I)-MNKr2 2K3738; the solid line is 2[Cu(I)-MNKr2 2K37-32]+ Zn(IT)-CopY, resulting in transfer to Cu(I),—
CopY. (B) The dotted line is Cu(T)~-MNKr2 2K3738; the solid line is 2[Cu(I)~-MNKr2 2K3738]+ Zn(ID)-Y yips.
resulting in Cu(I),~Yyps. (C) The dotted line is Cu(I)-MNKr2 2K3!-32; the solid line is 2[Cu(I)-MNKr2
2K3132]+ Zn(I1)-CopY, resulting in no transfer of Cu(I). (D) The dotted line is Cu(I)-MNKr2 2K3!-32; the solid
line is 2[Cu(I)-MNKr2 2K3!32]+ Zn(I)-Y s, resulting in Cu(I),~Y ygs.

from the metal-binding motif. Interestingly, the nuclear magnetic resonance (NMR) structure of
MNKTr2 (unpublished results) indicates that these two residues are involved in the loop between helix
1 and strand 2 and contacts with other residues in the loop suggests that Q31 and R32 help define the
transition from helix to strand. The 2K37-38 residues, D37 and N38, however, are located on the turn
between the second and third strands, which is positioned adjacent to the loop containing the metal-
binding motif. The solution structure of CopZ has a lack of definition in this region (/7). Perhaps the
lack of constraint confers to this loop region the mobility the lysine residues require to both success-
fully dock with CopY and correctly position the metal-binding loop.

A truncated version of CopY (Yygs), containing the 32 terminal residues, which includes the
metal-binding region and one helix, was also assessed on its ability to accept copper from MNKr2
and the MNKr2 mutants. Yyzg exhibited no specificity (i.e., it would accept metal from CopZ,
MNKTr2, and mutants) (Fig. 9). This result suggests that CopY specificity for a chaperone exists, at
least in part, outside the metal-binding motif. The recognition site is most likely a combination of
charged residues in the metal-binding motif and the DNA-binding domain proximal in the tertiary
structure. Determination of the residues of the recognition site and those involved in the transfer mecha-
nism is necessary for a complete understanding of copper delivery to CopY.

6. CONCLUSION

The involvement of copper chaperones in directing metal to copper-dependent proteins has significantly
increased our understanding of cellular copper homeostasis. The copper transport pathway in E. hirae
represents a model for the interaction of proteins involved in copper homeostasis. Given the high
level of homology between the E. hirae components and components of other copper pathways in
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different organisms, the results from the cop system will add to the depth of understanding of chaper-
one-mediated copper homeostasis.
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Copper Uptake in Eukaryotic Cells
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1. INTRODUCTION

Copper is a trace element important for the function of many cellular enzymes, but it may be toxic
if present in excess. Thus, a delicate balance between uptake and efflux of copper ions determines the
amount of cellular copper. In biological systems, copper is effectively sequestered by binding to
molecules such as glutathione or metallothionein or by cytoplasmic transport proteins called copper
chaperones (/). Consequently, free copper ions are virtually nonexistent in living organisms. The
concentration of free copper ions has been estimated to be of the order of 107!8 to 10713 M in yeast
cells and in human blood plasma, respectively (2,3). In this chapter we will give a brief overview of
the routes taken by copper in humans from absorption in the intestine to extrusion into the bile,
followed by a more detailed review of the molecular mechanism involved in copper uptake in mam-
malian cells. For comparison, we will also discuss the extensive knowledge about the mechanisms of
Cu uptake in the yeast Saccharomyces cerevisiae.

2. THE ROUTES OF COPPER TRANSPORT IN HUMANS
2.1. Absorption of Copper and Intercellular Transport

In humans, dietary copper 0.6—1.6 mg/d is mainly absorbed in the small intestine where it is trans-
ferred across the mucosal barrier by a mechanism which seems to be nonenergy-dependent (3). The
high-affinity copper-uptake protein hCtrl might be involved in this function.

From the mucosal cells, copper is transferred across the basolateral membrane into the interstitial
fluid and portal blood by an energy-dependent mechanism. This appears to be the rate-limiting step
and probably involves the copper transporting P-type ATPase encoded by the Menkes gene (3,4).

Copper absorbed in the intestine is transported via the portal blood to the liver, kidney, and other
tissues in the form of Cu(Il)-albumin as well as Cu(Il)-histidine and probably Cu(Il)—transcuprein
complexes. Although the amount of albumin is higher than the amount of transcuprein, the two pro-
teins binds almost equal amounts of copper. However, albumin seems not to be critical for the normal
distribution and metabolism of copper, as it has been shown that the Nagase analbuminemic rat,
which has no albumin in its blood, shows normal copper transport (3,5).

In the liver, copper is incorporated into ceruloplasmin during its biosynthesis and maturation,
resulting in secretion into the blood plasma. The Wilson protein, a P-type ATPase homologous to the
Menkes protein, is involved in the incorporation of copper into ceruloplasmin (6). Although more

From: Handbook of Copper Pharmacology and Toxicology
Edited by: E. J. Massaro © Humana Press Inc., Totowa, NJ

189



190 Moller and Horn

than 95% of the copper in the plasma is bound to ceruloplasmin, it is unknown if this complex is
involved in Cu mobilization from serum. It has been speculated that ceruloplasmin has no essential
role in copper transport, because exchange of copper bound to ceruloplasmin is very slow (6,7).
However, failure to incorporate copper into ceruloplasmin results in an unstable protein and loss of
its ferroxidase activity, which is important for the mobilization of iron (8). In agreement with this, it
was shown that patients suffering from aceruloplasminemia have normal copper metabolism but
accumulation of iron in the liver and brain (9).

2.2. Buffering and Storage Systems

Glutathione is a tripeptide found ubiquitously in all cells. It has been shown that excess intracellu-
lar copper in the intestine, liver, and probably other tissues are immediately bound to glutathione and
subsequently to metallothionein (/0,11). Thus, inhibition of glutathione synthesis in hepatocytes with
buthionine sulfoximine inhibits incorporation of 4’Cu into metallothionein by more than 50%. More-
over, glutathione has been shown to protect cells against copper toxicity (10-12).

Metallothioneins are a group of low-molecular-weight cysteine-rich proteins found in vertebrates,
invertebrates, and fungi (/3). Mammalian cells have multiple metallothionein proteins that can buffer
the intracellular concentrations of several metal ions, such as Cu, Zn, Cd, and others, which induce
and bind to metallothioneins to different extents (/4—17). In mammals, this induction is mediated by
binding of metal-responsive transcription factor 1 (MRF-1) to metal-responsive elements (MRE), in
the metallothionein promoters. These promoters have multiple copies of MRE elements, which con-
tain a core consensus sequence, 5'"TGCPuCXC-3' conserved in all higher eukaryotes (18).

In S. cerevisiae there are two metallothioneins: Cupl and Crs5, of which Cupl is the most impor-
tant. Only Cu and Ag induce the CUPI and CRS5 genes and this induction is mediated through a
copper-binding transcription factor Acel (/19-21). The CUPI gene promoter contains four Acel bind-
ing sites, whereas the CRSS5 promoter contains only a single site (22,23). Studies of both yeast and
mammalian cells have shown that metallothioneins have no direct role in copper uptake as such, but
are important for the storage of the metal ions (24,25) and for protection against copper toxicity
(10,26,27).

2.3. Copper Chaperones

Recently, a number of small cytosolic copper-binding proteins, called copper chaperones, have
been shown to transport copper to specific copper-dependent target proteins. Hah1 transports copper
to the Wilson and the Menkes proteins (28,29); CCS transports copper to the cytoplasmic protein
superoxide dismutase (Sodl) (30,31); Cox17 transports copper to mitochondria for incorporation
into cytochrome-c oxidase (32,33). The presence of these copper chaperones is necessary to ensure
that copper can reach its specific target protein. It is unknown how the chaperones become loaded
with copper and whether copper-uptake proteins are directly involved in this process.

2.4. Copper Efflux Pumps

The Wilson and Menkes proteins are highly homologous P-type ATPases. Both proteins appar-
ently contribute to the cellular export of copper, by two different mechanisms. They are involved in
loading of secretory proteins with copper as well as in direct extrusion of copper from the cell. The
biosynthetic loading takes place in the trans-Golgi network, where the Wilson and Menkes proteins
are normally located. The Wilson protein is expressed primarily in the liver, where it transports
copper to apoceruloplamin, whereas the Menkes protein is predominant in all other tissues (34,35).
Direct excretion of copper appears to take place when cells are subjected to elevated copper levels.
Under these conditions, the Menkes protein move from the trans-Golgi network to the plasma mem-
brane of CHO cells, presumably to mediate direct excretion of copper (36). On the other hand, an
increase in the concentration of copper in HepG?2 cells results in movement of the Wilson protein into
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a cytoplasmic vesicular compartment (37). It is very likely that movement to the hepatocyte
basolateral membrane, for extrusion of copper into the bile, follows this step. Thus, in liver sections
from copper-loaded rats, it was found that the Wilson protein was distributed in multiple vesicular
structures and concentrated near the bile canalicular plasma membrane (38).

The Menkes protein is encoded by the ATP7A gene and mutations in this gene result in Menkes
disease. Menkes disease is X-linked and characterized by severe neurodegeneration and connective
tissue abnormalities, which can be ascribed to reduced activity of several copper-requiring enzymes.
Fibroblasts from patients suffering from Menkes disease accumulate copper, and this is used diag-
nostically (39). Wilson disease, which is caused by mutations in the ATP7B gene, is characterized by
copper toxicity resulting from the loss of ability to export copper from the liver to the bile and the
inability to incorporate copper into ceruloplasmin (40—43).

3. COPPER UPTAKE IN YEAST CELLS

Two genes encoding high-affinity copper transporters, CTRI and CTR3, have been identified in
the yeast S. cerevisiae (44,45). In most commonly used S. cerevisiae laboratory strains, the CTR3
gene is disrupted by a transposon. Inactivation of the CTRI gene in such a strain eliminates high-
affinity copper uptake and makes the strain resistant to high external concentrations of copper. The
defective copper uptake furthermore results in deficiency of Cu,Zn superoxide dismutase activity
and the intracellular copper concentration appears to be reduced as judged from the reduced expres-
sion of a lacZ reporter gene fused to the copper-inducible CUPI promoter. On the other hand,
overexpression of the CTRI gene leads to increased uptake of copper (44,46).

High-affinity copper uptake is not severely impaired by the CTR/ deletion in yeast strains where
the CTR3 gene is functional, reflecting the functional redundancy of the two genes. However, strains
in which both genes are functional have a higher rate of copper uptake compared to strains mutated in
either of the two genes (45).

Both Ctrl and Ctr3 are integral membrane proteins and have been localized to the cell surface, by
microscopy of yeast strains transformed with plasmids expressing epitope-tagged Ctrl or Ctr3 fusion
proteins (44,47). Both proteins are predicted to have similar membrane topologies with three
transmembranal segments, an extracellular N-terminal domain, and an intracellular C-terminal
domain (44,47,48). By immunoprecipitation, Ctrl has been shown to exist at least as a homodimer
(46), whereas Ctr3 apparently forms a trimer at the plasma membrane (47). It is speculated that such
homomultimeric complexes, having from 6—12 transmembrane domains might form a pore through
which the copper substrate could be translocated.

In spite of their similar topology and function in copper uptake, the Ctrl and Ctr3 proteins have
limited primary sequence homology. The Ctrl protein consists of 406 amino acid residues and has a
relatively large N-terminal domain containing 11 potential copper-binding motifs of the type MXXM
(44). The Ctr3 protein consists of only 241 amino acid residues and lacks the numerous methionine-
rich motifs found in Ctrl, but it contains several cysteine residues, some of which might be involved
in metal binding (45). Ctr1 is heavy glycosylated with O-linked sugars (46), whereas Ctr3 migrates in
sodium dodecyl sulfate (SDS)—polyacrylamide gels as a 27-kDa monomeric protein consistent with
its predicted mass, suggesting little or no glycosylation (47).

In addition to the high-affinity transporters Ctrl and Ctr3, several putative low-affinity copper-
uptake systems have been identified in the yeast. The Ctr2 protein is 189 amino acid residues long
and has some homology to Ctrl and Ctr3, and like these, it is predicted to have three membrane-
spanning segments (49). Ctr2 has been proposed to be a low-affinity uptake system for copper, as a
mutation in the CTR2 gene increased resistance to toxic copper concentrations and overproduction of
Ctr2 provided increased resistance to copper starvation. However, overproduction of Ctr2 was not
sufficient to complement a ctr/ ctr3 mutant with respect to copper uptake (49).
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%4 Cu accumulation (ng / mg protein)

Fig. 1. Uptake of ®*Cu, by human fibroblast cultures. The culture designated WT is a primary cell line
derived from a healthy individual. The remaining cultures were obtained from the same primary fibroblast
culture that had been immortalized and transfected with plasmids as indicated. The amount of **Cu accumula-
tion (ng/mg protein) during 20 h incubation in the presence of 10 uM %Cu is shown. (Data from ref. 53.)

Recently, the low-affinity Fe(II) permease Fetdp from S. cerevisiae has been demonstrated to
function as a low-affinity copper permease (50). Furthermore, three proteins, Smfl, Smf2, and Smf3,
belonging to the Nramp family of metal transporters, have also been implicated in copper uptake,
although they appear to have a higher affinity for manganese. It was found that EGTA arrested the
growth of yeast strains in which one or more of the three SMF genes had been disrupted, and this
growth arrest could be reversed by addition of 5 uM Cu(Il) (51).

4. COPPER UPTAKE IN MAMMALIAN CELLS

A human protein potentially involved in high-affinity copper uptake, hCtrl, has been identified by
complementation of a yeast ctr/ ctr3 double mutant (52). Expression of hCTR/ in the uptake-defi-
cient yeast mutant restores high-affinity iron uptake and permits growth on nonfermentable carbon
sources. Furthermore, the human gene renders the yeast cells sensitive to copper overload, corrects
the deficiency of Cu,Zn superoxide dismutase, and increases the cellular copper level as measured by
atomic absorption spectrophotometry (52). Recently, human fibroblasts, transfected with hCTR]
cDNA have been shown to have a dramatically increased capacity for **Cu uptake, providing direct
evidence that hCtrl can function in copper uptake in human cells (see Fig. 1). So far, no human
disorders of copper metabolism have been associated with the hCTRI gene, so it is presently unclear
if other transporters might contribute to the uptake of copper ions in human cells.

A murine homolog of the hCTR/ gene (mCTRI) has recently been cloned and shown to
functionally complement yeast cells deficient in high-affinity copper uptake (54). The possible gen-
eration of a mCTRI knockout mouse might provide additional insights into the physiological role of
Ctrl in mammalian copper metabolism. The mouse protein is highly homologous to hCtr1 (Fig. 2),
and both are encoded by four exons separated by introns that are located at identical positions (53,54).
Interestingly, both proteins are also highly homologous to the predicted protein product of a rat cDNA
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Fig. 2. Comparison of the protein sequences of hCtrl, mCtrl, and rCtrl, which consist of 190, 196, and 187 amino acid residues, respectively. Only
derivations from the hCtrl sequence are shown. Hyphens indicate the absence of an amino acid at the corresponding position. The predicted transmem-
brane segments in the hCtrl sequence are shown in bold (52). Nucleotides flanking the three introns in the hCtrl and mCtr1 coding sequences respectively
are underlined (53,54). The Genbank accession no. of the hCTR/ and the rCTR1 sequences are U83460 and AF268030, respectively. The murine sequence
was compiled from four EST sequences as described in ref. 53 (Genbank accession nos. AA124593, AA4867805, A1195572, AA250186).
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DNA Protein
GATCATTCC DHS
Human CAC CAT ATG GGG ATG AGC TAT ATG GAC MHHMG MSYMD
Mouse AAC CAT ATG GGG ATG AAC CAT ATG GAG MNHMG MNHME
ATG CAC CAT ATG GGT ATG AAC CAC ACG GAC MHHMG MNHTD
CAC /H\
GATCCTTCG
Rat CTG GAC CAC AGG ATG AAC CAC ATG GAG MR MNHME
ATG CAT CAT ATG GGG ATG AAC CAC ACG GAC MHHMG MNHTD

Fig. 3. Comparison of the DNA direct repeats in the beginning of the hCTRI, mCTRI, and rCTRI coding
sequences. The initiation codon of the three genes is boxed. A 9-bp insertion in the first repeat of the human and
rat sequence and a 3-bp insertion in the third repeat of the murine sequence have been “pulled out” to emphasize
the similarity of the repeats. The methionines are shown in bold.

sequence, rCTRI (Fig. 2), but there is presently no experimental evidence relating to the function of
this protein. Conflicting predictions have been presented for the initiation codon of the murine CTR1
gene (53,54). In Figs. 2 and 3, we have assumed that the initiation codon is the first ATG codon in the
mCTR] reading frame of the mouse cDNA.

The human Ctr1 protein is only 190 amino acids long and is predicted to contain three transmem-
brane segments like the yeast transporters. Interestingly, the primary structures of hCtrl and a high-
affinity copper transporter, Ctr4, from S. pombe suggest that these proteins have evolved by fusion of
domains corresponding to the N-terminal domain of Ctrl and the C-terminal domain of Ctr3 (48). It
is remarkable that the hCtrl protein can substitute for the yeast Ctrl protein, even though the
N-terminal domain of the human protein is considerably shorter and contains only two putative cop-
per-binding motifs, MXXM, whereas the yeast protein has 11 copies of this motif.

Interestingly, the beginning of the mouse and the rat CTR/ coding sequences contains four imper-
fect repeats of a 15-bp-long consensus sequence ATG (A/C)AC CA(T/C) ATG G(G/A)(G/C) that
may encode an MXXM motif, whereas only two of these repeats are present at the beginning of the
human CTRI sequence (Fig. 3). Thus, it appears that the number of MXXM motifs even in these very
closely related proteins may vary because of the expansion or deletion of such direct repeats in the
DNA sequence. In this connection, the considerable sequence deviation between the N-terminal
domains of the hCtrl, mCtrl, and rCtr1 proteins should be contrasted with the completely conserved
amino acid sequences of their C-terminal domains (Fig. 2).

By DNA sequence analysis, Zhou and Gitschier (52) has identified another human gene, hCTR2,
which is similar to hCTRI. The hCtr2 protein consists of 143 amino acid residues and is predicted to
have the same membrane topology as hCtrl, but it lacks the counterpart of the putative copper-
binding N-terminal domain. So far, there is no evidence of an involvement of hCtr2 in copper uptake,
as expression of the hCTR2 gene failed to complement the uptake deficiency of yeast mutant strains
(52). In agreement with this, copper uptake by human cells was not increased upon transfection with an
hCTR?2 expressing plasmid (Fig. 1). The hCtr2 protein resembles the S. cerevisiae Ctr2 protein, as they
both lack the counterpart the N-terminal domain of the Ctrl proteins, the domain that has been implicated
in the binding of copper by these proteins. Consequently, it has been speculated that the physiological
function of hCtr2 and Ctr2 may be in the transport of substrates other than copper ions (49,53).
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5. REQUIREMENT FOR REDUCTION OF COPPER(I) PRIOR TO UPTAKE

In S. cerevisiae, high-affinity copper uptake mediated by Ctrl and Ctr3 appears to be specific for
transport of Cu(I) formed by prior reduction by the cell-surface Cu/Fe reductases Frel/Fre2. The
Frel and Fre2 proteins were originally identified as plasma membrane ferric reductases required for
iron uptake (55,56). Subsequent studies showed that the ability of Ctrl and Ctr3 to function in high-
affinity Cu uptake is dependent on the Frel reductase, as Cu uptake mediated by Ctrl and Ctr3 was
reduced to 90% and 70%, respectively, in the absence of Frel (45). Comparison of copper uptake by
mutant strains lacking Frel or Fre2 or both activities showed that Fre2 provides a minor but signifi-
cant contribution to transport-related copper reduction under conditions of low Cu(II) concentration
(57). However, even the frel fre2 double mutant was not as deficient with respect to copper uptake as
mutants lacking the Ctrl and Ctr3 proteins, perhaps owing to residual Cu reductase activity that
might be ascribed to the FRE3—FRE?7 gene products. Furthermore, it has been shown that extracellu-
lar reductans such as ascorbate may suppress the dependence of Cu uptake on the plasma membrane
reductase activities, presumably by facilitating nonenzymatic reduction of Cu(Il) (57,58).

In mammals, there is no consensus concerning the oxidation state of copper during uptake or the
possible involvement of plasma membrane reductase activities. Several reports have suggested that
copper is preferentially taken up in the form of Cu(II). Thus, the Cu(I)-specific chelator bathocuprione
sulfonate did not inhibit the uptake of copper in the form of CuHis, into trophoblast cells isolated
from human term placenta (59). Ascorbate, which reduces Cu(Il) to Cu(I), actually impaired apical
uptake of copper from CuCl, into human differentiated intestinal Caco-2 cells (60). In contrast,
Percival and Harris (61) reported that ascorbate enhances copper transport from ceruloplasmin into
human erythroleukemic K-562 cells, indicating that copper is taken up as Cu(I).

6. ENERGY REQUIREMENT OF COPPER UPTAKE

It has not been generally settled whether copper uptake is an energy-requiring process. In S.
cerevisiae, it was found that Cu accumulation was saturable and subject to inhibition by the respira-
tory inhibitor sodium azide and the uncoupler dinitrophenol, particularly when cells were grown on
nonfermentable carbon sources (25). These results suggested that ATP is required to sustain net
uptake of copper. Conflicting results have been reported concerning the energy requirement of cop-
per uptake into mammalian cells. McArdle et al. (62) found no evidence for an ATP requirement in
mouse hepatocytes, as inhibitors that substantially reduced intracellular ATP levels failed to reduce
copper uptake. Studies of cultured trophoblast cells from human placenta also indicated that ATP
was not required for copper uptake (59). A recent study has suggested that apical uptake of Cu in
human differentiated intestinal Caco-2 cells may not even be carrier mediated, as uptake appeared to
be nonsaturable at copper concentrations up to 80 uM (60). However, Arrendo et al. (63) reported
that copper uptake into Caco-2 cells was saturated at external copper concentrations of 4-6 uM.

Given the similarity and functional equivalence of the human and yeast Ctr proteins, Caco-2 cells
would be expected to have similar substrate specificity and uptake mechanism as yeast cells. The
different results concerning the requirements for energy and substrate reduction in yeast and mam-
malian cells might, in part, derive from the failure to distinguish between passive adsorption of Cu on
the cell surface and true intracellular uptake of Cu. It appears that the great majority of copper asso-
ciated with cells of S. cerevisiae belongs to a pool of rapidly exchangeable copper adsorbed on the
cell surface and that this exchange was not energy dependent (25,64,65). Most of the cell-associated
copper in mouse hepatocytes (66) and in Escherichia coli cells (67) also appears to be associated with such
a rapidly exchangeable pool, which may severely complicate studies of the copper-uptake process.

7. REGULATION OF GENES INVOLVED IN COPPER METABOLISM

In yeast cells, copper uptake appears to be limited by the expression of the CTRI and CTR3 genes
(45,46) and this limitation is part of an intricate regulatory loop that controls the intracellular copper
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concentration. Thus, copper transcriptionally downregulates the CTR/ and CTR3 genes as well as the
FRE] gene, because their expression depends on a copper-sensitive transcriptional activator Macl
(68,69). Furthermore, the presence of a high copper concentration also inhibit copper uptake by
inducing rapid degradation of both Mac1 and Ctrl (70,71), whereas copper does not affect the stabil-
ity of Ctr3 (47). Internalization of Ctrl protein can be seen when cells are exposed to copper; how-
ever, the degradation of Ctrl seems to be independent of endocytosis, as it also takes place in strains
defective in endocytosis and vacuolar degradation. Together, these mechanisms assure a tight control
of the intracellular copper concentration in yeast cells. It is presently unknown how copper uptake in
mammalian cells is regulated. The finding that **Cu accumulation by human fibroblasts was greatly
increased by transfection with the hCTRI gene suggests that Cu uptake in human cells, in analogy
with yeast, is normally limited by the expression of the hCTR/ gene (Fig. 3). However, expression of
the mammalian CTR/1 genes is apparently not regulated in response to the cellular copper availability
(54). In this connection, it is noteworthy that efflux-deficient fibroblasts from Menkes disease patients
hyperaccumulate copper in contrast to yeast cells deficient with respect to the homologous Ccc2
protein (72). This difference might suggest that the control of copper uptake in human cells is less
stringent than in yeast cells.

In yeast cells, copper is indirectly required for ferrous iron uptake, because iron uptake depends on
a multicopper ferroxidase, Fet3, located in the plasma membrane. This link between copper and iron
metabolism is reflected in the finding that FET3 and several of the genes involved in transport of
copper to Fet3 are regulated by iron. Thus, the FREI and FRE?2 genes encoding Fe (III)/Cu(Il) mem-
brane reductases as well as the CCC2 and ATX1 genes, which encode the copper pump, Ccc2 and its
chaperone, respectively, are all regulated by the iron-responsive transcription factor Aftl (28,73,74).

The human homolog of Fet3, ceruloplasmin, is also involved in iron transport, but the major func-
tion of ceruloplasmin seems to be mediation of iron export via the protein transferrin (75,76). How-
ever, recent results suggest that ceruloplasmin also stimulates cellular iron uptake (77). In analogy
with its yeast homolog the human ceruloplasmin gene is activated by iron deficiency (77,78), but
conflicting results have been reported concerning the regulation of this gene by copper. McArdle et
al. (17) found no effect of copper on ceruloplasmin expression in mouse hepatocytes, whereas Daffada
and Young (79) observed an increase of ceruloplasmin mRNA in HepG2 cells after administration of
copper.

8. UNRESOLVED QUESTIONS

Although our knowledge about Cu uptake in mammalian cells has increased considerably over the
last few years, there are still several important questions that remain unresolved. Thus, it still needs to
be established whether copper uptake mediated by hCtrl is energy dependent and whether copper is
transported in the form of Cu(I) or Cu(Il). Furthermore, it is presently unknown if other proteins
besides hCtr contribute significantly to the uptake of copper by human cells. How the different cyto-
plasmic copper chaperones become loaded with copper also remains to be elucidated. Finally, our
knowledge about the regulation of copper uptake in mammalian cells is very sparse. The recent clon-
ing of several of the genes involved in copper homeostasis in mammalian cells and further mechanis-
tic and physiological studies of their encoded gene products will probably provide the answers to
these questions.
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The Role of PINA in Copper Transport, Circadian
Rhythms, and Wilson’s Disease

Jimo Borjigin, Xing Sun, and Michael M. Wang

1. INTRODUCTION

Circadian rhythms are found in virtually all organisms and are tightly coupled to environmental
lighting conditions. These rhythms dictate our daily sleep schedule and hormonal fluctuations (/) and
even influence our susceptibility to disease such as heart attacks (2), strokes (3), and seizures (4).
One of the best studied circadian rhythms is the activity of the pineal gland, an organ situated deep
within the brain. The pineal exhibits dramatic diurnal fluctuations in secretion of the hormone mela-
tonin, which is best known for its soporific effects in humans. Melatonin is the only vertebrate hor-
mone that is known to universally link environmental light information to the body’s physiological
responses, including clock resetting, seasonal reproduction, and sleep (5). To understand the molecu-
lar basis of the circadian regulation of the pineal gland, we identified a set of genes expressed exclu-
sively in the nighttime pineal. One of these genes, the pineal night-specific ATPase (PINA) is the
focus of this chapter. PINA is a novel splice form of ATP7B and a putative copper transporter, which
is active in the pineal only at night. The identification of PINA suggests that dynamic regulation of
copper may play an integral role in circadian rhythms, and the study of PINA’s functional differences
from ATP7B may prove useful in understanding metal-transporting ATPases.

2. ENZYMATIC SYNTHESIS OF MELATONIN

To understand the role of PINA in circadian biology, one must first review the physiology of the
pineal gland. In all animals, the only known function of the pineal is the regulated synthesis of mela-
tonin. Melatonin is synthesized from dietary tryptophan by the actions of four enzymes (Fig. 1).
Tryptophan hydroxylase (TPH), the rate-limiting enzyme in serotonin synthesis, is responsible for
the 5' hydroxylation of tryptophan, yielding 5-hydroxytrytophan (5-HTP). A nonspecific aromatic
amino acid decarboxylase (AAADC) converts 5-HTP to 5-hydroxytryptamine (5-HT, serotonin). A
pineal/retina-specific enzyme serotonin N-acetyltransferase (NAT) acetylates serotonin to form
N-acetylserotonin (NAS). Finally, another pineal/retina-specific enzyme, hydroxyindole-O-
methyltransferase (HIOMT), catalyzes the conversion of NAS to melatonin.

3. REGULATION OF MELATONIN SYNTHESIS

Melatonin synthesis is ultimately controlled by the suprachiasmatic nucleus (SCN) of the brain,
which uses a biological clock and lighting information to rhythmically control neural pathways. One
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Fig. 1. Melatonin synthetic pathways (see text for details).

role of the SCN is to influence neurons of the superior cervical ganglion (SCG), which send axonal
processes directly to the pineal gland. When stimulated, sympathetic SCG neurons release norepi-
nephrine into the pineal, activating B-adrenergic receptors on the plasma membrane of pinealocytes.
The receptors initiate a signaling cascade resulting in the production of cAMP, which stimulates the
production of melatonin mainly by activating transcription of the NAT gene (6). Although NAT
mRNA levels correlate very well with melatonin production, additional effects of cAMP on protein
stability and serotonin synthesis in the pineal are under active investigation.
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Fig. 2. Structure of PINA in comparison with ATP7B. (A) PINA cDNA structure. Functional domains that
are conserved among copper transporters are marked as follows: copper, copper-binding domains; Td, trans-
duction domain; Ch/Ph, channel/phosphorylation domain; ATP, ATP-binding domain. The potential copper-
binding HXXM motif conserved in ATP7B proteins is also marked. The hatched region at the 5' end of PINA
cDNA represents PINA-specific untranslated sequence. (B) PINA genomic structure. Transcriptional initiation
site of PINA mRNA is located in the intron 8 (9) of ATP7B gene.

4. PINA AND PINEAL CIRCADIAN RHYTHMS

To understand the molecular regulation of the pineal gland at night, we attempted to identify
nocturnal genes expressed in the pineal gland by performing subtractive hybridization (7). PINA was
among the first of these genes to be characterized.

Sequence analysis of PINA revealed that it is an alternatively spliced form of ATP7B, the copper-
transporting ATPase mutated in Wilson’s disease (WD) patients (Fig. 2A). In the PINA message,
sequences encoding the N-terminal half of ATP7B are replaced by a unique untranslated 300-base-
pair leader sequence. The PINA protein, therefore, represents only the C-terminal half of ATP7B.
The 300-base-pair leader sequence has been shown to be part of an intron immediately upstream of
exon 9 of ATP7B, suggesting that PINA is driven by a novel pineal/retina-specific promoter (8) nested
within the center of the ATP7B gene (9) (Fig. 2B). The PINA promoter in fact contains a single CRE
and multiple PIRE sites, which may be important for cAMP inducibility and pineal/retina tissue-
specific transcription, respectively (8).

Using probes unique for PINA, we determined that PINA is expressed exclusively in the pineal
gland and the retina. Analysis by in situ hybridization demonstrates that PINA is expressed abun-
dantly in selected populations of pinealocytes. In the retina, PINA is expressed in the retinal pigment
epithelium and a subset of photoreceptors at night. Northern blot analysis also demonstrated dramatic
temporal regulation of PINA mRNA that coincides precisely with the expression of NAT mRNA and
increased melatonin production (Fig. 3). Like NAT, the expression of PINA is controlled by adrener-
gic stimulation of the pineal gland by the SCG (10).

5. IMPLICATIONS OF FUNCTIONAL ANALYSIS OF PINA

Pineal night-specific ATPase is predicted to encode a 665-amino-acid protein with a molecular
weight of 74 kDa. The protein contains only four of eight transmembrane domains predicted for
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Fig. 3. Temporal expression pattern of PINA mRNA in adult pineals. Northern blot of pineal RNA collected
from rats at 2-h intervals was hybridized sequentially with full-length PINA, NAT (7), and GAPDH probes.

ATP7B (11) and retains the transduction, channel/phosphorylation, and ATPase catalytic domains.
PINA does not contain five proposed metal-binding domains within the N-terminus of ATP7B, which
have been postulated to bind copper and regulate activity of the transporter (Fig. 2A).

Surprisingly, despite the deletion of a bulk of the ATP7B protein, PINA functions as a copper
transporter when introduced into yeast complementation assays, although its activity is much lower
than the ATP7A protein analyzed as a control (/0). The functional integrity of PINA provides some
useful insight into the structure requirements of other ATPases. PINA’s structure suggests that previ-
ously identified critical N-terminal regions of ATP7B may not be essential for function. Moreover,
regions conserved in the C-terminus may take on significance of greater magnitude than previously
suspected.

We have sought to explain how PINA functions without N-terminal metal-binding motifs by examin-
ing its sequence for possible alternative metal-binding motifs in the C-terminus. The MXXM motif has
been previously implicated in copper binding in bacterial copper transporters, but we did not find
these motifs in PINA. Instead, we identified 3 copies of a HXXM motif in the C-terminus of the
protein, which is also present in 11 copper-transporting proteins from bacteria and vertebrates (10).
In some bacterial proteins, the motif was repeated five times (Table 1). Based on this analysis, we
suggest that the HXXM motif is involved in binding copper and that, in PINA, this is sufficient for
copper transport. We further speculate that the N-terminal domain of ATP7B, missing in PINA, plays
a regulatory, rather than essential, role in copper transport. Experimental verification is forthcoming.

6. ROLE OF PINA IN PINEAL PHYSIOLOGY

To determine a role for PINA in the normal pineal physiology, we have turned to the LEC rat, a
strain in which PINA and ATP7B are mutated as a result of a large deletion in the C-terminal coding
region (12). These rats are well-established models of Wilson’s disease in which copper builds up in
the liver, resulting in liver failure and death (73).
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Table 1

A HXXM Motif Present in PINA/ATP7B and Proteins Involved in Copper Trafficking
Source Protein HXXM motifs* GeneBank accession no.
Rat PINA/ATP7B SYITSHGRM Q64535

603/1 339HVGM
641142THGGM
Human ATP7B 139HGHM P35670
1403HIGM
Sheep ATP7B 136SHGHM AF032881
Mouse ATP7B 1386HGRM u38477
I4OOHIGM
Human ATP7A 09°HSSM Q04656
Mouse ATP7A STHSAM Q64430
Chinese Hamster ATP7A 68 HSSM P49015
Enterococcus hirae CopB ?HGHM P05425
)HSHM
SHEDM
$3HSHM
SSHENM
Pseudomonas syringae CopA YHGSM P12374
49HSKM
“20HGAM
BHGAM
S9HMEM
Pseudomonas syringae CopB 37THSQM P12375
SHSKM
SHSQM
STHSKM
HSQM
Arabidopsis thaliana COPT1 SHDHM 749859
3HHHM
3)HMKM

“The number represents position of the histidine residues.

Because the tissue specificity and circadian expression of PINA correlated well with NAT expres-
sion and melatonin synthesis, we suspected that PINA was involved in melatonin biosynthesis. Our
investigations of PINA/ATP7B mutant LEC rats indeed revealed a defect in NAT protein stability,
but, unfortunately, this was caused by an independent mutation in the NAT gene and not by the PINA
mutation. We have now generated a novel line of rats in which three of the mutant LEC genes encod-
ing NAT, PINA, and coat color have now been segregated: LPP (PINA-), LPN (NAT-), and LPW
(wild type in all three loci). Using these strains of rats, we were able to address the role of PINA in
normal pineal physiology. Using a novel on-line pineal microdialysis protocol, we have measured the
circadian production of melatonin and its precursors in animals quantitatively and reproducibly. In
normal rats (LPW; Fig. 4), we see low melatonin levels during the day and a sharp rise in melatonin
synthesis shortly after lights off; melatonin output dramatically drops off minutes before lights on.
The melatonin synthetic profile of LPP animals shows no significant differences over the course of
the day or the night (LPP, Fig. 4), demonstrating that PINA is not essential for melatonin synthesis
and secretion. Thus, the natural role of PINA remains unresolved presently.

Other postulated functions of PINA must account for its tissue distribution and temporal expres-
sion pattern, which suggest involvement in a pineal/retinal-specific nocturnal process. Melatonin
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Fig. 4. Diurnal profile of pineal N-acetylserotonin (NAS, solid circle) and melatonin (open circle) release in
wild-type (LPW) and PINA-defective (LPP) rats as determined by in vivo pineal microdialysis (/4). Lights
were off at 1 am and on at 11 am (within the shaded area). The diurnal pattern is reproducible in 100% of the
animals examined, with slight variations in the level of melatonin among individual rats. There is no statistical
difference between LPP and LPW rat strains in the level of pineal melatonin secretion.

synthesis is regulated at a number of different levels; for example, flashes of light in the night rapidly
inactivate hormone synthesis by activation of proteosomal degradation of NAT (15); perhaps PINA
participates in the nighttime regulation of NAT protein stability and therefore is only active in the
night pineal. Alternatively, because little is known about pineal functions beyond its well-established
duty as the body’s source of melatonin, perhaps PINA plays a role in novel functions of the pineal
that occur simultaneously with melatonin synthesis. In analogy to the role of ATP7B in copper loading
of ceruloplasmin, PINA may help load nocturnally synthesized copper proteins in the pineal. PINA
could also play a role in the concentration of copper within cellular compartments that may be neces-
sary for the biosynthesis or processing of novel pineal secretion products. Clearly, an understanding
of the role of PINA in the pineal may suggest novel, analogous functions for ATP7B in the liver.

7. PINA AND WILSON’S DISEASE

Wilson’s disease (WD) is an autosomal recessive disorder resulting from mutations in the ATP7B
gene. Patients with WD suffer from two main types of symptom: brain disorder and liver disease. For
unknown reasons, the clinical presentation of WD patients span a broad spectrum; some patients
suffer purely from liver disease, some from only brain disease, whereas others experience both types
of symptom. Although patients do not pose eye complaints, the cornea of the eye is also affected in
many patients, resulting in the hallmark brown discoloration of the cornea, which is very specific for
neurological Wilson’s disease, the Kayser—Fleischer ring.

The pathogenesis of WD is thought to result from a systemic overload of copper, which accumu-
lates primarily in the three major targets of WD: the brain, eye, and liver. The etiological significance
of copper is supported by the efficacy of treatments, which are principally aimed at chelation of free
copper. Clearly, although multiple lines of experimental evidence have demonstrated that copper is
toxic to hepatocytes and causes oxidative damage, it is less clearly established that copper is directly
harmful to the neurons of the brain under normal circumstances. Could the case for copper toxicity in
neurological WD be an oversimplification? Several pieces of evidence suggest that the brain disorder
seen in WD is caused by more than simple copper overload. It is known, for example, that in human
subjects with Wilson’s disease and liver diseases, brain copper is elevated but there is sometimes no
evidence of the characteristic neurological disorder. In cases of copper toxicity (Indian cirrhosis),
there is clear liver failure, yet there have been no neurological symptoms described (16—18). LEC rats,
the animal model of Wilson’s disease with mutant ATP7B, have clearly elevated brain copper levels,
yet fail to demonstrate neurological dysfunction (79,20). These observations temper the traditional
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notions that copper alone causes neurotoxicity in WD. Alternatively, other factors affecting the brain
or required for proper brain function may be released in the absence of functional ATP7B and PINA.

Coincidentally, in addition to the pineal, the retina and pigment epithelium expresses PINA but
not ATP7B. Whether PINA dysfunction in the eye causes the Kayser—Fleischer ring remains to be
determined, but consideration must be given in the future for a specific role of PINA in the develop-
ment of brain dysfunction in Wilson’s disease, particularly in light of conflicting data on the effects
of copper on the brain.

8. CONCLUSIONS

The identification of PINA in the pineal gland and retina suggests that the pineal may carry out
novel functions other than rhythmic melatonin synthesis. The functions may depend on copper trans-
port. The highly parsimonious structure of PINA demonstrates that the critical regions required for
ATP7B transporter function are clustered in the C-terminus of the ATP7B and indicates that novel
protein partners may be required for native PINA function. The role of PINA in Wilson’s disease
remains to be proven.
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The Identification of Motifs Involved in the
Intracellular Trafficking of the Menkes Disease Protein

Michael J. Francis and Anthony P. Monaco

1. INTRODUCTION

Menkes disease is a severe neurodegenerative disorder arising from a defect in copper transport.
The incidence of this disease has been estimated at 1 in 250,000 (/), although in some populations it
can be as high as 1 in 40,000 (2). A less severe form of the disease, occipital horn syndrome (OHS) or
X-cutis laxis, resulting from an allelic variant, has also been described. The clinical symptoms of
both Menkes disease and OHS are caused by a lack of serum copper and copper-requiring enzymes,
such as lysyl oxidase and cytochrome-c oxidase. In normal individuals, dietary copper is taken into
the body and the majority is absorbed by the stomach and the small intestine. The copper is trans-
ported primarily with ceruloplasmin and is complexed to histidine and albumin. The copper is reduced
to Cu(I) and taken up into the cell. In patients with Menkes disease, absorption of orally administered
copper is much reduced, and the brain, blood, and liver show decreased levels of copper. However, in
many other tissues, there is an increase in copper levels when compared to normal individuals,
although there is still a defect in the function of copper-requiring enzymes (3). Cultured fibroblasts
from patients show both an excess accumulation of copper and efflux abnormalities from these cells
(4-7). These results suggest that the protein responsible for Menkes disease has a direct role in the
intracellular transport of copper. This chapter discusses the role of motifs within the Menkes disease
protein involved in this transport.

2. IDENTIFICATION, STRUCTURE, AND CELLULAR LOCALIZATION OF
THE MENKES DISEASE GENE (ATP7A/MNK)

The gene responsible for Menkes disease (ATP7A) was identified in 1993 and is homologous to a
bacterial family of P-type ATPases (8—10). These are integral membrane proteins that use an aspartyl
phosphate to transport cations across membranes (Fig. 1). Conserved regions include heavy-metal-
binding repeat sequences, GMXCXXC, a phosphatase domain, a DKTGT sequence involved in
energy transduction, an ATP-binding domain, and eight transmembrane domains. The ATP7A gene
has a 4.5 kb open reading frame and translates a protein of approximately 170 kDa. Deletions, muta-
tions and reduced mRNA synthesis are all evidence that ATP7A is responsible for Menkes disease.
Interestingly, mutations in the autosomal homolog of ATP7A (ATP7B/WND) are responsible for the
phenotype observed in Wilson’s disease patients, another disorder of copper transport. The abnormal
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Fig. 2. Construction of the recombinant full-length MNK cDNA. CDNAs (C) isolated during the cloning of
ATP7A (8) were ligated to a 3' RT-PCR product (RT). A MYC epitope tag was added in-frame at the 3' end,
resulting in the construct MNKMYC. This full-length epitope-tagged cDNA was subsequently cloned into
mammalian expression vectors for trafficking studies.

copper accumulation and retention phenotype observed in cell lines from Menkes patients has been
corrected by the expression of the recombinant MNK and WND proteins in these cell lines (/7). Both the
endogenous and the recombinant proteins at steady state are localized predominantly at the trans-Golgi
network (TGN) (12-16). On the addition of copper to cultured cells, a shift in equilibrium is observed
and the protein is redistributed to the plasma membrane. The protein returns to the TGN on removal
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of the copper. It is assumed from this that MNK has a role in copper efflux (12,15,17). Although this
trafficking does not require new protein synthesis, both the endocytic and exocytic routes are ATP
dependent (12). These observations prompted studies into the characterization and identification of
the motifs involved in this intracellular trafficking.

3. EXPRESSION STUDIES FROM A FULL-LENGTH MNK CDNA

In order to confirm the role of newly identified motifs within MNK that were involved in intracel-
lular trafficking, it was essential to generate a full-length cDNA that could be expressed and the
resulting protein visualized within mammalian systems. The disruption of putative trafficking motifs
within this recombinant protein would help to confirm their role in the copper-induced relocalization
of MNK.

3.1. Generation of Recombinant Construct

cDNAs and reverse transcription—polymerase chain reaction (RT-PCR) products isolated during
the cloning of the ATP7A gene were ligated together to generate the full-length cDNA (Fig. 2). To
distinguish between the almost ubiquitous expression of the endogenous protein and the recombinant
protein, the recombinant protein was tagged with a specific epitope marker. An in-frame fusion of the
MYC epitope (recognized by the monoclonal antibody 9E10) was inserted into the stop-codon posi-
tion of MNK, resulting in the construct MNKMYC.

3.2. Recombinant MNK Protein Studies

MNKMYC was transfected into numerous human cell lines using a cationic lipid transfection
reagent (Superfect-Qiagen). Lysates from the transfected cell lines were separated on a sodium
dodecyl sulfate (SDS) polyacrylamide gel. The recombinant MNK protein was detected using the
9E10 antibody and a secondary anti-mouse antibody conjugated to HRP. A band of 180 kDa was
observed in accordance with the predicted protein size (data not shown).

3.3. Intracellular Localization of Recombinant MNK

To determine whether the recombinant MNK localized to the same region of the cell as the endog-
enous form, the cellular localization of MNKMYC was detected using indirect immunofluorescence
and confocal laser microscopy. Comparisons were made between the expression pattern of
MNKMYC and the human TGN resident marker, TGN46. Figure 3 shows the protein expression of
MNK in the human fibroblast cell line MRC5/V2. Both the staining patterns of MNKMYC (Fig. 3B)
and TGN46 (Fig. 3A) are visible at a juxtanuclear reticulum location. The colocalization between
these two proteins is confirmed by the yellow signal observed when the images are superimposed
(Fig. 3C). As endogenous MNK and TGN46 are found in the TGN, these data confirm that the
recombinant and endogenous MNK proteins reside in a morphologically identical organelle.

4. CHARACTERIZATION AND IDENTIFICATION OF MOTIFS INVOLVED
IN INTRACELLULAR TRAFFICKING OF MNK

We focused our efforts on (1) understanding the role of the six N-terminal copper-binding domains
in this copper-induced relocalization, (2) identifying motif(s) involved in retention of MNK to the
TGN, and (3) identifying signals that mediate the internalization of MNK from the plasma membrane
to the TGN.

4.1. Characterization of N-Terminal Copper-Binding Motifs

The N-terminal domains of both the Menkes protein (MNK) and the Wilson protein (WND) con-
tain evolutionary conserved repeat sequences of the type GMXCXXCXXIE that bind copper, as well
as zinc, cobalt, and nickel (/8-79). The number of these N-terminal repeats vary in the MNK/WND
orthologs from one in Enterococcus hirae and two in Schizosaccharomyces pombe, to six in both
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Fig. 3. Recombinant MNK localizes to the TGN. Recombinant MNK containing an in-frame fusion MYC
epitope tag was detected by indirect immunofluorescence (B). This signal is almost identical to that of the TGN
marker TGN46 (A). This similarity is confirmed by the overlap of the two signals (C). (Reprinted from ref. /6
with permission from Oxford University Press.)

mammalian MNK and WND. The metal-binding properties of these repeats were first established by
overexpressing the N-terminal domains of both MNK and WND in Escherichia coli. Both of these
proteins can bind copper in vitro and in vivo, and five to six copper molecules are bound for every
molecule of the N-terminal domain (79).

Using reducing agents, it was also shown that the copper is most likely to be bound in the Cu(I)
form. Further studies confirmed that copper binds as Cu(I) with a stoichiometry of one copper per
domain (20), and it is most likely to bind in a linear bi-coordinate manner to the two cysteine residues
of the repeat (21). One method employed to assay the role of these copper-binding domains on func-
tion has been the complementation of the ccc2 yeast mutant. The gene product of ccc2 supplies
copper to Fet3p, which is involved in iron import into the cell. A defective ccc2 protein results in the
cells unable to import iron and grow on iron-limited medium (22,23). Both ATP7A and ATP7B can
rescue the ccc2 mutant phenotype (24,25). Using this method to assay the effect of mutating the
N-terminal repeats on function, the results of Payne and Gitlin inferred that the N-terminal motifs of
ATP7A are functionally more important than the C-terminal motifs. The third copper-binding domain
is the most important for MNK activity, whereas for ATP7B, the converse is true, and deletion of the
first five repeats resulted in normal function (26).

To monitor the role of these repeats in the copper-induced trafficking of MNK from the TGN to
the plasma membrane, we performed exhaustive mutagenesis studies of these domains and observed
the effects of increased cellular copper levels on intracellular trafficking of MNKMYC in a human
fibroblast cell line. It had been previously demonstrated that, unlike the wild-type sequence
(GMXCXXC(), the mutant sequence, GMXSXXS, will not bind copper (21,27). In our studies, both
of the cysteine residues in the copper-binding domains (CBD), were mutagenised to serine
(GMXSXXS). Figure 4 shows the effect of increasing copper concentrations on relocalization of
wild-type MNK (CBDWT). Under normal physiological conditions, MNK has a perinuclear loca-
tion. As the copper concentration increases, from 100 to 600 uM, a generally more punctate staining,
leading to staining at the plasma membrane, is observed. Removal of copper from the media results
in the protein returning to its perinuclear position. Mutagenesis of the cysteine residues to serine in
all the repeats (CBDA1-6) abolishes movement to the plasma membrane (Fig. 5). To determine which
of the copper-binding domains are involved in the trafficking of MNK to the plasma membrane, a
series of mutants containing only one functional copper-binding domain were studied. For example,
CBDI1WT contains a functional copper-binding domain 1 only. All of these mutants behave identi-
cally to that of the wild-type protein and relocalize to the plasma membrane on the addition of copper
(Fig. 6). These results suggest that in human fibroblasts, only one functional copper-binding domain
is required for movement and that there is no observable difference in the trafficking of MNK from
the involvement of any of the individual domains (/7).
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Fig. 4. MNK moves to the plasma membrane with increasing intracellular copper concentration. Copper was
added to cells containing MNK. As the intracellular copper concentration increases (100-600 M), MNK moves
from the TGN to the plasma membrane. The protein returns to the TGN on the removal of copper from the
culture media. (Reprinted from ref. /7 with permission from Oxford University Press.)

Other studies have shown that in Chinese hamster ovary cells when CBD 4-6 of MNK are mutated,
trafficking was abolished and the protein remained in the TGN (28), suggesting that a CBD close to
the membrane channel of MNK is essential for copper-induced trafficking. It has been proposed that
the N-terminal repeats may function as a copper-sensing domain, with their progressive occupation
with copper resulting in the relocalization of the protein (/2). All of the above data, although conflicting
on the relative importance of each domain, suggest that not all of the copper-binding domains are
required for the redistribution of the protein in high levels of copper.
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600uM

Fig. 5. Mutation of all copper-binding domains abolishes copper-induced relocalization. Each of the cys-
teine residues in all the six copper-binding domains (CXXC) at the N-terminus of MNK were mutagenised to
serines. This mutagenised variant (CBDA1-6), although localized to the TGN, did not move to the plasma
membrane on the addition of copper. (Reprinted from ref. /7 with permission from Oxford University Press.)

4.2. Using Reporter Molecules to Identify Intracellular Trafficking Motifs

To understand the copper-induced trafficking of MNK in more detail, studies were initiated into
the identification of the motifs/domains involved. In order to identify these signals, we used the
reporter molecule CD8. CD8 is a type-1 glycoprotein that is primarily localized to the plasma mem-
brane. For these studies, it can be essentially divided into three domains: (1) lumenal domain; (2)
transmembrane domain; (3) cytoplasmic domain (Fig. 7). The N-terminal lumenal domain, which in
the wild-type protein sits exofacially to the cell, is recognized by the monoclonal antibody OKTS,
which is used to follow the trafficking patterns of the protein within the cell.

The strategy employed involved the excision of either the transmembrane domain or cytoplasmic
domain of CD8 and subsequent replacement with the comparative domains from MNK. If any of
these newly introduced domains contains signals involved in MNK trafficking, it is likely that these
signals will alter the trafficking characteristics of the fusion protein, when compared to the wild-type
protein.

4.3. Identification of a Trans-Golgi Network Retention Signal

Many Golgi resident proteins such as TGN38 and B1,4-galactosyltransferase (29) are retained in
the TGN by their transmembrane domain(s). It is therefore feasible that MNK is also retained in a
similar manner. To study this, chimeric proteins consisting of the lumenal and cytoplasmic domain of
the reporter molecule CD8 fused to different transmembrane domains of the MNK protein were
generated. Localization of these chimeric proteins was monitored by indirect immunofluorescence.
CD8 wild type (CD8-WT), as expected, localizes primarily to the plasma membrane (Fig. 8B). The
insertion of the MNK trans-membrane domain 7 (TM7) into CDS8 results in a staining pattern corre-
sponding to the endoplasmic reticulum (Fig. 8H), suggesting that this protein is misfolding and not
able to traverse through the secretory pathway. However, on replacing the transmembrane domain of
CD8-WT with MNK transmembrane domain 3 (TM3), a staining pattern almost identical to that of
the trans-Golgi network resident marker TGN46 is observed (Fig. 8E). The colocalization of these
two proteins is confirmed on superimposition of these two images (Fig. 8F). These results suggest
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Fig. 6. Only one functional copper domain is required for copper-induced relocalization to the plasma mem-
brane. Six mutants, each containing only one functional copper domain, were generated. All mutants were
primarily resident at the TGN at basal copper levels, and all mutants trafficked to the plasma membrane on
addition of media containing 600 uM of copper. (Reprinted from ref. /7 with permission from Oxford Univer-
sity Press.)
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Fig. 7. Schematic representation showing the domains in CD8 used in this study. The N-terminus lumenal
domain contains the epitope recognized by the monoclonal antibody OKTS. The transmembrane domain and
cytoplasmic domain were excised and replaced with comparative domains from MNK using restriction-enzyme
double digests ApalLl/Sall and Sall/BamH], respectively.
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Fig. 8. Transmembrane domain 3 of MNK contains a trans-Golgi retention signal. Colocalization studies
comparing the trans-Golgi resident protein TGN46 with CDS8 fusion proteins containing transmembrane do-
main 3 or 7 were performed. Wild-type CD8 is localized to the plasma membrane (B) and does not colocalize
with TGN46 (A,C). The staining pattern of the fusion protein of CD8 containing transmembrane domain 3 of
MNK (E) is almost identical to that of TGN46 (D). The degree of overlap is confirmed by the bright signal (F).
The staining pattern of the fusion protein of CD8 containing transmembrane domain 7 of MNK is characteristic
of the endoplasmic reticulum (H) and does not overlap with TGN46 (I). (Reprinted from ref. /6 with permis-
sion from Oxford University Press.)

that there is a signal within a 38 amino acid (aa) stretch containing the TM3 of MNK sufficient to
retain a protein at the TGN.

Interestingly, an alternatively spliced MNK product that skips exon 10 (containing TM3 and TM4)
is present in low amounts in normal individuals. The protein from this transcript was localized to the
endoplasmic reticulum (30) and the authors suggest that this arises because this aberrant splicing
prevents correct protein folding or interferes with a Golgi “localization domain” (30).

In summary, we identified a signal sufficient for the retention of fusion proteins at the TGN in a 38
amino acid stretch containing TM3, inferring that TM3 is an essential element in the localization of
MNK to the TGN (76). It is possible that the retentive qualities of TM3 are compromised on addition
of copper, resulting in an increased proportion of the protein moving to the cell surface.
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Fig. 9. C-terminus deletions of MNK. MCF1 (Menkes cytoplasmic fragment 1) contains the terminal 92 amino acids of MNK. This, along with the
deleted fragment (MCF2), contains four putative internalisation motifs; three of the dileucine type, LL1, LL3, and LL4 and one of the tyrosine type, Y2
(YSRA). LL4 is the terminal 24-amino-acid fragment containing only 1 internalization type motif LL4 (31).
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Fig. 10. A motif involved in plasma membrane internalization is contained within MCF1 and MCF2. The
fusion proteins CD8-WT, CDSMCF1, and CD8MCF2 were transiently transfected into MRC5/V2 cells. The
staining of CD8-WT is almost exclusively at the plasma membrane (A); punctate staining indicative of internal-
ization is observed with CD8MCF1 (B) and CDSMCEF2 (C) (31).

4.4. Identification of a Plasma Membrane Internalization Signal

In order to identify motif(s) involved in the return of MNK from the plasma membrane to the
TGN, we focused on the C-terminus region of the protein (Menkes cytoplasmic fragment 1 [MCF1]).
Many of the signals responsible for internalization of the proteins are located in the C-terminal cyto-
plasmic domains. MCF1 is 92 amino acids long and contains motifs similar to those involved in
plasma membrane internalization (Fig. 9). These include the tyrosine and dileucine-based motifs.
Deleted constructs containing the terminal 62 aa and 24 aa of MCF1 (MCF2 and LL4, respectively)
were also generated. The cytoplasmic domain of CD8-WT was replaced with either MCF1, MCF2, or
LL4 prior to transfection studies. The results of indirect immunofluorescence on transient transfec-
tions of CD8-WT, CD8MCF1, and CD8MCEF2 in a human fibroblast cell line (MRC5/V2) are shown
in Fig. 10.

These transient populations have been treated with cyclohexamide to inhibit new protein synthesis,
prior to fixation and antibody staining. As expected, the staining of CD8-WT is almost exclusively at
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Fig. 11. A dileucine motif (LL4) is responsible for the internalization observed with the CD8/MNK fusion
proteins. The putative internalization motifs in MCF2 (LL1, Y2, LL3, and LL4) were individually mutagenized,
resulting in the constructs CDS8ALL1, CDSAY2, CDSALL3, and CD8ALLA4, respectively. Plasma membrane
staining was seen with CD8-WT (A) and punctate internalization patterns were seen with CDSMCF2 (B),
CDSALLI (C), CD8AY2 (D), and CDSALL3 (E), suggesting that each of these motifs were not involved in
internalization. However, increased plasma membrane and no punctate staining was observed with CDSALL4,
suggesting that LL.4 mediates internalization from the plasma membrane (317).

the plasma membrane (Fig. 10A). However, both CDEMCF1 (Fig. 10B) and CDSMCEF2 (Fig. 10C)
show intense staining at a pericentriolar complex and punctate staining within the cell. This staining
is characteristic of an internalization profile. The similarity of the CDSMCF1 and CD8MCEF?2 stain-
ing patterns imply that the motif responsible for this internalization is contained in both MCF1 and
the smaller region MCF2. MCF2 contains four putative internalization motifs—three of the dileucine
type (LL1, LL3, and LL4) and one tyrosine motif (Y2) (Fig. 9).

To determine which of these motifs is responsible for the internalization observed, site-directed
mutagenesis was used to change each of the motifs. The dileucines were mutated to divalines and the
tyrosine to a serine. This resulted in the following constructs: CDSALL1, CD8AY?2, CD8ALL3, and
CDS8ALLA4. These constructs were transfected into human cell lines and the effect of these mutations
on internalization monitored (Fig. 11).
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Fig. 12. Schematic representation detailing the endocytosis assay used in this assay. (A) At steady-state
expression, all potential trafficking routes can be visualized. (B) (i) The CD8-MNK fusion protein trafficks by
exocytosis (EX) to the plasma membrane. (ii) The cells in culture are bathed in the antibody OKTS that recog-
nizes and is allowed to bind to the lumenal domain of CD8. This domain lies exofacial to the cell. (iii) The
fusion protein and bound antibody internalize by endocytosis (EN) and this route can be subsequently visual-
ized by indirect immunofluorescence.

The expression patterns of CD8ALL1 (Fig. 11C), CD8AY?2 (Fig. 11D), and CDSALL3 (Fig. 11E)
were almost identical to that of CDSMCEF2 (Fig. 11B), demonstrating that the internalization profiles
observed were independent of LL1, Y2, and LL3. However, the localization of CDSALL4 (Fig. 11F)
was primarily at the plasma membrane and very little, if any, punctate staining was present. This
suggests that the dileucine motif, LL4, mediates the internalization of the CD8 fusion proteins. These
experiments examine steady-state expression and it is therefore possible that the dileucine motif is
important in the trafficking of the fusion protein to the plasma membrane. Therefore, mutation of this
signal could prevent trafficking to the plasma membrane and therefore internalization.

To confirm the role of LL4 in internalization from the plasma membrane, an internalization assay
was performed. This assay enables only the endocytic route to be observed (Fig. 12). Transient trans-
fections of expression constructs CD8-WT (Fig. 13A), CDSMCF1 (Fig. 13B), and CD8SLL4 (Fig.
13C) were analysed using this assay. The results clearly demonstrate that the punctate staining
observed results from internalization from the plasma membrane and is mediated by LL4.

To determine which organelles in the endocytic pathway are used in this internalization, a series of
colocalization experiments with known markers of the endocytic pathway were performed. These
included CD63 (late endosomes), Lysotracker (lysosomes), transferrin receptor (recycling
endosomes), and TGN46 (trans-Golgi network). Figure 14 compares the internalization profiles of
CD8MCEF]1, the transferrin receptor containing recycling endosomes and TGN46. There is clearly a



Fig. 13. Confirmation that the observed punctate patterning is a result of internalization from the plasma
membrane. Expression patterns of CD8-WT, CD8MCF1, and CDSLL4 using the endocytosis assay described
in Fig. 12. The CD8-WT signal remains at the plasma membrane (A), whereas punctate staining is observed
with both CDSMCF1 (B) and CD8LL4 (C). This patterning arises as a result of internalization from the plasma
membrane and confirms the role for LL4 in this internalization (31).
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Fig. 14. Initial studies demonstrating that internalization of CD8MCF1 occurs via the transferrin receptor
containing recycling endosomes. The staining pattern of the internalized CD8MCF1 was compared to that of
TGN46 and the transferrin receptor. Although TGN46 (A) and CD8MCF]1 (B) are resident in a similar region of
the cell, there is no observable overlap between the two proteins (C). The staining patterns of CDSMCF1 (D)
and the transferrin receptor containing recycling endosomes (E) are almost identical. This is confirmed on
overlapping of the two signals (F) (31).

strong overlap with CDS8MCFI and the transferrin receptor (Fig. 14F), although no overlap with
TGN46 (Fig. 14C).

To confirm this lack of overlap with TGN46, transfected cells were treated with colchicine. This
drug disrupts the pericentriolar complex of the recycling endosomes and also the trans-Golgi net-
work. On addition of colchicine, the accumulation of signal at the center of the cell in the recycling
endosomes (Fig. 15B) and the juxtanuclear reticulum of the TGN (Fig. 15E) are no longer visible and
the staining is now dispersed within the cell. On superimposition of the images, there is overlap
between the dispersed signals of CDS8MCFI1 and the transferrin receptor (Fig. 15C), but no overlap
between CDSMCF1 and TGN46 (Fig. 15F), indicating that CDSEMCF1 is internalized through the
recycling endosomes.

Although LL4 will internalize CD8 fusion proteins, it is possible that this is an artifactual signal
that is activated by the reporter molecule system. To confirm that LL4 is a functional motif in MNK,
LL4 was mutated in the full-length MNKMYC cDNA. The expression profile of this mutant protein
was then observed. Although, at steady-state expression, MNK is primarily resident at the TGN,
previous studies have shown that a small amount of MNK continously recycles between the TGN and
plasma membrane. As the mutation of LL4 disrupts the internalization of MNK, there is a gradual
accumulation of MNK at the plasma membrane (Fig. 16C,D) compared to the wild-type recombinant
protein (Fig. 16A,B). This shows that the dileucine motif LL4 (L ;471455 in the Menkes amino acid
sequence) is essential for internalization from the plasma membrane and has been reported by other
groups (32).

These data provide us with two important pieces of trafficking information. First, the dileucine
motif L4571 1435 mediates the internalization of MNK from the plasma membrane via the transferrin
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Fig. 15. Confirmation that LL.4 mediates internalization via the recycling endosomes, but is not sufficient on
its own to target the TGN. Transfected cells containing CDS8MCF1 were treated with colchicine, which disrupts
both the recycling endosomes and the TGN. After treatment with colchicine, significant colocalization is
observed with CDSMCF]1 (A) and the recycling endosomes (B), shown in (C). However, no colocalization (F)
is observed with the disrupted patterns of CD8MCF1 (D) and the TGN (E) (31).

containing recycling enzymes; second, L ,571.14g¢ is not sufficient on its own to traffick the protein
from the plasma membrane to the TGN (/2). Therefore, further sorting motifs are required. Current
efforts are focusing on identifying these motifs.

5. SUMMARY

Over the last six years, since the discovery of the Menkes disease gene, considerable progress into
understanding the mechanism behind the novel copper-induced cellular trafficking of MNK has been
achieved. Trafficking studies of the Menkes protein suggests that there are at least three steps involved
in the comprehensive trafficking of the MNK protein (Fig. 17). The first involves the binding of
copper to the heavy-metal-binding repeats at the N-terminus, which may result in the disruption of
the trans-Golgi retentive qualities of transmembrane domain 3. This disruption enables copper-bound
MNK to traffick to the plasma membrane, presumably as a means to remove excess copper from the
cell. Second, a dileucine motif enables the protein to enter the endocytic pathway on its return to the



Fig. 16. LL4, (L,4g7L4gg), mediates internalization of MNK. Although a small amount of protein is
constituitively recycling between the TGN and plasma membrane, the protein expressed from the full-length
cDNA (MNKMYQC) is primarily resident at the TGN (A, B). However, after 40 h, there is a gradual accumula-
tion of MNKMYCALLA4 (C, D). This results from the inability of this mutant to internalize and is evidence that
L 48711455 18 functional in MNK (31).
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Fig. 17. Copper-induced relocalization of MNK. MNK is primarily resident at the TGN, retained by a signal
within TM3. Copper binds to the N-terminal copper-binding domains, which may bring about a structural change
within the protein, reducing the retentive qualities of TM3. MNK trafficks to the plasma membrane where it
effluxes copper from the cell. On the removal of copper, MNK returns to the TGN via the recycling endosome,
utilizing the dileucine motif (L457L14g5) at the C-terminus of the protein.
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TGN, and, third, further unidentified motif(s) are required to sort the protein from the early/recycling
endosomes to the TGN.

In conjunction with similar studies into the function and trafficking of WND, it will be important
to build on these results and determine the similarity of both proteins in their functional properties.
Depending on the outcome of these results, a suitable approach to therapy for Menkes disease may
involve the upregulation or induction of expression of WND in tissues normally expressing MNK.

Menkes disease has become of great interest to researchers interested in the exocytic and endocytic
trafficking of the cell and those investigating the mechansims behind copper homeostasis. Further
studies will help to elucidate the mechanisms involved in this trafficking and, most importantly of all,
may lead to novel therapies with which this fatal neurodegenerative disorder can be successfully
treated.
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Intracellular Copper Transport
and ATP7B, the Wilson’s Disease Protein

Kunihiko Terada and Toshihiro Sugiyama

1. INTRODUCTION

Copper is an essential trace metal for all living organisms because this metal serves as a cofactor
for activating numerous enzymes critical for homeostasis. However, when copper exceeds the cellu-
lar needs, it is toxic through the production of highly reactive hydroxyl radicals that have deleterious
effects on cellular components, including destabilization of plasma membranes and lysosomal mem-
branes, disturbance of mitochondrial respiration, depletion of glutathione reserves, and damage of
nucleic acids (/). To prevent the accumulation of copper to the toxic level, cells are provided regula-
tory mechanisms that maintain the balance of intracellular copper.

Recently, a number of proteins that play significant roles in intracellular copper homeostasis were
identified in various species, ranging from bacteria to humans. These proteins can be classified into
copper chaperones (2,3) and copper transporters (4) (Table 1). Copper chaperones deliver copper to
specific cytoplasmic compartments and target proteins, preventing inappropriate interactions of cop-
per with other cellular components (3). Members of copper chaperones include CopZ in Enterococ-
cus hirae, Atx1, CCS, and Cox17 in yeast, HAH1, hCCS, and hCOX17 in humans (3,5). On the other
hand, copper transporters, which are integral membrane proteins, mediate cellular uptake and export
of copper from cells (4). Copper uptake is carried out by CopA in E. hirae, Ctrl in yeast, and hCTR1
in humans (4,5). The cytosolic copper taken up by these transporters binds to copper chaperones and
is subsequently delivered to the secretory pathways by CopB in E. hirae, Ccc2 in yeast, Cual in
Caenorhabditis elegans, and ATP7A and ATP7B in humans (5,6). The majority of copper transport-
ers, except for Ctrl and hCTR1, belongs to the class of heavy-metal-transporting P-type ATPases
that translocates various cations across membranes in a ATP-dependent manner (4,7). However, Ctrl
and hCTR1, which are responsible for copper uptake in eukaryotes, are not copper ATPases, because
they miss the ATP-binding domain, characteristic of P-type ATPases (5).

Studies using the yeast Accc2 strain have shown that Ccc2 delivers copper to Fet3 that resides in
the secretory pathway, and this process is one of the key steps for high-affinity iron uptake systems
indispensable for yeast growth (8). In humans, two inherited diseases, Menkes disease and Wilson’s
disease, are the results of abnormal copper metabolism. Menkes disease, an X-linked disorder, is
characterized by the systemic deficiency of copper resulting from the entrapment of this metal mainly
in intestinal cells (9). By contrast, Wilson’s disease, an autosomal recessive disorder, is caused by
copper toxicity that occurs primarily in the liver (10). Interestingly, both disease states develop as
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Table 1
Copper Chaperones and Copper Transporters
Bacteria Yeast Human
Copper chaperones CopZ Atx1 HAH1
CCS hCCS
Cox17 hCOX17
Copper transporters
P-type ATPases CopA Cec2 ATPT7A
CopB ATP7B
Others Crtl hCTR1
Ctr3

consequences of defective export of copper from intestinal cells in Menkes disease and from hepato-
cytes in Wilson’s disease. Recent studies have revealed that copper ATPases play a central role in
export pathways for copper (1/-14). Indeed, the disease-specific mutations, reported within the genes
encoding ATP7A in Menkes disease and ATP7B in Wilson’s disease, lead to the production of defec-
tive proteins (11,15).

In this chapter, we first introduce Wilson’s disease and its rodent models and show their contribu-
tion to our understanding of hepatic copper metabolism. Then, we discuss the functional features of
ATP7B protein and its roles in hepatic copper transport.

2. WILSON’S DISEASE AND ITS RODENT MODELS

Wilson’s disease is the consequence of toxic accumulation of copper initially in the liver and later
in extrahepatic sites (/0). This disorder is inherited in an autosomal recessive manner and is present
in approx 1 in 30,000 individuals in all populations. The hepatic accumulation of copper is the result
of its reduced biliary excretion and disturbed incorporation into ceruloplasmin, a major copper-bind-
ing protein containing more than 90% of copper in plasma. Hepatic copper at toxic levels induces
hepatocellular injury, and the released copper from the affected liver causes extrahepatic toxicity in
the brain, kidneys, and eyes. The gene responsible for the disease was identified in 1993 by positional
cloning and linkage disequilibrium analysis (/6,/7) and by searching for genes with homology to
ATP7A, the gene responsible for Menkes disease (/8,19). The identified gene was localized to chro-
mosome 13 and encodes a copper-transporting P-type ATPase, ATP7B. The presence of numerous
disease-specific mutations, including point mutations, deletions, frame shifts, and splice errors within
the gene, indicates that ATP7B is the correct gene for Wilson’s disease (17,20,21).

The Long—Evans Cinnamon (LEC) rat with a distinctive cinnamon-color coat is derived from
Long-Evans agouti rats. Spontaneous hepatitis with jaundice occurs around 4 mo of age in this inbred
strain of rats. This mutation, first noted in 1983, is inherited in an autosomal recessive manner. Initial
studies for the LEC rat were reported in a monograph (22). Before the discovery of the association of
excess copper in the liver of LEC rats, interest in this strain focused on its propensity for the sponta-
neous development of hepatitis and liver cancer. Further investigations revealed an excessive accu-
mulation of copper in the liver and a remarkable decrease in serum ceruloplasmin (CPN) activity in
the LEC rat (22-24). The similarity of these clinical features to those of Wilson’s disease led to the
notion that the LEC rat is an animal model of this disorder. Subsequent to the identification of ATP7B
gene, atp7b, the rat gene homologous to ATP7B, was also cloned. A partial deletion at the 3” end of
the gene was found in the LEC rat (25). These molecular studies, as well as biochemical studies
showing similar abnormalities in copper metabolism (22-24,26) proved that the LEC rat is a rodent
model for Wilson’s disease.
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Table 2
Comparison of Wilson’s Disease, LEC Rat, and Toxic Milk Mouse
Wilson’s disease LEC rat Toxic milk mouse
Inheritance AR“ AR AR
Gene ATP7B Rat atp7b Mouse atp7b
Clinical
Hepatitis Yes Yes Yes
Liver cancer Rare Yes Unknown
Laboratory findings
Liver Cu ) ) )
Biliary Cu 2 2 Unknown
Ceruloplasmin activity 2 2 2

AR = autosomal recessive.

The laboratory findings including hepatic copper accumulation, reduced biliary copper excretion,
reduced level of plasma copper, and a remarkable decrease of serum CPN activity are common for
both Wilson’s disease and LEC rat. Hepatocellular injury caused by copper toxicity is the major
manifestation in both. Although neurological abnormalities are the onset in approx 40% of patients
with Wilson’s disease, these are rarely observed in the LEC rat. In addition, Kayser—Fleischer rings,
deposits of copper in the cornea that occur in almost all neurologically affected patients with Wilson’s
disease, have not been reported in the LEC rat. Although a very few patients of Wilson’s disease are
known to develop liver cancer, more than 90% of the LEC rats, which survive the early phase of liver
injury, develop liver cancers after 1 yr of age. The precise mechanism of carcinogenesis in the LEC
rat is still uncovered, although the production of hydroxyl radicals by copper with subsequent dam-
age to DNA is strongly suggested to trigger this process.

The toxic milk mouse, inherited in an autosomal recessive manner, is known to occur accumula-
tion of hepatic copper and decrease in serum CPN activity, however, reduced excretion of biliary
copper is not reported (9). In addition, the production of copper-deficient milk by affected dams
results in the death of pups (9). The identification of causative mutation in murine A7p7b have proved
that the toxic milk mouse is a true model of Wilson’s disease (27).

The clinical features manifested by Wilson’s disease, the LEC rat, and the toxic milk mouse are
summarized in Table 2.

3. EXPRESSION AND STRUCTURAL FEATURES OF ATP7B

The ATP7B gene is about 80 kb and contains 21 exons. Its transcript is approx 7.5 kb in size and
expressed predominantly in liver, kidney, and placenta (17,18,28). Alternative spliced forms of the
gene have been identified in brain, kidney, and placenta (28). Of these, the identification of pineal
gland night-specific ATPase (PINA), expressed in pinealocytes, suggests its involvement in rhyth-
mic copper metabolism in the pineal gland (29). ATP7B protein is synthesized as a single-chain
intracellular membrane protein of 165 kDa in human and rat liver, and its expression is regulated
developmentally (30). Based on the deduced amino acid sequence, ATP7B protein consists of 1465
amino acids and is predicted to be a copper-transporting P-type ATPase. ATP7B shows 54% amino
acid identity with ATP7A, another mammalian copper-transporting P-type ATPase defective in
Menkes disease (28). This protein displays 82% identity with Atp7b protein, the rat counterpart of
ATP7B. Each functional domain is well conserved in these proteins except that Atp7b lacks the
fourth metal-binding domain. In the LEC rat, it is reported that approx 900 base pairs at the 3' end of
atp7b is partially deleted (25) and expression of Atp7b is absent in the liver (30).
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Fig. 1. Primary structure of ATP7B protein with key features. Human ATP7B consists of 1465 amino acids.
The general features of P-type ATPases included in ATP7B are TGEA (phosphatase domain), DKTGT (phos-
phorylation domain), TGDN (ATP binding domain), and MVGDGVNDSP that connects the ATP-binding do-
main to the transmembrane segment. The unique features of ATP7B are six copper-binding sites, CPC and
SEHPL involved with cation translocation, and eight transmembrane segments. The CPC domain locates within
the sixth transmembrane region. Numbers in parentheses indicate amino acid positions of the functional do-
mains.

P-Type ATPases translocate a variety of cations across cell membranes. This class of enzymes is
characterized by formation of a covalent phosphorylated intermediate in their reaction cycle by the
transfer of y-phosphate of ATP to an aspartic acid residue of the protein and is inhibited by vanadate
(31). General features of P-type ATPases present in ATP7B are the TGEA motif (phosphatase
domain), the DKTGT motif (phosphorylation domain), the TGDN motif (ATP-binding domain), and
the sequence MXGDGXNDXP that connects the ATP-binding domain to the transmembrane seg-
ment. ATP7B is further classified as a heavy-metal-transporting P-type ATPase, which pumps cop-
per, cadmium, or silver. The characteristic features of this class of ATPases are one to six repeated
motifs for metal binding (GMTCXXC) at the N-terminus of the molecule, the CPC motif in the sixth
transmembrane region, the SEHPL motif, and eight transmembrane segments (3,7). A single copy of
the GMTCXXC motif is found in bacterial CopA, two in yeast Ccc2, three in nematode CUA-1, five
in rat Atp7b, and six in ATP7A and ATP7B (3,6). The metal-binding motifs of ATP7B are specific
for copper, and stoichiometric analysis showed that 6 mol of copper were bound to 1 mol of the N-
terminus containing the six metal-binding regions of the protein (32). The metal-binding motifs in
ATP7A and ATP7B are shown to play essential roles in copper transport by the complementation of
yeast Ccc2 (11,15,33); however, each domain is not functionally equivalent. The CPC and SEHPL
motifs of heavy-metal-transporting ATPases are assumed to be involved with metal translocation
across membranes. This is supported by recent observations that mutations introduced into the CPC
or SEHPL result in loss of ATP7B function in copper transport (/2,15). This class of proteins is
called P;-ATPases or CPx-type ATPases (3,7). The primary structure of ATP7B is shown in Fig. 1.

4. INTRACELLULAR LOCALIZATION OF ATP7B

To accomplish their function, cellular proteins have to locate properly at specific intracellular
sites. New information concerning the intracellular localization of ATP7B has emerged from studies
with immunofluorescence and subcellular fractionation. These studies reveal that ATP7B is local-
ized to the trans-Golgi network and to post-Golgi compartments, the latter likely being endosomes, in
human hepatoblastoma cells and rat hepatocytes under basal conditions (12,30,34-36). Other studies
suggest the presence of ATP7B in mitochondria and at the canalicular pole of hepatocytes (37,38).
These results remain controversial and further studies are needed to resolve uncertainties.
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ATP7B is known to behave differently depending on intracellular levels of copper. Exposure to
copper induces a rapid movement of ATP7B from the Golgi compartments to as yet undefined post-
Golgi vesicles (12). This phenomenon is reversible and does not require de novo synthesis of protein.
Rapid trafficking of ATP7A from the trans-Golgi network to the plasma membrane induced by copper has
been reported (39). Evidently, recycling of ATP7B between the trans-Golgi network and the post-
Golgi compartments is regulated by the copper concentration, favoring the efficient discharge of
cellular copper into the excretory compartments, yet the precise mechanism of the unique copper-
induced protein trafficking remain to be determined.

5. BIOLOGICAL FUNCTION OF ATP7B

The properties of ATP7B described earlier strongly suggest that the protein plays a significant
role in the intracellular transport of hepatic copper. The major export pathways for copper from
hepatocytes consist of the secretion into blood following its incorporation into ceruloplasmin and the
excretion into bile. The reconstitution of copper transport by the introduction of ATP7B cDNA into a
yeast strain lacking Ccc2 and the subsequent reconstitution of copper incorporation into the copper
protein Fet3 provide supporting evidence for the role of ATP7B in copper transport and ceruloplas-
min biosynthesis (12).

To further investigate the role of ATP7B in copper transport in vivo, ATP7B cDNA was intro-
duced into the LEC rat by adenoviral-mediated gene delivery (/3). Transgene expression was
observed in the liver and ATP7B was found to localize to the Golgi apparatus of hepatocytes. Secre-
tion of holoCPN, the copper-bound form of the protein, was detected after viral infusion. These data
indicate that ATP7B functions in copper export coupled with CPN synthesis and that the Golgi appa-
ratus is the likely site for the incorporation of copper into CPN (40,41). In addition, the elevated
levels of copper content in the hepatic lysosomal fractions and the increased biliary excretion of
copper were observed after the introduction of ATP7B, suggesting that ATP7B participates in the
excretory pathway of copper, involving a vesicular transport of copper to lysosomes for delivery to
the apical, canalicular membrane (/4,42). Together, these data provide the notion that ATP7B trans-
locates copper into the Golgi compartments and into both the secretory and the excretory pathways
for copper, thereby regulating the homeostasis of copper in liver cells.

Mutational analyses also support the requirement of ATP7B in hepatic copper transport, which
explains the pathogenesis of Wilson’s disease. Mutations of H1069Q in the SEHPL motif or N1270S
in the MXGDGXNDXP sequence, reported in the patients, were shown to lose their copper-transport
function by in vitro studies (12,15,43), leading to a disturbance of intracellular copper transport in the
disease. In addition, mutations introduced into the critical sites in ATP7B, such as the DKTGT/S
motif and the CPC motif, were also found to alter the copper-transport function of ATP7B (12,15).
Regarding the copper-binding domains, although these domains are essential for copper transport,
the sixth domain is sufficient to manifest the function (75,33). These observations imply that intact
ATP7B is necessary for regulating copper homeostasis in the liver.

In the intracellular trafficking of copper, ATP7B may act as a gate that controls the copper flow
through the secretory and excretory pathways in liver.

6. COPPER TRANSPORT AND ATP7B

Liver is the main site of copper metabolism in the body, because mobilization of copper into the
systemic circulation and into bile take place via hepatocytes.

Only half of dietary copper ingested, 0.8—1.5 mg/d, is absorbed from the upper intestine (/). This
process is probably mediated by hCTR1, identified by searching for proteins with homology to genes
products associated with copper uptake in yeast (44). The yeast Ctrl, identified through its effects on
iron metabolism, was found to be necessary for the high-affinity copper transport (45), and hCTR1
indeed replaced the function of Ctrl in yeast (44). hCTR1 is predicted to be a membrane-associated
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Fig. 2. Model of copper transport associated with ATP7B in hepatocyte. In the portal blood flow, copper is
mostly bound with albumin via its N-terminal tripeptide (Asp-Ala-His) and then taken up into hepatocytes as a
copper-histidine complex. This hepatic uptake is mediated by hCTR1. Subsequently, the cytosolic copper forms
a complex with glutathione, metallothionein, or the copper chaperone. The copper chaperones hCOX17 and
hCCS deliver copper to cytochrome-c oxidase in the mitochondria and the cytoplasmic copper/zinc superoxide
dismutase, respectively. HAH1 distributes copper to ATP7B that resides in the trans-Golgi (GA) or in the post-
Golgi compartments (post-GA), likely endosomes, and then copper is transported into these organelles by
ATP7B. In the secretory pathway, after ceruloplasmin (CPN) incorporates copper at the Golgi, holoCPN (Cu-
CPN) is secreted into blood through secretory vesicles (SV). In the excretory pathway, copper in the trans-
Golgi or in the post-Golgi is excreted into bile through lysosomes (Lys). The recycling of ATP7B between the
trans-Golgi and the post-Golgi is regulated by intracellular copper concentration. Under the basal condition,
ATP7B resides in the trans-Golgi; however, it rapidly moves to the post-Golgi compartments when the level of
intracellular copper is elevated.

transporter protein detectable in all human tissues, including intestine and liver (44). Normally, the
intestinal cells release copper under regulation of ATP7A, except in patients with Menkes disease in
whom intestinal cells entrap copper because of defective ATP7A (9). The released copper is mostly
bound with albumin via its N-terminal tripeptide (Asp-Ala-His) in the portal blood, and then taken up
into hepatocytes as a copper—histidine complex (9). This hepatic uptake is also mediated by hCTRI1.
Subsequently, the cytosolic copper forms a complex with glutathione, metallothionein, or copper
chaperone (1,5). The copper chaperones hCOX17 and hCCS deliver copper to cytochrome-c oxidase
in the mitochondria and the cytoplasmic copper/zinc superoxide dismutase, respectively (4,5). Based
on structural and functional similarities to the yeast Atx1, we assume that HAH1 distributes copper to
ATP7B (46). Then, copper is transported into the export pathways by ATP7B at the Golgi or post-
Golgi compartments. In the export pathways, copper is secreted into blood, following its incorpora-
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tion into CPN, and is excreted into bile through lysosomes. The latter process is more important for
maintaining the hepatic concentration of copper, because the bile mobilizes three-quarters of the
absorbed copper per day (/). A unified model of hepatic copper transport is illustrated in Fig. 2.

7. CONCLUSIONS AND PERSPECTIVES

The identification of copper chaperones and copper transporters from bacteria to humans has pro-
vided useful information with respect to copper metabolism. Searching for novel proteins involved in
these processes will help us resolve the various cellular pathways for copper transport. The character-
ization of two human copper transporters has greatly contributed to our understanding of the patho-
physiology of Wilson’s disease and Menkes disease. Although in vitro and in vivo studies have
revealed the essential role of ATP7B in hepatic copper transport, further investigations are required
for defining the precise localization of ATP7B and the physiological role of the copper-dependent
recycling of ATP7B. In addition, although a ligand-transfer model was proposed recently, the mecha-
nisms for copper transfer between ATP7B and chaperones have not been tested experimentally. Fur-
ther research on these issues should contribute to a better understanding of the intracellular trafficking
of copper and copper homeostasis in the body.
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A Multicopper Oxidase-Based
Iron-Transport System in Yeast

Jerry Kaplan

1. INTRODUCTION

Iron and copper are involved in redox reactions in all biological systems because of the ease by
which these metals can gain and lose electrons. This property of facile electron loss has made these
metals indispensable for a wide variety of biochemical reactions. The same redox properties that
makes these metals so useful also renders them potentially toxic. Iron and copper can react with
oxygen and oxygen metabolites to generate toxic radicals. This dualism of essential requirement and
toxicity in excess has led to stringent regulation of metal uptake and storage systems. As all organ-
isms must regulate and store these metals, there are similarities in the strategies that different organ-
isms employ to maintain the concentration of iron or copper in biological fluids. The relationship
between these two metals extends beyond their similar chemical and biological properties. Proper
copper homeostasis is required for iron transport in eucaryotes; consequently, the metabolism of
these two metals is closely entwined.

The earliest studies pointing to a role for copper in the metabolism of iron were based on clinical
observations on patients with Wilson’s disease (for review, see refs. I and 2). In these patients, liver
copper stores are excessively high, but plasma copper levels are extremely low. The major copper-
containing protein in plasma is ceruloplasmin (Cp). In Wilson’s patients there is a severe decrease in
plasma Cp, and the Cp that is present is copper deficient. The absence of Cp was clearly related to the
liver defect, but the role of Cp was unknown. In an attempt to better understand the functions of Cp,
Cartwright and colleagues developed a nutritional model of copper deprivation using swine (3).
Developing piglets grow so rapidly that they quickly outgrow the maternal store of metals. When
placed on a copper-free diet, the rapidly growing piglets become copper deficient and have low levels
of plasma ceruloplasmin. The copper-deficient piglets were anemic, showing a microcytic or iron-
limited anemia. The anemia, however, was not relieved by either increased dietary iron or by intrave-
nous administration of iron. Histochemical examination of the intestinal duodenum revealed that the
absorptive columnar cells were heavily iron loaded. This histological finding suggested that the defect
in iron metabolism was not the result of an inability to absorb iron into the gut, but rather to a defect
in the release of iron from intestine to plasma. Intravenous administration of iron, as iron—dextran or
as heat-damaged red blood cells, revealed that the liver and spleen could accumulate iron but were
unable to release that iron to plasma. These observations led to the conclusion that the defect in iron
metabolism in the copper-deficient pig was not the result of a defect in uptake but to a defect in the
release of iron from tissue to plasma.
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Because the deficit in copper metabolism resulted in a loss of holoCp, Cartwright and colleagues
tested the hypothesis that Cp was involved in iron metabolism (4). Injection of Cp into copper-deficient
animals promoted an immediate increase in plasma iron, whereas injection of copper did not. If Cp
were heat-treated or chemically inactivated prior to injection, plasma iron levels remained low. These
results demonstrated that Cp played a role in iron metabolism. These observations were confirmed by
Osaka et al. who showed that Cp would promote iron export from perfused rat liver (5).

Iron released from tissues is bound to plasma transferrin, which then delivers iron to transferrin
receptors. It was thought that Cp catalyzed the oxidation of ferrous to ferric iron, the ferric iron then
binding to transferrin. This hypothesis was confirmed by in vitro measurements of the oxidase activ-
ity of Cp on both organic substrates and iron (6,7). The oxidase activity is dependent on molecular
oxygen, which is the terminal acceptor of the electrons removed from iron. Ferrous iron can be oxi-
dized spontaneously. The presence of Cp, however, accelerates the reaction enormously, particularly
at low oxygen tension (6).

Ceruloplasmin is a member of a small family of proteins called multicopper oxidases (for review,
see ref. 8). These proteins are also known as the “blue oxidases,” because of their characteristic blue
color. Proteins belonging to this family are found in species as diverse as fungi, plants, and verte-
brates. This protein family is distinguished by having copper bound in three different spectroscopic
forms. The type-1 copper has an absorption maxima at 607 nm and is responsible for the blue color.
Type 2 is spectroscopically silent in the visible range but has an electron spin resonance (ESR) sig-
nal. There are two type-3 coppers that are electronically linked; they do not have an ESR signal but
can be detected spectroscopically at 330 nm. The type-2 and type-3 coppers are closely aligned,
forming a trinuclear center. All multicopper oxidases show a similar mode of action; they oxidize
four molecules of substrate with the concomitant reduction of molecular oxygen to water. Mechanis-
tically, the enzymes oxidize substrates one molecule at a time, storing the abstracted electron. When
the fourth molecule of substrate is oxidized, all four electrons then reduce molecular oxygen in one
concerted reaction that does not generate reactive intermediates. This enzymatic oxidation of iron is
in marked contrast to the spontaneous oxidation of iron, which does generate reactive oxygen inter-
mediates. When the role of Cp was established in the early 1950s there was great reluctance to accept
the role of Cp as a ferroxidase. Whereas all multicopper oxidases act on organic substrates, until 1990
only Cp was known to oxidize iron. It was believed that because iron oxidation was a thermodynami-
cally favorable process, it that did not require an enzyme. Cp was then ascribed other roles, including
as a plasma copper transporter.

1.1. Iron Metabolism in the Budding Yeast Saccharomyces cerevisiae

The experiments that confirmed the role of multicopper oxidases in iron metabolism in vertebrate
systems came from studies on iron transport in yeast. Yeast, particularly the budding yeast Saccharo-
myces cerevisiae is perhaps the simplest of the eucaryotes, as they grow as single cells and can be
both haploid and diploid The haploid status of yeast permits the selection of yeast mutants. Once a
phenotype has been selected, genes responsible for modifying a specific phenotype can be identified
by complementation using a genomic library. Because most yeast genes do not have introns, a yeast
genomic library is functionally equivalent, although much easier to prepare than a cDNA library.
Because all yeast genes have been cloned, only a small amount of sequence and subcloning is required
to identify which gene on a genomic plasmid is responsible for modifying the mutant phenotype. A
gene can modify a phenotype because it is allelic to the mutant gene or because it is a suppressor and
metabolically bypasses the defective step. These two alternatives can easily be discriminated by delet-
ing specific genes and examining the resulting phenotype. As yeast readily undergo homologous
recombination, it is relatively easy to inactivate specific genes. The ability to inactivate specific
genes permits a rigorous analysis of gene function; indeed, homologous recombination extends
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Fig. 1. Iron transport across the plasma membrane in the budding yeast S. cerevisiae. See text for details.

Koch’s postulates to genetics. If the deletion strain is genetically and phenotypically identical to the
mutant strain (i.e., a diploid between the two shows the mutant phenotype) and is phenotypically
identical, then the identified gene is most probably the normal allele of the mutant gene.

Studies on yeast iron metabolism identified the existence of two different transport systems for
elemental iron and a transport system for iron—siderophore complexes (9) (Fig. 1). Both transport
systems for elemental iron recognize Fe(Il) as a substrate. This was demonstrated by showing that
Fe(II) chelators inhibited iron uptake, whereas Fe(III) chelators were unable to inhibit iron transport.
Further, there was biochemical evidence for a cell surface reductase activity that converted Fe(III) to
Fe(II) (10). The most compelling work resulted from the cloning of the reductase gene. Dancis et al.
identified a yeast mutant unable to grow on Fe(III) because of the lack of ferrireductase activity (11).
The gene for the ferrireductase was cloned by complementation analysis and was termed FRE]. Later
studies identified a second cell-surface ferrireductase termed FRE2 (12).

These reductases provide the substrate for the two elemental iron-transport systems. The low-
affinity transport system encoded by the FET4 gene is not specific for iron and can accumulate other
transition metals (/3). The other system, comprised of the products of the FET3 and FTRI genes, is
a high-affinity transport system that is specific for iron (Fig. 2). The two transport systems are regu-
lated differently. The high-affinity iron-transport system is induced when cells are grown on low-iron
media. The low-affinity system is also negatively regulated by media iron, but the concentration
required to turn off the system is usually not seen in most media formulations. The two systems are
genetically separable, as they are the products of different genes. That the two systems are different
both genetically and physiologically permitted a genetic approach to identifying the systems. Cells
can be mutagenized and mutants in the high-affinity transport system can be identified by their ina-
bility to grow on low-iron media. These mutants were “rescued” by the addition of iron, as they could
still obtain iron through the low-affinity transport system.
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Fig. 2. Proposed model for high-affinity iron transport. See text for details.

1.2. Identification and Characterization of FET3

Using a selection system that was enriched for mutants unable to grow on low-iron media, Askwith
et al. reported the identification of a mutant, fer3, that was unable to grow on low-iron media (14).
This mutant had a normal surface reductase activity but was unable to accumulate 59Fe. A gene that
could complement both the low-iron growth defect and the inability to accumulate radioactive iron
was identified by complementation of the mutant strain with a genomic library. Genetic studies deter-
mined that the complementing gene was the normal allele of the mutated gene. The sequence of this
gene, termed FET3, showed homology to members of the multicopper oxidase family. The closest
homology was to ascorbate oxidase, but FET3 showed significant homology to all multicopper oxidases.
The homology was seen in a signature sequence that defines multicopper oxidases and in the
sequences thought to ligate the coppers. A feature that distinguished Fet3p from the other known
multicopper oxidases was the presence of a single transmembrane domain. Fet3p is made as a higher-
molecular-weight precursor with an amino terminal extension. This extension is a leader sequence
and gains entry of Fet3p into the secretory apparatus where Fet3p is glycosylated. The carboxyl
terminal transmembrane domain is a membrane anchor tethering Fet3p to the membrane. Studies
using epitope-tagged Fet3p demonstrated that Fet3p is a plasma membrane protein. At the time of its
identification, most multicopper oxidases were found as secreted products in both plants and
animals.

The sequence of Fet3p indicated that it was a multicopper oxidase. This indication was strength-
ened by the discovery that copper depletion results in an inability to grow on low-iron media. Copper
depletion was accomplished either genetically through the identification of mutants unable to grow
on copper (15) or through nutritional studies in which media copper was made limiting (/4). In either
case, copper-deprived yeast does not have a functional high-affinity iron transport system. This work
provided strong evidence that copper was required for high-affinity iron transport and supported the
role of a multicopper oxidase in iron transport.

Studies on oxygen consumption provided further evidence for a putative ferroxidase in iron trans-
port. Measurement of oxygen consumption by yeast showed both a FET3-dependent and FET3-inde-
pendent oxygen consumption (/6). Most of the oxygen consumed by cells grown on iron-rich media
was the result of mitochondrial consumption. In cells that were iron starved, however, there was an
increased rate of oxygen consumption. If the FET3 gene was deleted, then the enhanced rate of
oxygen consumption was reduced and could be accounted for by mitochondrial respiration. Inhibi-
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tion of respiration, either by pharmacological agents or by introduction of mutations into genes
encoding respiratory proteins, resulted in a marked decrease in mitochondrial oxygen consumption,
but not in FET3-induced oxygen consumption. Further studies demonstrated that the FET3-depen-
dent rate of oxygen consumption was reduced in copper-starved yeast and could also be reduced by
the addition to spheroplasts of an antibody directed against the extracellular domain of Fet3p but not
by antibodies directed against the intracellular domain. Calculation of the ratio of the rates of FET3-
dependent oxygen consumption and iron accumulation revealed a value of 4/1. This ratio conforms to
the stoichiometry expected of a multicopper oxidase. The final piece of physiological data showing a
role for a multicopper oxidase in iron consumption is that cells grown under anaerobic conditions are
unable to accumulate iron by the FET3-dependent iron-transport system, rather, they employ the
low-affinity iron-transport system that relies on the product of the FET4 gene. Under anaerobic con-
ditions, cells can only grow in media containing high concentrations of iron. A fet3-deletion strain
that express the FET4 gene product can grow, but a FET4-deletion strain cannot grow even though it
has a good FET3 gene. Further, the transcription of the FET3 gene is repressed under anaerobic
conditions (/7). These results show that FET3 effects iron-dependent oxygen consumption, and with-
out oxygen, cells are unable to take up iron by the Fet3p transport system.

Although the above studies showed that FET3 was a multicopper oxidase, the specific role of the
oxidase remained unclear. It is possible that Fet3p oxidizes a protein, rather than iron. The suggestion
that Fet3p acted as a ferroxidase required the isolation of Fet3p and a direct measurement of
ferroxidase activity. This was first accomplished by deSilva et al., who demonstrated that purified
Fet3p could oxidize iron and that it could also load iron onto transferrin (/8). Examination of a
number of potential substrates for multicopper oxidases showed iron to be the preferred substrate.
The K,, for iron oxidation, 0.5 uM was very close to the K,, for iron transport. Purified Fet3p could
iron load transferrin, although the rate of iron loading was low relative to that of ceruloplasmin.
Reasons for the low rate may be that detergent was use to isolate Fet3p and as isolated Fet3p is
heavily glycosylated. The presence of both detergent and carbohydrate may reduce the rate of trans-
ferrin iron loading through steric hindrance. Hasset et al. using molecular engineering produced a
Fet3p that lacked a transmembrane domain (7/9). This protein is secreted into the media, permitting
its isolation without the use of detergents. The soluble Fet3p showed a similar rate of iron oxidation
as the transmembrane containing Fet3p, both of which then had a lower rate of iron turnover than Cp.
A highly active fragment of Fet3p can be released by proteases from the yeast Pichia pastoris (20).
This fragment lacks the transmembrane domain and can be isolated without the use of detergents.
The isolated Fet3p oxidizes iron at the same rate as ceruloplasmin. It is unclear why the Fet3p from
Pichia would have a faster rate of iron oxidation than the Fet3p from S. cerevisiae.

That purified Fet3p can oxidize iron suggests that it functions as an ferroxidase in iron transport.
Mutagenesis studies designed to determine the molecular basis of iron oxidation support the view
that the ferroxidase activity of Fet3p is essential for iron transport. Although there are many
multicopper oxidases, all of which can oxidize organic substrates, only Fet3p and Cp (and its homo-
logs) can also oxidize iron. A comparison of the sequence of Fet3p to the sequences of other
multicopper oxidases led to the suggestion of several structural features of Fet3p that were thought to
be responsible for iron oxidation. Askwith et al. made a series of site-specific mutants in an attempt
to determine what features were responsible for iron oxidation (27). Among the residues mutagenized
were those thought to ligate the type-1 copper and thus were responsible for setting the oxidation
potential. In most multicopper oxidases, a methionine is a ligand for the type-1 copper. In Fet3p, that
methionine is replaced by leucine, suggesting a geometry typical of a high-redox-potential copper
site. When that leucine was replaced by a methionine, the protein retained ferroxidase activity and
the rate of iron uptake was reduced by less than twofold. Replacement of the leucine with other
amino acids severely reduced both multicopper oxidase activity and cellular iron transport. Other
residues suggested to be involved in iron oxidation (glutamic acid 227, aspartic acid 228, and glutamic
acid 330) when changed to alanine did not affect either iron transport or ferroxidase activity. In a
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more recent study, structural determinants for ferroxidase activity were based on modeling studies
(22). The amino acids Glul85 and Tyr354 were thought to be important for iron binding. Alteration
of these amino acids by site-specific mutagenesis had an effect on ferroxidase activity (23). Most
impressively, alteration of Glul85 to Ala reduced ferroxidase activity by 95% but only reduced oxi-
dase activity by 60%. This is the first result that suggests that the two enzymatic activities could be
separated. Unfortunately, iron transport activity was not assayed. A measurement of iron transport
could have provided compelling evidence that the ferroxidase activity of Fet3p is the critical aspect
of its role in iron transport. If the ferroxidase activity of Fet3p is required for iron transport, then a
prediction is that the Glu185Ala mutant would show a 95% decrease in iron transport. Even without
this experiment, the consensus view is that Fet3p plays a role in iron transport as a result of its
ferroxidase activity.

Although Fet3p is a ferroxidase converting Fe(II) into Fe(III), it only has a single transmembrane
domain and is unlikely to transport iron across the bilayer. A genetic screen performed by Stearman
et al. revealed a second gene required for high-affinity iron transport (24). This gene, termed FTRI,
encoded a protein with six transmembrane domains. Stearman et al. identified a sequence within
Ftrlp comprising the amino acids REGLE, which is similar to a motif that implicated in the iron-
binding region of mammalian L-chain ferritin. Mutation of these residues in Ftr1p abrogates its abil-
ity to transport iron. These authors also provided genetic evidence that Fet3p and Ftrlp form a
complex. In the absence of Ftrlp, Fet3p did not localize to the cell surface. Similarly, in the absence
of Fet3p, Ftrlp did not localize to the cell surface. These results suggest that both molecules must be
synthesized simultaneously so that they can be assembled to form a complex that permits the correct
targeting of either to the cell surface.

Confirmation that Fet3p and Ftrlp formed a functional complex came from studies of a homolo-
gous complex in different yeast Schizosaccharomyces pombe. The fission yeast, S. pombe, also has a
ferroxidase-based high-affinity iron-transport system (25). This system consists of an oxidase termed
fiol + and a transmembrane transporter fip I +. These genes are highly homologous to the S. cerevisiae
genes, with fiolp + sharing 38% identity and 60% similarity on the amino acid level with Fet3p and
frp1p sharing 46% identity and 70% homology on the amino acid level percentage with Ftr1p. Expres-
sion of fiolp in a S. cerevisiae strain lacking FET3 does not permit high-affinity iron uptake (Fig. 3).
Thus, fiolp cannot partner with Ftrlp. If, however, fiplp is expressed at the same time as fiolp in the
S. cerevisiae fet3-deletion strain, then the strain is capable of high-affinity iron transport. These results
suggest that the oxidase and permease function as a unit and imply that Fet3p and Ftrlp are the only
two plasma membrane proteins required to carry out iron transport.

Other yeasts, aside from S. pombe and S. cerevisiae, show an oxidase/permease-based iron-trans-
port system. A ferroxidase was shown to be essential for iron transport in Candida albicans as dele-
tion of the C. albicans FET3 prevents high-affinity iron transport (26,27). In one study, it was reported
that the C. albicans fet3-deletion strain grew poorly in infected mice, suggesting that the FET3 gene
may be a virulence factor (27). It is curious that the C. albicans FET3 when expressed in a S.
cerevisiae fet3-deletion strain complements the low-iron growth defect (26). This result suggests that
C. abicans Fet3p can form a complex with S. cerevisiae Ftrlp, whereas the FET3 homolog of S.
pombe, fiol*, cannot. Biochemical studies have shown that P. pastoris also expresses a ferroxidase
similar Fet3p (19). It may well be that a ferroxidase/permease iron-transport system is common among
yeasts.

The role of a ferroxidase in yeast iron transport, however, presents a conundrum. The reaction of
Fe(II) with Fet3p generates Fe(IIl). Yet, the substrate for Fet3p is Fe(Il) produced by the
ferrireductases. The overall reaction is therefore:

Fe(IIl) + e~ — Fe(Il) (ferriductase)

Fe(Il) + 4H+ +O, — Fe(III) + 2H,0 (oxidase)
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Fig. 3. Genetic evidence for complex formation between the multicopper oxidase and the transmembrane
permease. See text for details.

Within the same domain, the cell surface, there are two diametrically opposed enzymatic reac-
tions: a reduction and then an oxidation. Why do yeasts require iron to be first reduced and then
oxidized? The explanation for this requirement is twofold. First, ferric iron is essentially insoluble
and is not readily bioavailable. Iron is most often found as insoluble ferric hydroxide. Most
bioavailable iron is found chelated to small organic molecules. There is little structural similarity in
the organic chelates and, most often, iron is shielded from the media by organic molecules. There-
fore, there is little basis for a chemical recognition of ferric chelates. Reduction of ferric iron by
electron addition generates ferrous iron, which is much more soluble and can exist in aqueous fluids
at measurable concentrations.

Ferric oxidation may be required to provide specificity to the transport process. To date, all known
ferrous transport systems show a low degree of specificity, as they can mediate the accumulation of
other transition metals. In yeast, for example, the FET4-transport system can also accumulate copper
and cobalt in addition to iron (/3). In mammalian cells, DMT1 (also referred to as Nramp2 or DCT1)
transports to iron, zinc, manganese, and cobalt (28). In contrast, the two known Fe(III)-transport
systems, FET3/FTRI in yeast and Cp and transferrin in vertebrates, are exquisitely specific for iron.
There is no other relevant transition metal transported by these systems. (Aluminum and gallium can
bind to transferrin.) The basis for specificity is the binding of iron to the transporter (FET3) or car-
rier, transferrin. As iron is insoluble, it needs specific ligands to generate high-affinity binding. The
ligation of Fe(Ill) to amino acids imparts specificity on the binding process. Further, the enzyme
reaction carried out by the multicopper oxidases generates Fe(III) without producing oxygen radicals.

1.3. Intracellular Processing and Assembly of Fet3p

All multicopper oxidases are glycosylated molecules that are either secreted or membrane bound.
These molecules enter the secretory pathway as nascent polypeptides and are subsequently processed
in the endoplasmic reticulum and Golgi apparatus. The assembly of an active Fet3p requires the
addition of copper to the apo form to generate the active holo enzyme. Our understanding of the
genes required for the copper loading of apoFet3p have been furthered by intense work that has been
done defining the molecular basis of Menkes and Wilson’s disease (2,29). The genes responsible for
these disorders are highly homologous ATP—copper transporters that are localized in post-Golgi
vesicles. Like many of the genes involved in copper metabolism, there is a yeast homolog, termed
CCC2. Genetic studies demonstrated that Ccc2p is the protein required for the copper loading of
Fet3p (30). In the absence of Ccc2p, an apoFet3 is transported to the cell surface. The apoFet3p lacks
ferroxidase activity and is unable to mediate high-affinity iron transport. Ccc2p is found on a post-
Golgi vesicle and it is thought that it is in this vesicle that apoFet3p obtains its copper. Exactly where
or what this post-Golgi vesicle is has been clarified by studying the vacuolar assembly, an organelle
that is analogous to the mammalian lysosome.
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Fig. 4. Model for the intracellular processing of holoFet3p. CPY is a soluble vacuolar protein and ALP is a
vacuolar membrane protein. These two proteins as well as apoFet3p and Ftrlp are synthesized in the rough
endoplasmic reticulum and then transferred to the Golgi, where glycosylation takes place. apoFet3p is trans-
ferred from the Golgi to a vesicle that contains Ccc2p and Geflp. It is in this vesicle that the copper is added to
apoFet3p forming the holo enzyme. It is thought that CPY and ALP might also pass through this compartment.
Mutations in genes that disrupt vesicular traffic at a post-Golgi step results in the transfer of apoFet3p, ALP,
and CPY to the cell surface. The soluble enzyme CPY is secreted into the media, whereas apoFet3p stays on the
cell surface. ALP contains endocytic signals that permit it to be internalized to the vacuole.

Genetic screens have led to the identification of many genes required for the transport of vacuolar
components, both vacuolar enzymes and membrane components. Mutants defective in vacuole for-
mation are termed vps or vma mutations (37). Many of these mutants show an inability to grow on
low-iron media (32,33). This defect results from a defective high-affinity iron-transport system. The
Fet3p delivered to the cell surface is not copper loaded and lacks ferroxidase activity. Golgi-derived
vesicles containing appropriately glycosylated proteins, including apoFet3p and the vacuolar enzyme



Multicopper Oxidase-Based Fe-Transport System 243

carboxypeptidase Y (CPY), are delivered to the cell surface instead of the post-Golgi vesicle that
normally houses the machinery for copper loading or the vacuole that normally houses CPY. These
results position the Ccc2p vesicle between the trans-Golgi and the vacuole (Fig. 4).

In addition to the VPS genes, other genes are required for the copper loading of apoFet3p. One
group of genes encodes subunits of the vacuolar H+-ATPase (34). In the absence of a subunit of the
enzyme, vacuoles and presumably other post-Golgi prevacuolar compartments are not acidified. A
second gene encodes a member of the family of voltage-regulated chloride channels (35). The yeast
gene GEFI is highly homologous to the human gene CLC5, which encodes a vesicular chloride
transporter that is specific to the kidney (36). The yeast gene also encodes a vesicular protein that has
been localized to the same vesicle as Ccc2p (37,38). Defects in gef] also result in the presence of
apoFet3p on the cell surface (38,39).

A hypothesis has been presented to explain why a defect in a chloride channel would result in an
apoFet3p (38). In a membrane-bound vesicle, the introduction of cations such as Cu+ and H+ would
quite rapidly result in an unfavorable membrane potential that prevents further introduction of cat-
ions, thereby limiting copper concentration and pH. Under normal conditions, this potential differ-
ence effects the opening of the voltage-gated chloride channel. Chloride enters the vesicle as a result
of the electrical-chemical gradient. The introduction of anions into the vesicle neutralizes the posi-
tive potential difference resulting from cation accumulation. When the voltage potential has been
dissipated, the chloride channel would close. The operation of the channel prevents the formation of
an unfavorable gradient, permitting a high copper concentration and reduced pH. Disruption of chlo-
ride channels results in dysregulated vesicular ion homeostasis, reducing vesicular copper concentra-
tion and increasing vesicular pH. This hypothesis implies that there is a pH dependency to the copper
loading of apoFet3p. To test this prediction, Davis-Kaplan et al. developed an in vitro system to
measure the pH dependency of copper loading (39). The system employed a mutant strain lacking
Ccc2p. As mentioned earlier, in the absence of Ccc2p, an apoFet3p is placed on the cell surface. Cell-
surface apoFet3p can be converted to holoFet3p at 0°C, suggesting that no metabolic energy is
required. The assay for copper loading of apoFet3p is to expose cells to copper at different pH’s at
0°C, wash the cells and then incubate them in copper-free buffers at 30°C to assay iron transport. The
results of this experiment demonstrated that the copper loading of apoFet3p was pH dependent. The
greatest degree of copper loading occurred at pH 4.5. This result confirms the role of the H+-ATPase
in the maturation of Fet3p. The experiment, however, revealed an unusual feature in that copper
loading of apoFet3p was chloride dependent. Without chloride, little copper loading occurred at all
pH’s examined. Chloride could be replaced by bromine and to a lesser extent by iodine, but not by
other nonhalide anions. The requirement for chloride to load apoFet3p was confirmed by a second
assay. holoFet3p as a multicopper oxidase can be assayed using organic substrates. An apoFet3p
extracted from cells with a CCC2 deletion has, as expected, no enzymatic activity on organic sub-
strates. An apoFet3p copper loaded in vitro shows enzymatic activity. Using this assay, the copper
loading of Fet3p was again shown to be chloride dependent.

The specific role of chloride in the loading of Fet3p is unknown. Trivial explanations such as
chloride is required to maintain copper in solution have been ruled out. Examination of the kinetics of
the chloride dependence of copper loading has shown an allosteric interaction between copper and
chloride. In the presence of different concentrations of chloride, there is a sigmoidal relationship
between copper and chloride. When chloride concentration is high, lower concentrations of copper
effect the formation of a holoFet3p. The converse is also true, when copper concentration is high,
lower concentrations of chloride are required to copper load Fet3p.

Examination of the literature reveals a precedent for chloride requirement for the metallation of a
protein. The yeast enzyme leucine aminopeptidase 1, the product of the LAP1 gene, is a zinc-contain-
ing vacuolar exopeptidase. This enzyme requires both zinc and chloride for activity. In the absence of
chloride, zinc will not bind to the enzyme. It was found that chloride bound to the enzyme, but only
in the presence of zinc (39,40). These studies showed a direct requirement of chloride for the
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metallation of the enzyme. At present, it has not been demonstrated that chloride binds to Fet3p.
Further, the studies on chloride binding do not rule out the hypothesis that disruption in the chloride
channel prevents the formation of a holoFet3p by affecting ion homeostasis. It may well be that both
disruption of iron homeostasis and the lack of chloride required for the direct metallation of the
protein are responsible for the inability of GEFI-deletion strain to copper load apoFet3p.

The study of FET3, its biochemistry and physiology, has provided insight into both the mecha-
nism of iron transport and the physiology of copper. As copper homeostasis is required for Fet3p
activity, analysis of Fet3p function has led to the discovery of genes involved in copper metabolism.
Further, analysis of the assembly of Fet3p has also led to insight into human iron metabolism. Finally,
as the oxidase/permease iron-transport system may be a virulence factor for pathogenic fungi, the
transport system them becomes a target for therapeutic approaches.
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1. INTRODUCTION

Copper is essential for life because it is a cofactor for a number of important enzymes, including
cytochrome-c oxidase, lysyl oxidase, superoxide dismutase, and dopamine B-monooxygenase. The
redox reactions carried out by these enzymes are facilitated by the ability of copper to shuttle between
the two oxidation states Cu(I) and Cu(Il). Deficiencies of copper can lead to profound effects, because
of the reduced activity of these copper-dependent enzymes. The effects of copper deficiency are most
marked during development, and severe deficiency in this period can prove to be fatal. The serious
effects of copper deficiency in infancy are seen in the X-linked genetic disorder of copper transport,
Menkes disease (MD) and the molecular basis of this disease will be discussed later in this chapter.
The same redox properties that make copper a useful element render it dangerous in a free ionic state.
Free copper, particularly Cu(I), can catalyze the formation of the highly reactive hydroxyl radicals
that damage many cell components, including membranes, proteins, and nucleic acids (/). The toxic
effects of copper are demonstrated in another human genetic disorder, Wilson’s disease (WD). This
disease is characterized by excessive accumulation of copper in the liver, brain, and other organs and
is fatal if untreated. All organisms have developed mechanisms to supply copper to essential enzymes
without damaging cellular constituents and, in recent years, many of the molecules involved in cop-
per homeostasis have been identified. Some interesting new mechanisms used by cells for handling
this metal have been discovered. Two important steps forward in understanding the molecular basis
of copper homeostasis were the isolation of the genes involved in human genetic disorders of cop-
per—Menkes and Wilson’s diseases. The coding sequences of these genes identified two important
components of the copper homeostasis system, the copper ATPases, ATP7A and ATP7B. Genetic
studies of micro-organisms, particularly yeast, have proven invaluable for the identification of some
of the other molecules involved in cellular copper homeostasis, including copper-uptake molecules
and intracellular copper carriers known as copper chaperones. The human orthologs of these genes
have been isolated, demonstrating the generality of the copper-transport mechanisms.

This chapter will discuss the current knowledge of the molecular copper homeostatic mechanisms
in mammals and the effect of the disruption of these mechanisms in the human genetic disorders of
copper, Menkes and Wilson’s diseases, and the animal models of these conditions. In addition, we
will discuss some of the other copper-associated disorders, such as childhood copper-induced cirrho-
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ses, and the possibility that copper is a causative agent in neurological diseases such as the
Alzheimer’s disease and the prion diseases.

2. OVERVIEW OF COPPER HOMEOSTASIS IN HUMANS
2.1. Whole-Body Copper Homeostasis

There is a large body of early literature on the physiology of copper, which is now in the process
of being reinterpreted in the light of the recent molecular advances. Here, we present only a brief
summary of the overall process of copper transport; for more detailed information, the early work is
well summarized in a number of reviews (2—4). More recently, reviews incorporating the molecular
advances have appeared (5—7).

The amount of copper in the body is regulated by the rate of absorption of dietary copper across
the intestinal epithelium vs the rate of excretion of copper into bile by hepatocytes. Although some
regulation of copper status is achieved by alteration of the extent of absorption of dietary copper at
the small intestine, changes in the rate of biliary excretion of copper appear to be principally respon-
sible for overall copper balance. Figure 1 shows an outline of the major routes of copper in the body
and the sites at which blocks occur in Menkes disease (MD) and Wilson’s disease (WD).

Most dietary copper is absorbed in the small intestine (step 1, Fig. 1) and is transported across the
basolateral membrane of the enterocyte into venules that collect into the portal vein (2). This step is
likely to involve the Menkes Cu-ATPase, ATP7A, because patients with Menkes disease accumulate
copper within the intestinal epithelium. The regulation of absorption is discussed in more detail below
(Section 2.3.). Once copper enters the blood, it either is bound to albumin (8), complexed with histi-
dine (9), or attached to a macroglobulin termed transcuprein (3) and transported to the liver. The liver
is a major player in copper homeostasis and rapidly removes most of the absorbed copper from the
blood. About 50% of copper is taken up by the liver within 10 min of entry into the circulation (70).
Copper uptake by hepatocytes (step 2, Fig. 1) is a carrier-mediated process, not dependent on meta-
bolic energy, and can occur from the copper-histidine complex (717).

In the hepatocyte, copper is incorporated into the blue multicopper oxidase, ceruloplasmin (2).
The Wilson Cu-ATPase, ATP7B, is required for the incorporation of copper into ceruloplasmin;
thus, this process is blocked in Wilson’s disease (step 3a, Fig. 1) and low plasma ceruloplasmin is a
feature of most patients with this disorder. Ceruloplasmin is the major copper protein in plasma and
may play a part in supplying copper to tissues, a role supported, but not proven, by the finding of
ceruloplasmin receptors in various tissues (/2). The role of ceruloplasmin in copper transport is still
unclear, but the absence of any obvious disturbance of copper transport in the human disease,
aceruloplasminemia, and the accumulation of iron in tissues of these patients suggest that the main
role for this protein is in iron metabolism rather than copper transport (/3). If the amount of copper in
the liver is excessive, copper is excreted in the bile (step 3b, Fig. 1). Biliary excretion of copper is the
main regulatory step in maintaining overall copper homeostasis and requires ATP7B. Copper in the
bile cannot be reabsorbed and is excreted in the feces (2). The molecular basis of the regulation of
biliary copper excretion is becoming clearer and is discussed in more detail later. Patients with WD
have both defective biliary excretion and most do not incorporate copper into ceruloplasmin; thus, in
this disease, copper accumulates in the liver to toxic levels.

Normally, very little copper is excreted in the urine, most apparently being resorbed in the kidney
tubules (step 4, Fig. 1). In patients with WD, urinary copper secretion is elevated, presumably caused
by copper release from the damaged liver (4). In patients with Menkes disease and the mouse models
of this disorder, copper becomes trapped in the proximal tubular cells of kidney, suggesting that
ATP7A is required to pump the copper from these cells back into the circulation. This causes the
apparently paradoxical situation of copper accumulation in some tissues of a patient suffering the
effects of profound copper deficiency, but this copper is unavailable for the organ most sensitive to
copper deprivation, the brain (4, 14). The copper concentration in the liver of Menkes patients is very



Molecular Basis of Diseases of Copper Homeostasis 251

i g,
e i,

i,

Brain

WD: high Cu
MD: low Cu i

i A

f’/@ Ceruloplasmin

?%ﬁm

Circulation

T
£
&

o

3
=2
@]
=1

s

P
N
2,

i

Excretion

Fig. 1. An outline of the pathways of copper in the body and the blocks in Menkes (MD) and Wilson’s
disease (WD). Copper is absorbed in the small intestine (step 1) and the majority is taken up by the liver (step
2), which either incorporates the copper into ceruloplasmin (step 3a) that is secreted into the plasma, or if there
is excess copper present, it is secreted into the bile (step 3b). Both steps 3a and 3b are defective in WD, leading
to an accumulation of copper in the liver. Little copper is excreted in the urine, most is resorbed in the kidney
tubules. In MD, blocks to copper transport occur at the small intestine, reducing the overall uptake of copper
and across of the blood-brain barrier (step 4), resulting in a very low brain copper concentrations, which lead to
severe neurological abnormalities. In addition, the efflux of copper from tissues to the circulation is blocked in
MD, causing a paradoxical accumulation of copper even though the patient has a profound copper deficiency.

low, as ATP7B is functioning normally, providing what little copper is available for incorporation
into ceruloplasmin.

The transport of copper into the brain (step 5, Fig. 1) is essential for normal brain development. To
enter the brain, copper must traverse the vascular endothelial cells that comprise the blood-brain
barrier. The requirement of ATP7A for this step has been directly demonstrated by the accumulation
of copper in the astrocytes and vascular endothelium in the brain of mouse models of Menkes disease
and ATP7A is expressed in these (15). Thus, in human patients as well as in mutant mice, blood
copper is probably trapped in the blood-brain barrier and not transported to neurones. The brain of
patients with Menkes disease is severely copper deficient as a result of several blockages to copper
transport: one at the small intestine, a second at the blood-brain barrier, and a third as a result of the
entrapment of copper in peripheral tissues. The copper deficiency results in demylenation and other

major neurological defects in these patients that are probably responsible for the fatal outcome of this
disorder.

2.2. Cellular Copper Homeostasis

The underlying mechanisms of the physiological regulation of copper homeostasis are now
becoming understood as a result of the advances in the molecular and cellular studies of the genes and
proteins involved. An overriding principle that lies behind the types of mechanism that have been
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Fig. 2. Copper transport in a nonpolarized human cell such as a fibroblast. Copper enters the cell via the
plasma membrane transporter, hCTR1, Cu(Il) is thought to be reduced to Cu(l) by membrane reductases. As
soon as copper enters the cell, it is distributed between the various copper chaperones, hCOX17, CCS, and
ATOX 1, that carry the ion variously to the mitochondrion, Cu/Zn superoxide dismutase, or to ATP7A in the
trans-Golgi network (TGN). ATP7A pumps copper into the TGN vesicles, where it is incorporated into secreted
cuproenzymes, such as lysyl oxidase. ATP7A is constitutively recycling between the TGN and the plasma
membrane, and the if copper levels in the cell increase, more ATP7A is found on the plasma membrane, allow-
ing efflux of the metal ion. Cu(I) is also found on glutathione, and if the ATP7A-mediated efflux is insufficient
to maintain low cytoplasmic copper levels, metallothioneins (MTs) are induced and bind the excess copper.

evolved to handle copper is the dual nature of copper in biological systems: Copper is both an essen-
tial cofactor for various Cu-dependent enzymes and a potential pro-oxidant. To function normally
and to protect itself from potential damage a cell must be able to sense and respond to changes in
intracellular copper levels. Different mechanisms will be activated in response to deficiency or excess
as cells adopt an acquisition or detoxification mode depending on their copper status. Whole-body
copper homeostasis depends on these mechanisms, which are modified in cells such as the intestinal
enterocyte (acquisition) or the hepatocyte (detoxification). These modifications are discussed in more
detail in Section 2.3. (see Figs. 3 and 4).

Much of our understanding of human cellular copper homeostasis has been gleaned from studies
in yeast. Such comparisons have revealed a remarkable conservation of the molecules required for
cellular copper homeostasis, but some important differences have been discovered. Figure 2 summa-
rizes the current state of knowledge of copper homeostasis in a human cells such as a fibroblasts that
require copper, but are not involved in the physiological regulation of whole-body copper status.
Copper entry into the cell across the plasma membrane is mediated by the protein hCTR1 (/6). The
human protein was identified following the discovery of the equivalent yeast protein Ctrlp encoded
by the gene CTRI. In Saccharomyces cerevisiae, CTRI was discovered, paradoxically as a gene
essential, not for copper transport but for iron transport (/7). This discovery provided a clear link
between copper and iron transport that had been known for years but was not well understood. In S.
cerevisiae, Cu is required for Fet3p, a multicopper oxidase related to the mammalian ceruloplasmin.
Fet3p catalyzes the oxidation of Fe2* to Fe3™, allowing entry of iron into the cell by a ferric
transporter. The yeast Ctrlp is a 406-amino-acid protein with 3 putative transmembrane domains and
has the motif M-X-X-M repeated 11 times in the extracellular (periplasmic) amino terminal domain
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of the protein, these motifs presumably bind copper from the extracellular environment. The human
ortholog is considerably smaller, consisting of 190 amino acids, and includes a methionine and histi-
dine-rich N-terminal domain reminiscent of Ctrlp. hCTR1 also is thought to have three transmem-
brane domains but lacks much of the cytoplasmic region found in the yeast protein. This gene is
expressed in all tissues so far examined, with liver, heart, and pancreas showing the highest levels of
expression and the brain and muscle having the lowest levels. In yeast, Ctrlp specifically transports
Cu(I); thus, a copper reductase is required on the plasma membrane to reduce the Cu(Il) present in
the oxidative extracellular environment. These reductases act on both Fe(III) and Cu(II), are known
in yeast, and are products of the FRE genes (seven are known) (/8). It is unclear whether the transport
of Cu(I) occurs by direct coupling of the reductases and Ctrl at the plasma membrane. A reductase
that uses NADH has been described in rat liver cells and may be required for mammalian plasma
membrane copper transport (19).

The potential pro-oxidant toxicity of copper necessitates that the Cu(I) ion be complexed at all
times [copper is thought to be in the Cu(I) state in the cytoplasm]. It has been known for some time
that intracellular copper is associated with glutathione (GSH) (20) and, after exposure of cells to
excess copper, the small metal binding proteins metallothioneins (MTs) are induced (27). More
recently, experiments involving yeast mutants have uncovered a number of cytoplasmic copper car-
riers termed copper chaperones that accept and deliver copper to specific locations in the cell
[reviewed in by Harrison et al. (22)]. Individual copper chaperones appear to be responsible for the
specificity of delivery of copper to the different compartments of the cell, including the cytoplasm,
the trans-Golgi network (TGN), and other less understood vesicles. The mechanisms whereby these
chaperones are themselves loaded with copper and what determines the choice between the different
chaperones once the copper enters the cell are unknown. Presumably, the regulation of the concentra-
tion of these chaperones is part of cellular copper homeostasis, but little is known about this process
in mammalian cells.

The Cox17p chaperone in yeast has a role in delivering copper to mitochondria for incorporation
into cytochrome oxidase (23). Cox17p is a 69-amino-acid polypeptide present in the cytosol and the
intermembrane space of the mitochondrion (24). Inactivation of the COX17 gene in yeast results in
loss of cytochrome oxidase function as a result of a failure in the assembly of a functional multisubunit
complex, leading to respiratory deficiency. The putative Cu-binding sites on Cox17p are tandem
cysteine residues and two Cu(I) ions are bound in a binuclear cluster (25). The human equivalent
COX17 has been identified by complementation of the cytochrome oxidase deficiency in a yeast
strain with a null mutation in the COX17 gene (26). Little is known about the physiological role of the
COX17 protein in mammalian cells, but a study of the expression patterns in rodent tissue show
expression in a wide range of tissues, as expected from its role as a copper chaperone to cytochrome
oxidase.

The copper chaperone for SOD1 (CCS, also known as LYS7 in yeast) transports copper to copper/
zinc superoxide dismutase (SOD) and was identified by complementation of yeast mutant, which was
SOD deficient but had an intact SOD gene (27). In yeast, CCS is a 249-amino-acid protein that
includes a single Cu-binding domain (MTCXXC) in the N-terminal region and the C-terminal half
contains a domain with homology to SOD1. The human protein hCCS is 274 amino acids in length
has 28% amino acid identity with the yeast protein (27). An interaction with CCS and Cu/Zn SOD
has been demonstrated and the localization of the two proteins in cells is identical, with a diffuse
cytoplasmic and nuclear distribution (28).

Another copper chaperone, Atx1 (antioxidant 1), was first identified as a suppressor of oxidative
damage in yeast cells lacking SOD1 (29). Atx1 is a 73-amino-acid cytosolic polypeptide with a singe
amino terminal MTCXXC copper-binding motif. Atx1 binds one Cu(I) atom per polypeptide involv-
ing the thiol ligands of the two cysteines (30). The Cu—Atx1 complex is proposed to move to the
trans-Golgi network (TGN) where it interacts with the N-terminal MTCXXC residues of the yeast
Menkes ortholog Ccc?2 protein and copper is transferred by a series of two- or three-coordinate Cu-bridged
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intermediates (30). ATOX1 (formerly HAH1), the human ortholog of Atx1, has a 47% amino acid
identity with Atx1 and contains an MTCXC domain (37). ATOX1 is believed to transport copper
from CTRI to the Menkes and Wilson proteins in the TGN (31).

The Menkes disease protein (ATP7A) and Wilson protein (ATP7B) are highly related copper-
transporting P-type ATPases that have both biosynthetic and protective roles in cellular copper
homeostasis in human cells under different copper conditions. During normal copper exposure, the
Cu-ATPases are located in the TGN of the cell, where the metal is incorporated into various copper-
dependent enzymes such as lysyl oxidase in fibroblasts (mediated by ATP7A as shown in Fig. 2) or
ceruloplasmin in hepatocytes (mediated by ATP7B; see Fig. 4). If the copper levels in the cell start to
rise, perhaps when the capacity of the copper chaperones is exceeded, a remarkable mechanism is
activated that enables the cell to reduce its intracellular copper concentrations. This mechanism
involves the Cu-induced trafficking of ATP7A and ATP7B to the plasma membrane of the cell (as
shown in Fig. 2A for ATP7A) (32) or to a vesicular compartment (ATP7B; see Fig. 4A) (33). In these
locations, the excess copper can be effluxed from the cell or sequestered into a vesicle for later efflux.
Because of its central role in copper homeostasis, the mechanism of copper-induced trafficking is of
considerable interest and will be discussed in more detail in Section 2.3. Induction of the genes
encoding the cysteine-rich metallothioneins (MTs), which avidly bind intracellular copper ions, pro-
vides a last line of defense against copper toxicity (2/). Presumably, this induction occurs when the
capacity of the ATPases to efflux copper is insufficient to reduce the intracellular concentrations to a
safe level.

2.3. Regulation of Copper Absorption and Excretion

The regulation of overall copper status of the body occurs by modification of the amount of dietary
copper absorbed and the amount excreted in the bile. The uptake of dietary copper in the small intes-
tine involves several main steps, each of which is a site of potential regulation: uptake, distribution
and storage within the cell, and efflux across the basolateral membrane. The amount of copper
absorbed from the diet has been found to depend on the copper content of the diet: When the dietary
copper intake is very low, a high percentage is absorbed, and the amount absorbed is reduced as the
copper content of the diet increases (34). The molecular basis of this regulation is unclear, but a
model can be proposed for the mechanism of copper uptake based on current knowledge of the com-
ponents of cellular copper transport (Fig. 3A). It is possible that the main method of copper entry into
the enterocyte involves hCTR1, which is expressed in the small intestine (/6). However, rats main-
tained on a diet containing only trace amounts of copper (<0.05 mg/kg) showed no increase in the
level of CTRI mRNA in intestinal mucosa, suggesting that regulation of copper uptake does not
involve changes in transcription of the CTRI gene. It is possible that copper regulation of CTR1 may
occur by changes in location or levels of the protein, as in the Cu-dependent degradation of Ctrlp in
S. cerevisiae (35). Alternatively, the regulation of Cu uptake in response to copper availability may
involve CTR1-independent mechanisms. For example, other transporters may contribute to copper
uptake, such as the broad-specificity metal-ion transporter Nramp2 (36), but such a system would not
appear to have the specificity required for responses to changes in dietary intake of copper alone.
High levels of dietary copper will induce the synthesis of metallothioneins to sequester the excess
cytoplasmic copper. The metallothioneins may buffer the absorption of the metal, with the excess
copper being eliminated when the epithelial cell is sloughed into the gut lumen. Such a mechanism
has been suggested to underlie the reduction of copper absorption by high doses of zinc (37) used as
a treatment for Wilson’s disease (38).

The transfer of copper across the basolateral membrane requires ATP7A, and as indicated in Fig. 3B,
patients with Menkes disease accumulate copper in the enterocyte because this step is blocked. The
copper then becomes associated with metallothioneins and is presumably lost when the enterocyte is
sloughed off. The role, if any, of ATP7A in the normal regulation of copper uptake is unclear. The
known copper-induced trafficking of the protein to the plasma membrane (32) would suggest that
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Fig. 3. (A) Model of copper transport in an intestinal enterocyte. Copper enters the cells via hCTR1 and it is
possible that regulation of copper uptake is mediated by changes in the concentration or location of hCTR1. As
with other cells, the copper is distributed within the cell by copper chaperones, but presumably a major pathway
will be to ATP7A for the secretion of copper across the basolateral membrane. There is no definitive data on
whether copper induces the movement of ATP7A to the basolateral membrane, but this is probable. It is not
known whether the trafficking of ATP7A plays a part in regulating the amount of copper absorbed from the
diet. (B) Model of copper transport in the enterocyte of an individual with Menkes disease. The absence of an
active ATP7A results in accumulation of copper in the cell, as basolateral transport is not possible. The excess
copper induces the transcription of MTs, which sequester the excess metal. This copper is lost to the body when
the enterocyte sloughs off.
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Fig. 4. (A) Copper-transport hepatocytes. The hepatocyte is the main regulator of copper efflux from the
body, by means of copper transport across the biliary canalicular membrane (apical surface) of the hepatocyte.
ATP7B is the main regulator of this process. When the liver copper concentration is low, ATP7B is located in
the TGN, where it supplies copper to ceruloplasmin, which is secreted into the blood. If copper levels start to
rise in the cytoplasm because of excess copper intake in the diet, ATP7B is induced to traffic to a vesicular
compartment and possibly also to the apical membrane, pumping copper into vesicles that later discharge the
copper into the bile. APT7B on the apical membrane may also pump copper directly out of the cell. If the
dietary intake of copper is so high that the ATP7B-mediated efflux is insufficient, copper accumulates and
induces metallothioneins. Some of this Cu-MT is taken up by lysosomes and some may be discharged by
exocytosis into the bile. (B) Copper transport in hepatocytes of an individual with Wilson’s disease. ATP7B is
inactive, so no copper is incorporated in ceruloplasmin, leading to secretion of apoceruloplasmin (continued)
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when copper levels are high in an enterocyte, ATP7A will be located on the basolateral membrane,
presumably increasing copper uptake into the circulation. As this is contrary to the observed decrease
in copper uptake when dietary levels are high, it may suggest that primary control over the amount of
dietary copper absorbed is the modification of uptake across the apical surface, as discussed earlier.
Nevertheless, the Cu-induced trafficking behavior of ATP7A in intestinal cells has not been reported
and may show some differences from that observed in nonpolarized cells, so a possible role for
ATP7A in regulating uptake cannot be excluded.

The liver is the primary regulator of copper status and this is achieved by modulation of the rate of
biliary excretion, mainly mediated by ATP7B (Fig. 4A). This protein also delivers copper to cerulo-
plasmin in the TGN, thus explaining why patients with Wilson’s disease have low biliary excretion
of copper and usually have low levels of holoceruloplasmin in plasma (Fig. 4B). The liver removes
excess copper by excretion in the bile and this mechanism is an important regulatory step in cases,
such as an acute exposures to high copper, where the small-intestine regulatory mechanisms are
insufficient or are too slow (e.g., induction of MT) to exclude the excess copper. The increased
knowledge of the cell biology of ATP7B, discussed in Section 6., suggests that the increased copper
efflux when the cell is exposed to excess copper is due to copper-induced trafficking of ATP7B to
vesicles and/or the apical membrane of the hepatocyte, resulting in the efflux of copper into the bile.
This efflux can be achieved either by exocytosis of the copper-laden vesicles or direct pumping of
copper across the biliary canalicular membrane (39), (Fig. 4A). Lysosomal exocytosis into the biliary
canaliculae is thought to form part of the pathway for biliary excretion of copper (40), but it is not
clear whether these lysosomes described in this study correspond to the copper-loaded vesicles noted
earlier. The exact details of this process are unclear, as there is still debate on whether ATP7B actu-
ally reaches the apical membrane (47,42); nevertheless, the trafficking response of the protein is
clearly the fundamental copper-sensing mechanism ultimately responsible for the increase in biliary
copper excretion in copper-loaded animals.

When the dietary intake exceeds the capacity of the biliary excretion mechanisms, for instance as
aresult of dietary supplementation (43) or in Wilson’s disease (44) (e.g., Fig. 4B), much of the excess
metal is associated with MTs. In such copper-loaded livers, the copper also accumulates in lysos-
omes (43). Glutathione appears to be involved in the biliary excretion of copper in copper-loaded
livers (39).

3. GENETIC COPPER-DEFICIENCY DISEASES
3.1. Features of the Genetic Copper Deficiencies

There are three clinically distinct X-linked copper deficiency disorders known in humans: classi-
cal Menkes disease (MD), occipital horn syndrome (OHS), and mild Menkes disease. All three are
very rare diseases, with an estimated frequency of between 1 per 100,000 and 300,000 live births
(45). The rarity of these diseases, however, contrasts with the important role they continue to play in
the understanding of copper homeostasis. Molecular analysis shows that all three genetic copper
deficiencies result from mutations of ATP7A. A model proposing linking clinical phenotypes to the
types of mutations in ATP7A has been recently proposed and is discussed later in more detail (46).

The clinical features of MD were first described in 1962 by John Menkes (47), and in 1972, David
Danks realized that MD is a genetic copper-deficiency disorder, based on similar features found in
copper-deficient sheep and pigs (48). Patients with MD are profoundly copper deficient and usually
die by the age of 3—4 yr. As noted previously (see Fig. 1), some tissues of MD patients have higher

Fig. 4. (continued) and low plasma levels of the protein. Biliary excretion is blocked, so intracellular copper
accumulates to very high levels, inducing cytoplasmic metallothioneins, which, as the cell ages, are ingested by
lysosymes and the cell develops Cu-laden lysosomes. Eventually, the cell’s copper storage is exceeded and it
dies from copper toxicity, the excess copper is released into the circulation, depositing in extrahepatic tissues,
such as the brain.
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than normal amounts of copper. For example, the kidney and gut may contain more than 10-fold
higher concentrations of copper compared with normal. In contrast the brain has only 2% of total-
body copper in Menkes patients compared with normal of 35%, emphasizing the severity of the
deficiency of copper in this organ (49). The phenomenon of copper accumulation in the presence of
copper-deficiency symptoms is the result of normal cellular uptake of copper but reduced efflux (4).
As noted previously, cells that accumulate copper are those normally involved in the transport of
copper, such as the small-intestine enterocytes and cells of the blood-brain barrier (50), the proximal
tubules of the kidney, and the placental cells of the affected fetus (57). The small amount of copper
absorbed from the diet by the patients gradually accumulates in these peripheral tissues, but is
unavailable to the rest of the body. The liver of Menkes patients has very low copper concentrations
compared with normal, and this reflects the overall copper deficiency of the patient—the liver does
not accumulate copper, as ATP7A is only expressed at a low level in this organ and copper efflux is
achieved by ATP7B.

A major clinical feature, and suspected eventual cause of death, of patients with MD is profound
neurological abnormalities in the brain. These neurological defects are possibly caused by the low
activity of cytochrome-c oxidase, a copper-dependent enzyme in the electron-transport chain. Low
activity of other copper-dependent enzymes in the brain such as superoxide dismutase,
peptidylglycine—ci-amidating monooxygenase, and dopamine-B-hydroxylase may also contribute to
the abnormalities (/4). MD patients also have connective tissue defects such as abnormalities of bone
and weak vascular walls, resulting from reduced activity of lysyl oxidase. The connective tissue
defects found in MD patients become the predominant features of the less severe condition, OHS.
Lysyl oxidase is a copper-dependent enzyme that catalyzes the crosslinking of collagen and elastin,
and the low activity of this enzyme is responsible for the aberrant connective tissue. Other clinical
features of MD are caused by the low activity of specific cuproenzymes. Patients with MD are
hypopigmented because of reduced activity of tyrosinase, a copper-dependent enzyme required for
melanin synthesis. Hypothermia is also a feature of MD and is thought to be the result of low cyto-
chrome-c oxidase activity. OHS patients have hyperelastic skin, arterial aneurisms, hernias, bladder
diverticulae, and multiple skeletal abnormalities: Bony abnormalities of the occiput give rise to the
name. Neurological abnormalities are not a feature of OHS although patients may be mildly mentally
retarded. Another clinical phenotype, mild Menkes disease, has been described and a missense muta-
tion in ATP7A has been identified in this patient (52).

Cultured cells from Menkes patients accumulate copper and this property is used for prenatal
diagnosis (53,54). This excess copper results as a consequence of defective copper efflux from the
cell (55). Figure 5 shows the pattern of copper distribution in a fibroblast from a Menkes patient
(compare to Fig. 1, a normal fibroblast). Efflux of copper from the cell cannot occur, because this
step requires both an active ATP7A and copper-induced trafficking of ATP7A. A role for ATP7A in
copper efflux was strongly supported by the increased rate of copper efflux observed in cultured cell
lines that overexpress the Menkes gene (56). Estimation of the rate of efflux of copper from cultured
fetal cells is a more reliable method for prenatal diagnosis than simple cellular copper measurements
(55). The absence of an active ATP7A in the TGN explains the low activity of lysyl oxidase secreted
by fibroblasts from MD patients (57) because the Menkes Cu-ATPase is required to pump copper
across the TGN membrane. Cultured fibroblasts from patients with OHS also accumulate excess
copper (58) and have defective copper efflux (Camakaris, unpublished data).

3.2. Treatment of Menkes Disease

Menkes disease patients have been treated by daily injections of copper salts or complexes, such as
copper histidine (59), but this treatment has not produced successful results in many patients (/4). In
responding patients, Cu-therapy prolongs survival and results in clinical improvement, but treatment must
be commenced as soon as possible after birth, before significant brain damage has occurred (4,60,61).
Even with early treatment, however, not all patients respond to therapy and Kaler has suggested that
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Fig. 5. Copper transport in a fibroblast from a Menkes disease patient. When cells are cultured in media with
normal copper concentration, copper entry into the cell is normal, but efflux is blocked because of the absent
ATP7A activity. The measurement of copper concentration in the cell or the rate of efflux of copper can be used
for prenatal diagnosis of Menkes disease. The absence of ATP7A also prevents the incorporation of copper into
secreted cuproenzymes, such as lysyl oxidase.

the responding patients are those who retain some residual ATP7A activity (62). In patients who
respond to therapy, the connective tissue abnormalities are not corrected and the patients acquire
some of the clinical features of OHS (60,61 ).

3.3. Mouse Models of Menkes Disease and Occipital Horn Syndrome

Mutations of the X-linked mottled locus (Mo) in mice result in varying degrees of copper defi-
ciency and a diverse range of phenotypes. The mottled locus contains the gene Afp7a, the murine
ortholog of ATP7A (63,64). There are at least 21 known mutant alleles of the gene, and the mutant
phenotypes can be divided into 4 broad groups: prenatal lethal, postnatal lethal, viable with mild
generalized effects, and mild with pronounced connective tissue defects (65). All except the prenatal
lethal are models of the human genetic copper deficiencies. The brindled mouse (mutant allele:
Atp7aMry is a close homolog to classical MD, with most of the typical features of the human disor-
der; the affected male dies around 15 d after birth from the effects of profound copper deficiency. The
blotchy mouse (Azp7a™??) is viable and is a model of OHS. The copper deficiency in the blotchy
mouse is less severe than in the brindled mouse, but the connective tissue abnormalities are more
pronounced and lysyl oxidase levels in the blotchy mouse are lower than in the more severely affected
brindled mouse (66). The reason for the selective reduction of lysyl oxidase in the blotchy mouse and
OHS has not been clarified, but a molecular explanation has been suggested (46) and is discussed in
Section 7.1. The viable brindled mouse (Atp7a™°*"") is a possible model of mild Menkes disease, as
this mouse has a less severe copper deficiency but does not exhibit the pronounced connective tissue
defects seen in the blotchy mouse. The prenatal lethal mutants, which have no human equivalent, include
the dappled (Atp7a M%) mutant male, which dies between d 15 and d 17 of gestation. Mutations in Atp7a
have been found in many of the mottled mutants, and these are discussed in Section 7.1.

Copper treatment of the brindled mouse prevents its death, provided that the copper is adminis-
tered prior to 10 d postnatal (67). The reason for the critical time period is not fully understood, but
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there may be a critical copper-dependent period of brain development between 7 and 10 d in the
mouse. It is thought that a similar critical period occurs in humans, and this would be consistent with
the failure of copper therapy in older infants with Menkes disease (4). Interestingly, the phenotypi-
cally very similar Jax-brindled mouse (Atp7A™°""/) does not appear to respond to copper therapy
(68); this difference is perhaps a clue to the variable success in treating MD patients (65). A mutation
in Atp7a has been found in the brindled mouse and is predicted to allow the formation of normal
amounts of a partially functional protein (69), which is consistent with Kaler’s suggestion that the
human MD patients who respond to therapy have some partially functional ATP7A (70). Unfortu-
nately, the mutation in the Jax-brindled mouse has not been described.

4. GENETIC COPPER-TOXICOSIS DISORDERS
4.1. Wilson’s Disease

Wilson’s disease (WD) is a genetic copper-toxicosis disorder affecting both the liver and central
nervous system. In this disease, mutations of ATP7B result in reduction of biliary excretion of copper
and low incorporation of copper into ceruloplasmin in the liver (Fig. 4B) (4), but for unknown rea-
sons, not all patients have low ceruloplasmin levels. Because the uptake of copper from the small
intestine is normal in WD, the reduced copper excretion results in a net positive copper balance in the
body and copper gradually accumulates to high concentrations in the liver (4). The excess copper
eventually causes severe liver damage, liver failure, and death. Copper also deposits in the brain, and
neurological abnormalities are a major clinical feature of some patients. Disease symptoms appear at
various ages, but rarely before the age of 5 yr; however, there are reported cases as young as 3 yr,
which can be misdiagnosed because of the young age of the patient (77). The neurological form of
the disease usually presents during the teenage years. Attempts are being made to relate the type of
mutation in ATP7B to the clinical phenotype and these will be discussed in Section 7.2. WD is com-
monly treated with the copper chelator penicillamine (72) or by reducing the uptake of copper in the
small intestine with large doses of oral zinc (73). In some cases, the use of the powerful copper
chelator, ammonium tetrathiomolybdate, is proving to be a valuable alternative therapy (74).

4.2. Other Possible Genetic Copper-Toxicosis Disorders

A group of similar childhood copper-toxicosis conditions have been described and are often asso-
ciated with excess intake of copper in infancy. Indian childhood cirrhosis (ICC) is a fatal disease
characterized by massive hepatic copper accumulation resulting from the consumption of milk con-
taining high concentrations of copper. Since the practice of boiling milk in brass vessels has been
discouraged, the disease is disappearing (75). There is a high rate of parental consanguinity in fami-
lies affected with this disease and up to 22% of siblings are affected, suggesting a genetic basis (75).
Clinically, ICC can be distinguished from Wilson’s disease by the characteristic liver histology, early
age of onset, normal ceruloplasmin and absence of neurological involvement (75). Similar infantile
copper-associated toxicity cases have been reported, and a clear autosomal recessive inheritance has
been reported for the disease in Austria (76). This disease is indistinguishable clinically from ICC
and was found also to be the result of the consumption of milk that had been contaminated by copper.
Like ICC, the disease has disappeared as the use of copper pots for boiling milk has declined. Muta-
tions in ATP7B have been excluded as a causative factor (77).

4.3. Animal Models of Wilson’s Disease and ICC

There are two proven rodent models of WD, the Long—Evans Cinnamon (LEC) rat and the toxic
milk (tx) mouse. The LEC rat accumulates high levels of hepatic copper in the first few months after
birth (78) and this excess copper is the likely the cause of early-onset hepatitis. A deletion of the 3'
portion of ATP7B has been reported thus demonstrating the LEC rat is a true model of WD (79).
Recent experiments have used this rat model to study the possibility of gene correction in WD (80).
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The autosomal recessive mutation toxic milk (#x) in mice causes the accumulation of hepatic copper
in a similar manner to the LEC rat. The name, toxic milk, was derived from the observed death of
pups suckling mutant dams and this was shown to be the result of copper-deficient milk produced by
the mutant dam (8/). A missense mutation (met1356val) in the eighth transmembrane domain of the
Atp7b in the tx mouse has been found, showing it to be a true model of WD (82). Although this amino
acid change does not appear particularly deleterious, it has been shown to severely affect the function
of the protein (83). A mouse “knockout” mutant with no detectable expression of Atp7b has been
produced and has a phenotype very similar to that of the tx mouse (84). The production of copper-
deficient milk suggests that Atp7b has an important role in delivery of copper to milk, at least in the
mouse. Consistent with this hypothesis, expression of Atp7b has been demonstrated in the mammary
gland of mice, and the subcellular distribution of the protein in the tx mouse is abnormal (85). Cop-
per-deficient milk has not been reported in LEC rat dams or, indeed, in mothers with WD, and it
would be of interest to further investigate whether the 7x mouse is unique in this respect.

Two other animal models of copper toxicosis are of interest, normal sheep and a breed of dog, the
Bedlington terrier. These animals accumulate hepatic copper and this phenotype may be the result of
mutations of novel copper homeostasis genes, perhaps the orthologs of the gene that is involved in
Austrian childhood cirrhosis. Sheep are prone to accumulate hepatic copper, because of a reduction
in biliary copper excretion and, in this respect, sheep resemble patients with WD (4). The molecular
basis of this phenotype is unclear; however, sheep have two forms of ATP7B, one that closely
resembles the protein in other mammals and an other that has a novel N-terminal extension of 79
amino acids (86). It is possible that this novel form may play a part in the hepatic copper accumula-
tion phenotype.

An autosomal recessive copper-toxicosis condition with many similarities to WD (87) is common
in Bedlington terriers. Affected dogs accumulate hepatic copper due a defect in biliary excretion.
Like WD, the disease is fatal if untreated, but can sometimes be controlled with penicillamine or high
doses of zinc (38). Unlike WD, however, plasma ceruloplasmin concentrations are normal and no
neurological abnormalities have been detected (87). Genetic mapping data excluded the possibility
that a defect in the canine ATP7B gene was responsible for the copper toxicosis (88).

5. ISOLATION OF THE GENES AFFECTED IN MENKES AND WILSON’S
DISEASES

The Menkes gene was isolated by a positional cloning procedure based on a female with MD who
had a balanced X:2 translocation chromosomal translocation (89). The Menkes gene had been mapped
to band Xq13.3 (90), the site of the translocation breakpoint on the X chromosome. This observation
together with the disease occurring in the female suggested that the translocation had disrupted the
Menkes gene and the breakpoint was mapped to a 300-kb restriction fragment allowing cloning of the
gene from YACs overlapping this region (9/-93). Three groups independently isolated cDNA clones
from the Wilson’s disease gene some using the YAC clones from the chromosomal region where
Wilson’s disease gene had been mapped, and primers based on the Menkes gene sequence (94-96).
These groups made the reasonable assumption, which proved to be correct, that the two genes might
be related enough to allow polymerase chain reaction (PCR) amplification or probing of clones from
the candidate YACs.

5.1. Structure and Expression of ATP7A and ATP7B Genes

The Menkes gene is large and complex, consisting of 23 exons, ranging from 77 to 4120 base pairs
and spanning about 150 kb (97,98). It encodes an mRNA of approximately 8.5 kb with a single open
reading frame, with the ATG codon in exon 2 and the TAA stop codon in exon 23, followed by a 3.8-kb
untranslated region. There is evidence for alternate splicing of the gene that may generate different 5'
start sites (99). An alternate form of mRNA lacking exon 10 is present in most tissues of normal
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individuals (97), which maintains the reading frame, although the protein product of this form lacks
transmembrane domains 3 and 4 and has been shown to mislocalize to the endoplasmic reticulum
(100). The functional significance of this form is unclear, but a patient with OHS was shown to have
the majority of his Menkes transcript as the exon 10 deleted form, suggesting that the corresponding
protein may have some residual copper-transport activity (/01).

The Menkes gene is expressed in many tissues, although it is not an abundant mRNA: Northern
blots have detected the message in kidney, lung, heart, brain, testis, gut mucosa, placenta, skeletal
muscle, fibroblasts, lymphoblasts, and mammary gland carcinoma cells (91-93,102,103). Very low
levels of mRNA were found in mature liver, but in developing liver, the levels are much higher (104),
comparable to the kidney, but decline soon after birth (/02). High expression was detected in the
choroid plexus of the brain. This observation and other evidence for expression of ATP7A in cells of
the blood-brain barrier place this protein in position to regulate the entry of copper into the brain,
consistent with the severe copper deficiency in the brain of Menkes patients (/05). A putative pro-
moter region of the gene has been identified and a possible disease causing mutation was found
(106), but no detailed studies on the regulation of the promoter have appeared. There is no evidence
that the expression of ATP7A is regulated by copper. In mouse tissues, no correlation of tissue copper
levels and Atp7a expression was found (/02), and the gene has been found to be unresponsive to
copper in cultured cells (32).

The ATP7B gene has 21 exons and encodes an mRNA of 7.5 kb with a 162-base-pair 5’
untranslated region (/07). The promoter of this gene has not been well characterized, but appears to
have metal-regulatory elements resembling those found in metallothionein genes (108), yet there is
no evidence that this gene is copper responsive in mice (82). The range of tissues expressing ATP7B
is more restricted than ATP7A, but ATP7B is strongly expressed in the liver and to a lesser extent in
kidney, brain, placenta, mammary gland and pancreas, intestine, hypothalamus, and ovary
(85,86,94,95). As noted for ATP7A, the expression pattern in the developing mammal differs from
the adult with ATP7B showing a wider range of expression, perhaps suggestive of some specific
function in the fetus (/04). Alternately spliced forms of ATP7B mRNA have been found. A shorter
version of the protein has been detected in the cytosol (109), and apparently brain-specific splicing
has been reported (/10). A remarkable spliced form of the gene has been found expressed in the
pineal gland and is regulated by light. Although the predicted protein lacks of all the N-terminal
metal-binding sites, some copper-transport activity has been detected (/11). Further work is required
to establish the significance of these alternate forms of the protein.

5.2. Structural Features of the ATP7A and ATP7B Proteins

The sequence of ATP7A predicts a 1500-amino-acid polypeptide and characteristic structural fea-
tures identify it as a member of the extended family of transmembrane proteins known as P-type
ATPases (92). There are at least 80 known P-type ATPases found in all life forms. These enzymes are
primarily involved in the ATP hydrolysis-dependent transmembrane movement of various cations,
including H*, Na*, K*, Ca?*, and Mg?* (112). The term “P-type” refers to the existence of a high-
energy phosphoryl-enzyme intermediate formed during the reaction cycle of ion translocation. The
site of phosphorylation is an invariant aspartic acid in the sequence DKTG. ATP7B is predicted to be
1411 amino acids in length and is very similar to ATP7A with about 57% amino acid identity (94).
ATP7A and ATP7B are more similar to the bacterial heavy-metal-transporting P-type ATPases than
to the classical mammalian ATPases that transport the alkali metals ions such as Ca>* and Na*. The
cadmium transporter CadA has a very similar predicted structure to that of the Menkes protein (/13)
and bacterial copper-transporting P-type ATPases, CopA and CopB, have been described (114,115)
as well as copper ATPases in yeast (116,117). Hydrophobicity analysis of MNK predicts eight trans-
membrane domains (92,118). The heavy-metal-transporting ATPases are distinct from the classical
P-type ATPases in both membrane topology and primary sequence features. They have been classi-
fied as a subclass of the P-type ATPases, called P1-type ATPases or CPx type ATPases (119,120).
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Fig. 6. Hypothetical three-dimensional representation of ATP7A/B based on the three-dimensional structure
of the calcium ATPases (1217). The eight transmembrane domains are shown as cylinders traversing the lipid
bilayer and forming a channel that allows copper to traverse the membrane. On the cytoplasmic side of the
transmembrane channel, the cysteine residues in the CPC motif are thought to accept copper prior to transloca-
tion across the membrane. This copper is shown as coming from the N-terminal copper-binding sites, but the
exact details of this transfer is unclear, and copper may also be directly available to the channel if concentra-
tions are high in the cell. The metal-binding sites receive copper from the cytoplasmic chaperone ATOX1. The
ATP-binding site in the large cytoplasmic loop is indicated (ATP) and the aspartic acid (D), which is phospho-
rylated, is shown as part of a B-pleated-sheet. The enzyme contains an endogenous phosphatase indicated by the
motif ITGEA.

A hypothetical three dimensional representation of MNK is shown in Fig. 6, based on the recently
described three-dimensional structure of the Ca?* ATPase (121). The eight transmembrane domains
form a channel through which the copper traverses the membrane. As noted, all P-type ATPases have
an ATP-binding site and an invariant aspartic acid residue (D in Fig. 6), which is phosphorylated and
dephosphorylated during the reaction cycle of cation translocation. The CPC motif characteristic of
heavy-metal P-type ATPases is indicated on the cytoplasmic edge of the channel. The cysteines are
likely to bind copper during its translocation and are essential for the enzyme activity (122). The
proline is found in all P-type ATPases and is important for the conformational changes involved in
cation transport. Evidence that ATP7A functions as a P-type ATPase was obtained using a vesicle
assay for copper transport (/23), which showed that Cu transport was inhibited by orthovanadate, a
specific inhibitor of P-type ATPases. The reaction only occurred in the presence of dithiothreitol,
supporting the notion that Cu(I) is the ionic form of copper that is translocated. A major feature of the
heavy-metal P-type ATPases is the presence of metal-binding sites (MBS) with a canonical sequence
MTCXXC in the N-terminal region. ATP7A/B have six of these MBSs and the possible roles that
these domains in accepting copper from the chaperone ATOX1 and regulating the trafficking of
ATP7/B proteins is discussed next.



264 Mercer, Kramer, and Camakaris

Low affinity
Cu) pinding

Fig. 7. Model of the conformational changes in ATP7A/B involved in Cu transport. The P-type ATPases
undergo marked conformational changes associated with cation transport. Shown here are two basic forms of
the enzyme, with copper bound to the high-affinity cytoplasmic site (CPC) and ATP bound to the enzyme (left
diagram). Binding of copper to the metal-binding sites may induce conformational changes that facilitate the
transfer of copper to the CPC site. Following phosphorylation of the aspartic acid, the high-affinity site is
occluded and the copper is transported to the other side of the membrane, where it is bound to a low-affinity site
(shown as methionines and histidines). The aspartic acid is dephosphorylated by the endogenous phosphatase
and the enzyme returns to the original state.

Much of the understanding of the complex mechanism of ion transport catalyzed by these enzymes
has come from the study of the calcium ATPases. This work has now reached the stage of an X-ray
crystal structure at 2.6 A resolution (/27). Although the topology of the Cpx ATPases and the cal-
cium ATPases differ, in that there are 8 transmembrane channels proposed for the former and 10 have
been demonstrated in the latter, the fundamental ATPases core and reaction cycle are conserved.
Thus, it is instructive to compare the two, particularly as the three-dimensional structure of the heavy-
metal ATPases is not known. It is clear that P-type ATPases undergo considerable conformational
changes during the reaction cycle, which can be distinguished by affinity for the metal ion, and
various fluorescent changes. We have attempted to represent in Fig. 7the type of changes that may be
involved. The binding of the cation to a high-affinity cytoplasmic site (CPC) allows the phosphoryla-
tion of the aspartic acid to form the phosphoenzyme, which has a distinct conformation that occludes
the high-affinity cytoplasmic binding site and reveals a lower-affinity binding site on the luminal
side. In this way, the cation is transferred across the membrane. The internal phosphatase removes
the phosphate and the enzyme returns to the intial conformation, where the high-affinity binding site
is exposed to the cytoplasm (/24). Commonly, only two conformational states are distinguished for
P-type ATPases, E1 and E2; in the E1 state, the cation has access to the high-affinity cation-binding
sites; for ATP7A, this the CPC in the channel and the corresponding region in the calcium ATPase is
VAAIPE-309 forming the type-2 calcium binding site (/217). In the E2 state following the substantial
conformation change consequent to the phosphorylation, the high-affinity site is occluded, and the
metal is bound to the low-affinity sites (125). For ATP7A, this low-affinity site could be the cluster
of methionines and histidines on the luminal side (Fig. 7). The simplistic E1/E2 model has been
criticized, in that the enzymes will certainly adopt more than just one conformation during the com-
plete reaction cycle (124). A deeper understanding of the conformational changes is necessary when



Molecular Basis of Diseases of Copper Homeostasis 265

one attempts to understand the various disease phenotypes by consideration of the effects of disease-
causing mutations at a molecular level and the mechanism of copper-induced trafficking of the cop-
per ATPases, a mechanism that is a key part of cellular copper homeostasis. This process appears
intimately tied to a unique feature of the mammalian Cu-ATPases, the six cytoplasmic copper-bind-
ing sites in the N-terminal region of the molecule.

Six copies of the metal-binding-site motif, MTCXXC are found in the N-terminal portion of MNK
and have been shown to bind copper in vivo and in vitro (/26—128) and a three-dimensional solution
structure of MBS4 of ATP7A has been determined (/29). Interestingly, only one to three of these
MBSs are present in the bacterial and yeast copper-ATPases (115-117,130) and in Cad A. Several
studies have investigated the role of these MBSs in copper transport and there is significant disagree-
ment as to whether they are essential for copper transport. Payne and Gitlin showed by progressive
mutagenesis of the CXXC motifs of ATP7A to SXXS, a motif that cannot bind copper, that mutation
of the first three MBSs abolished copper transport despite the presence of intact MBS4-6, suggesting
that the first three MBS had a critical role (/31). In contrast, Forbes and Cox, using the same yeast
complementation assay, found that only MBS6 of ATP7B was needed for copper-transport activity
(132). These conflicting results might indicate that there are fundamental differences between ATP7A
and ATP7B in the way in which the six copper-binding sites function (/32). Although this seems
inherently unlikely in view of the close relationship of the two proteins, there are differences between
the two proteins in the N-terminal domain; for example, there is a 78-amino-acid deletion between
the first and second metal-binding site in ATP7B relative to ATP7A. The effect of mutation of the
copper-binding sites was assessed using an assay for Cu-ATPases in mammalian cell vesicles (133).
This work clearly demonstrated that Cu transport into vesicles did not require any of the MBSs;
moreover, in whole cells expressing the mutant with all six Cu sites mutated, copper accumulated into
vesicles. Previous work had demonstrated that this particular mutant ATP7A had lost its Cu-induced
trafficking ability (/34). Thus, it appeared that copper accumulation was the result of an active trans-
porter pumping copper into vesicles, but which could not subsequently traffic to the plasma mem-
brane to allow copper release from the cell (733).

At least a partial resolution to the discrepancies noted above has come from studies on the interac-
tion of the copper chaperone, Atx1 in yeast and ATOX1 in mammals, with the N-terminal
Cu-binding sites. Interestingly, these chaperones closely resemble a single copper-binding domain of
the Cu-ATPases, having the same GMTCXXC motif. Atx1 has been shown to bind copper in a two-
or three-coordinate metal cluster, and a direct interaction between Atx1 and the cytosolic domains of
the yeast ortholog of ATP7A/B was demonstrated (30). Thus, Atx1 accepts copper from the plasma
membrane transporter, Ctrl, and transports the metal through the cytoplasm to CCC2, where the
copper is transferred to the Cu site of CCC2 by a series of rapid associative changes involving two-
and three-coordinate copper (30). A model has been proposed in which the copper chaperones trans-
fer copper to the N-terminal copper sites and the copper is subsequently donated to the metal at the
CPC site in the channel (/32). Larin et al. (/35) demonstrated that ATOX1 was capable of indepen-
dent interaction with individual MBSs. MBS1-4 appeared to interact with roughly equal efficiency,
but the last two, MBS5 and MBS6, failed to interact. Thus, the results indicate that the fifth and sixth
metal-binding sites may well have a different function from the first four. Consistent with this differ-
entiation of function between the metal-binding sites, Forbes et al. found that the first three metal
domains (MBS1-3) could not replace MBS5 and MBS6 for copper transport (/32). In addition, the
most recent studies on the stoichiometry of the copper binding to ATP7A suggest that four Cu(I) ions
are bound in an environment shielded from solvent (/28). This study, however, did not identify
which Cu sites were involved in the binding.

A possible model for integrating these observations is that ATOX1 delivers copper to the first four
metal-binding sites, and the metal is subsequently transferred to MBS5 and MBS6, from where it is
donated to the CPC in the channel, but direct donation of copper from other MBSs cannot be excluded.
Some of the possible paths of copper movement between the MBSs and the CPC are indicated by
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dotted lines in Fig. 7. These transfer processes are presumably occurring under normal physiological
conditions (i.e., with cytoplasmic copper concentrations within the low to normal range). When cyto-
plasmic copper concentrations increase as a result of the exposure of the cell to elevated copper
concentration, the capacity of the ATOX1 delivery system may be exceeded. Under such conditions,
copper may be bound to low-molecular-mass ligands, such as glutathione, and delivered directly to
the CPC residues in the channel. This mechanism would explain how an ATP7A molecule with all six
copper-binding sites mutated could still pump copper into vesicles in cells exposed to high copper (133).

Whatever the exact role of the various copper-binding sites in copper transport, it is clear that
copper binding to this region causes significant conformational changes that are presumably related
to the copper-transport cycle (127,128). These changes might be linked, but not necessarily directly,
to the conformational changes that accompany the metal transport through the channel. DiDonato et
al. showed that a 70-kd fragment containing the six copper-binding domains of ATP7B underwent
both secondary- and tertiary-structure changes upon copper binding (/27). It has been speculated by
a number of authors that the presence of six Cu sites in these proteins may serve as some kind of
sensor of the copper concentrations in the cell (32,92). The conformational changes that the N-termi-
nal region undergoes upon copper binding has been suggested to be part of the signaling mechanism
that stimulates the copper-induced trafficking of ATP7A and ATP7B (127,128,132). There is also
evidence that the N-terminal region of ATP7B interacts with part of the cytoplasmic loop containing
the ATP-binding site in a copper-dependent manner. This interaction was proposed to be part of the
overall conformational changes in the protein that are involved in both copper transport and copper-
induced trafficking (136). To explore these ideas further, we now discuss the studies on the cell
biology of ATP7A/7B and Cu-induced trafficking of these ATPases.

6. THE CELL BIOLOGY OF THE CU-ATPASES

Copper homeostasis mediated by both ATP7A/B is dependent on both copper-transport activity
and the localization of these proteins to the correct cellular compartment. Both proteins have two
major roles in copper homeostasis: delivery of copper to secreted cuproenzymes and efflux of copper
from cells. One of the key questions to be answered once the genes were isolated was how a single
protein could carry out these both of these functions. The answer to this question is that the dual role
is achieved by the alteration of the location of the protein within the cell. The biosynthetic role is
carried out when the proteins are in the TGN, and TGN localization has been demonstrated for both
ATP7A (32,137,138) and ATP7B (33,42). The efflux role occurs when the proteins are either located
on the plasma membrane (ATP7A) (32) or on an intracellular vesicular compartment (ATP7B)
(33,42). When copper concentrations in the cell are in the normal physiological range, the proteins
are found on the TGN, but exposure of cells to high concentrations of copper results in a relocalization
of ATP7A within 30 min to the plasma membrane (32) or a compartment that may be the late endo-
some/subapical endosome in the case of ATP7B (41,83). The relocalization of ATP7A was shown to
be rapidly reversible when excess copper was removed and not to require new protein synthesis (32).
In this study, it was found that the concentration of ATP7A mRNA and protein did not change when
cells were exposed to copper, suggesting that the ATP7A gene was not copper responsive. This
aspect of copper homeostasis depended solely on a posttranslational mechanism: copper-induced
trafficking.

The initial studies on the trafficking of ATP7A/B were carried out the nonpolarized Chinese ham-
ster ovary cells, but in the physiological situation, these proteins will often function in polarized cells
and this raised the question as to which membrane, apical or basolateral, the proteins are targeted. It
is probable that ATP7A will traffic to the basolateral membrane; however, it has proven difficult to express
ATP7A in polarized cells to prove this point (Petris, personal communication), so the membrane target of
ATP7A remains to be established. For ATP7B, the situation is clearer; Roelofsen et al. (4/) have
provided convincing data that, in polarized cultured hepatocytes, this protein traffics in four stages:
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(1) at low copper concentrations ATP7B is in the TGN; (2) within 30 min of exposure of the cells to
copper, the protein is present in randomly distributed vesicular structures; (3) the vesicles appear to
fuse and form clusters that accumulate at the apical pole of the cells; and (4) within 2-3 h, ATP7B is
detected on the apical membrane. It is likely that stages 1-3 occur when ATP7B is expressed in
nonpolarized Chinese hamster ovary cells, as ultrastructural studies have shown the presence of
ATP7B on large vesicular structures that resemble late endosomes (83). These large vesicles may
well be equivalent to the subapical vesicles noted by Roelofsen et al. (4/). These conclusions, based
on studies in cultured cells, are supported by the distribution of ATP7B in rat liver. Schaefer et al.
found that in copper-deficient rats, ATP7B was localized in the TGN of hepatocytes, but when ani-
mals were copper loaded, the protein was distributed in multiple vesicular structures (42), but these
authors did not find any ATP7B on the canalicular membrane. Further evidence that trafficking of the
Cu-ATPases is indeed a physiologically relevant process was provided by the finding that both
ATP7A and ATP7B are located in the TGN of nonlactating breast tissue, but are redistributed to
vesicular structures in the lactating tissue (85,739). Although the physiological stimulus for the
change in intracellular location of the proteins in the lactating gland has not been determined, these
studies suggest that the trafficking of ATP7A/B is an important part of the delivery of copper into
breast milk. The role of ATP7B in this process was suspected from the finding that milk produced by
the toxic milk mouse mutant was copper deficient (8/) and the Atp7B knockout mouse accumulated
copper in the mammary gland (84). Interestingly, the mutant Atp7B in the tx mouse does not relocalize
in response to lactation (85), a behavior that is reminiscent of the lack of Cu-induced relocalization
observed in a mutant forms of ATP7A found in cells from a patient with mild Menkes disease (52).
Indeed, a number of diverse mutations appear to prevent copper-induced trafficking of both ATP7A
and ATP7B, but the reason for this is unclear (/40,141). The differential effects of mutations on
copper transport and trafficking has the potential to generate diverse disease phenotypes, as will be
discussed in Section 7.

The importance of Cu-induced trafficking in copper homeostasis has encouraged a number of
studies to investigate the way in which copper may stimulate the movement of the protein. Attention
has focused on the six metal-binding sites. These studies have used site-directed mutagenesis to alter
the MBSs to a non-Cu-binding form (usually changing CXXC to SXXS) or by deletion of one or
more of the metal-binding sites. With ATP7A Strausak et al. found that mutation of the first three
MBSs did not have any appreciable effect on copper-induced trafficking, but that a molecule in
which MBS1-3 were intact and MBS4-6 were mutated was incapable of relocalizing in high copper
(134). This work also showed that the first four MBSs could be deleted and the truncated molecule
could still traffic in response to Cu. Work by Goodyer et al. showed that an ATP7A molecule with
any one of the six MBSs intact could still undergo Cu-induced trafficking (/42), a result in apparent
contradiction to the finding of Strausak et al. that the mutant with MBS1-3 intact could not traffic.
The reason for this discrepancy is at present unclear. Both studies agree, however, that at least one
intact MBS is necessary for the trafficking to occur. Although similar studies with ATP7B have yet to
be reported, Roelofsen et al. have suggested that the binding of copper to one or more of the copper-
binding sites may induce a change in conformation in the protein that exposes an apical targetting
signal (41). The same argument could be applied to ATP7A, but in this case, the signal may be a
basolateral targeting signal. Discovery of such targeting signals, if they exist, will be an important
advance in the analysis of the molecular basis of copper homeostasis.

The Cu-ATPases contain other protein motifs that are important for determining the cellular loca-
tion of the proteins. Petris et al. and Francis et al. have shown that a dileucine motif in the C-terminal
region of ATP7A is required for correct TGN localization (/43,144). Mutation of the dileucine to
dialanine resulted in a molecule that was constitutively located on the plasma membrane. This effect
was shown to be the result of the requirement of the dileucine for retrieval of ATP7A from the plasma
membrane to the TGN (i.e., that the dileucine is an endocytic targeting motif). A trileucine motif is
found in a corresponding region of ATP7B that may also be responsible for retrieval of this molecule,
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but this has yet to be demonstrated. A 38-amino-acid sequence in transmembrane 3 of ATP7A was
identified as a Golgi localization signal, presumably necessary for the retention of the protein in the
TGN (100). Use of ATP7A labeled with a c-myc epitope tag showed that the molecule is undergoing
constitutive recycling from the TGN to the plasma membrane, even in basal copper (/45). Impor-
tantly in the presence of copper, the endocytosis of the protein was not inhibited, suggesting that the
mechanism of copper-induced trafficking was not the result of the inhibition of endocytosis, but
stimulation of exocytosis. Full characterization of Cu-induced trafficking, the interplay of the vari-
ous targeting motifs, and the importance of conformational changes in these processes promise to be
a fascinating area of investigation for numbers of years to come. Indeed, further characterization of
the processes responsible for docking, trafficking, and protein retrieval from the plasma membrane
and vesicles and the effect of mutations on these processes will be crucial to the understanding of the
regulation of copper homeostasis and the clinical effects of mutations in these molecules.

7. MOLECULAR BASIS FOR THE VARIABLE CLINICAL PHENOTYPES IN
MENKES DISEASE

Many mutations causing classical MD and the milder variants have been identified (/46). The
classical disease appears to result when mutations prevent the formation of any functional protein;
for example, partial or complete deletions of ATP7A are found in about 15% of MD patients (93), and
the disease-causing missense mutations are the result of amino acid changes that would be expected
to cause major disruption to the protein, such as large charged residues occuring in the hydrophobic
transmembrane domains, indicating that the disease is caused by complete loss of ATP7A activity
(147). RNA splicing abnormalities are quite common in classical Menkes disease and usually result
in complete loss of normal ATP7A mRNA. Other mutations found include premature stop codons,
frame shifts, and nonsense mutations (/47). In one patient with mild MD, a missense mutation in
transmembrane domain 7 has been found. The mutant protein was located in the TGN, but, surpris-
ingly, did not relocate to the plasma membrane in response to Cu (52). The milder course of the
disease suggests that the mutant protein retains some Cu-transport activity. One possible explanation
for the clinical features of this patient (mild neurological effects and mild connective tissue disease)
could be the localization of a partially active protein in the TGN able to deliver sufficient Cu to lysyl
oxidase. Thus, OHS does not develop, but because of the defective trafficking of the protein, the
distribution of copper in the body is still abnormal (46).

All cases of OHS so far described have been the result of splice-site mutations that still permit the
production of small amounts of normal protein (/48). A possible explanation for the pronounced
connective tissue defects is that the ability of the cells to efflux copper is reduced because of the
amount of active ATP7A is so small. Thus, exposure of the cell to only a small amount of copper
(even the amount of copper in a Cu-deficient patient) is sufficient to raise the intracellular copper
enough to induce relocalization of the protein to the plasma membrane (46). If so, even in quite low
copper concentrations, no ATP7A would be found in the TGN; hence, copper is not supplied to lysyl
oxidase.

Thus, the variable clinical phenotype resulting from mutations of ATP7A can be explained by a
combination of the different effects mutations can have on the protein function, such as reduction in
copper-transport activity, altered intracellular location, and defective trafficking in response to copper.

7.1. Mutations of Atp7a in the Mottled Mice

Similar conclusions about the molecular basis of the different phenotypes observed in the mottled
mouse mutants have emerged from the studies of the mutations in these mice. The murine ortholog of
ATP7A was obtained in 1994 and mRNA abnormalities of the expression of MNK in a number of the
mottled mutants was demonstrated (63,64). Subsequent work has identified mutations in Afp7a in
most of the mottled mutants. The main difference between the murine and human diseases is that
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complete loss of Atp7a activity has a more severe effect in the mouse, resulting in prenatal lethality.
This difference may suggest that the mouse has a greater requirement for copper at a critical phase of
development than humans and, thus, is more sensitive to reduction in the activity of Atp7a. There is
a quite diverse range of mutations that cause prenatal lethality in mice (65). The first of the prenatal-
lethal mutants to be described was the dappled mouse (/49) and, subsequently, the causative muta-
tion was found in the Afp7a promoter, explaining the lack of Afp7a mRNA (150). Other mutations
causing prenatal lethality are A1364D missense mutation in mottled 11H in which a charged residue
is placed in transmembrane domain 7, and a severe splice-donor-site mutation (/57). The viable
brindled mouse is a possible model for mild Menkes disease (65) and is caused by a mutation K1037T
adjacent to the invariant aspartic acid that is phosphorylated. Presumably, this mutation causes a
reduction in phosphorylation, rather than complete abolition; otherwise, the disease would be more
severe. In the closest mouse model of Menkes disease, there is a deletion of two amino acids in the
first cytoplasmic loop of the Atp7a (69). Normal amounts of protein are present in cells and tissues of
the mouse, but the protein does not traffic when cells are exposed to copper (/40). This result demon-
strates that the mutation has a severe effect on the trafficking function of the protein, but, presum-
ably, the protein must retain some copper-transport activity, otherwise the mutant male would die in
utero. The presence of a partially active transporter fixed in the TGN would explain why lysyl oxi-
dase activity in the brindled mouse can be restored by copper treatment (66).

Two higher molecular-weight forms of Azp7a mRNA in addition to mRNA of the normal size
have been detected in tissues of the blotchy mouse (63,64) and a mutation of the minor splice signals
were found in the Afp7a gene, which is presumably responsible for the aberrant splicing (/52). Trace
amounts amount of Atp7a have been detected in Western blots of blotchy mouse fibroblasts (140). As
noted earlier, similar mild splice-site mutations have been found in OHS patients, supporting the
concept that mutations in ATP7A that allow a small amount (perhaps less than 2%) of normal protein
to be produced result in pronounced connective tissue abnormalities (/48). As previously noted, if
this residual ATP7A were located on the plasma membrane even when cells are exposed to normal or
low copper concentrations, lysyl oxidase would not receive any copper (46, 140). This model explains
why, in contrast to the brindled mouse, copper treatment of the blotchy mutant does not restore lysyl
oxidase activity.

7.2. Molecular Basis of the Phenotypic Variability in Wilson’s Disease

The age of onset of WD varies from 2 to more than 40 yr, and patients can present with either
hepatic or neurological symptoms. Some WD patients have normal plasma ceruloplasmin, but most
have low levels. The reason for this variable presentation is unclear, but some indication has been
obtained by analysis of the types of mutation found in patients. A study of WD has demonstrated a
wide range of mutations, although, in contrast to MD, large deletions of ATP7A have not been found
in patients (7). Over 200 mutations have been described and are listed in a database (http://
www.medgen.med.ualberta.ca/database). In North America, 38% of WD chromosomes harbor the
His1069GIn mutation and other population groups have different common mutations. The correla-
tion between genotype and phenotype is complicated by the fact that many WD patients are com-
pound heterozygotes (i.e., they carry different ATP7B mutations on each chromosome 13). Patients
who are homozygous for severe mutations have an earlier onset of disease and are sometimes not
recognized as WD because of this fact (77). In some cases, the alternate splicing appears to have
allowed splicing out of the exon containing a severe mutation resulting in a milder phenotype (153).
Milder mutations may present with later-onset neurological disease (/53). Similar to MD variants,
mutations that cause mislocalization of the protein or changes in Cu-induced trafficking may result in
distinct phenotypes, such as WD patients with normal ceruloplasmin (/41). The clinical severity of
WD might also be influenced by environmental factors, such as the amount of copper ingested, or
allelic variants of modifying genes, such as metallothioneins. Such factors could explain why the
common His1069GIn mutations is associated with a range of clinical presentations (154).
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8. COPPER AND NEURODEGENERATIVE DISEASES

Some very interesting recent findings have linked copper to various devastating neurological con-
ditions and a common theme that emerges is the possibility of Cu-induced free-radical production
leading to neuronal damage. Amyotrophic lateral sclerosis (ALS), a neurodegenerative disease
affecting motor neurones, leads to progressive muscular weakness, atrophy, and death. An autosomal
dominant form of ALS is caused by mutations in Cu/Zn superoxide dismutase (SOD). It appears that
the disease results from a gain of function of Cu/Zn SOD, associated with abnormal forms of the
protein in which copper is bound in a manner that allows the generation of reactive oxygen species
(155). Alzheimer’s disease is a progressive neurodegenerative disease characterized by amyloid
plaques and neuronal cell loss. A major constituent of the plaques is the amyloid-B protein (APP).
APP is a copper-binding molecule and can reduce Cu(II) to Cu(I) (156); it may be involved in copper
transport in neurones, so potentially mutations in this protein could lead to increased Cu(I) and asso-
ciated free-radical generation (/56). Disturbances of copper metabolism have been noted in
Alzheimer’s patients, and may result in toxic gain of function through the interaction of copper with
APP and toxicity as a result of the action of copper, and APP has been demonstrated in cultured
neurones (/57). These finding have led to suggestions that Alzheimer’s disease could possibly be
treated with copper chelators, and preliminary trials with a mouse model of the disease have shown
that the copper chelator bathocuprein promotes solubilization of amyloid aggregates (1/58). The in-
fectious prion proteins (PrPSc) that are the causative agents in Creutzfeld—Jakob disease, kuru, fatal
familial insomnia, and “mad cow disease” are toxic conformational variants of a normal cellular
protein (PrPC). The normal physiological role of the prion protein is unkown, but it has been ob-
served that it binds copper (/59) and that it recycles between the plasma membrane and endosomes
(160). The conformation of the prion protein has been shown to be altered by binding of metal ions,
including copper (161), and copper has been shown to facilitate the formation of the protease-resis-
tant infectious confomer PrPS¢ (162). These observations suggests both that the prion protein may
normally function in copper homeostasis and that the interaction of copper with the infectious form
may be part of the causation of the disease. Parkinson disease appears to be associated with abnor-
malities of iron and copper. Patients have reduced levels of ceruloplasmin in their cerebrospinal fluid
and this might be related to the raised iron levels in the basal ganglia, as ceruloplasmin is needed for
iron mobilization (163).

9. CONCLUSIONS

The study of copper transport has clearly entered a new era with the isolation of the genes affected
in Menkes and Wilson’s diseases and the study of the protein products encoded by these genes.
Analysis of the mutations that cause MD and WD is aiding understanding of the molecular basis of
the various disease phenotypes and is assisting prenatal diagnosis. In addition, studies on the function
of ATP7A and ATP7B are revealing new aspects of copper transport and new trafficking mecha-
nisms that are of general interest to cell biologists. There is still much to be discovered about the
complex functions of the copper ATPases, and the next few years should yield some fascinating
insights into the detailed role that these molecules play in the delicate balance that is needed for
copper homeostasis. The discovery of the intracellular copper chaperones has provided a major leap
forward in understanding of the distribution of copper within the cell. Many questions, however,
remain to be answered before the full details of copper homeostasis in humans are resolved. Little is
known about the targeting of copper within cells or the signals directing copper proteins to various
locations in the cell. How are the cell membranes protected from copper damage? How is copper
distribution around the body regulated? An area that we have not discussed in this chapter in any
detail is the delivery of copper to the fetus and neonate and the effect of mutations on this process.
This is an important area of investigation because the growing mammal is at most risk of copper
deficiency, but is also very sensitive to copper toxicity. What role is copper actually playing in the
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neurological diseases discussed in the last section? Are there other copper-related diseases yet to be
recognized, because of mutations in the various copper chaperones or other components of the cop-
per homeostatic system? Despite these and many other questions, in contrast to even 10 yr ago, it is
possible to believe that within another 10 yr the answers to these questions will be found and the
molecular basis of copper transport will be substantially worked out. One can confidently expect that
the discovery of gene(s) involved in the childhood copper-associated cirrhosis conditions, the
Bedlington terrier, and the reason for the copper sensitivity of the sheep will be discovered and new
genes will be added to the growing cast of players involved in copper homeostasis. The links between
the molecules regulating cellular copper homeostasis and the physiological and pathophysiological
effects of copper should be clarified. We hope that these discoveries will be accompanied by corre-
sponding improvements in the treatments of the various disorders involving this essential but danger-
ous element.
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Disturbances of Copper
Homeostasis and Brain Function

Giuseppe Rotilio, Maria Rosa Ciriolo,
Maria Teresa Carri, and Luisa Rossi

1. INTRODUCTION

Copper is involved in electron-transporting chains of chloroplasts and mitochondria and is essen-
tial for the activity of enzymes involved in the oxygen metabolism, including cytochrome-c oxidase,
superoxide dismutase, dopamine-f3-hydroxylase, tyrosinase, lysyl oxidase, and peptidil-glycine
a-amidating monooxygenase (/). These copper-dependent enzymes are crucial to several processes
of oxidative metabolism, namely respiration, detoxification, neurotransmitter synthesis, pigmenta-
tion, and maturation of connective tissue.

The evolutionary recruitment of copper to fulfill its physiological role in life is based on its redox
properties (i.e., its readiness to be reduced by reducing substrates and then reoxidized by oxygen).
Redox cycles in living organisms are regulated in such a way as to make reoxidation by oxygen
usable as a source of chemical energy to be stored in “energy-rich” phosphate bonds. However, this
redox reactivity leads to the risk of damage to cell and tissues if copper is not properly transported to
the sites of biosynthesis of its target enzymes. In fact, potentially harmful events may take place if
biological handling of copper is deranged from the proper track. When, for instance, copper is present
in excess, production of potentially toxic free radicals from reaction of the reduced form of copper
with oxygen may give rise to partially reduced and very reactive oxygen species (ROS), like superox-
ide (O,"), hydrogen peroxide (H,0,), and the hydroxyl radical (OH-) (Table 1) (2). This happens
when metal oxidation occurs outside the proper sites on specialized proteins (4e~ oxidases) where
oxygen is fully reduced to water by the concerted transfer of four electrons. Furthermore, copper can
bind to nucleophiles such as essential cell thiols (glutathione, sulfydril side chains of enzyme active
sites and of membrane proteins, etc.), leading to protein inactivation.

All of the potentially dangerous effects brought about by copper in living systems may be included
within the concept of “oxidative stress.” In fact, oxidative stress is the consequence of an imbalance
between oxidant and antioxidant factors within a definite compartment. This may be the result of
either excess of ROS, deficiency in defense, or intrinsic higher vulnerability of the tissue or cell
implicated in the process. Excess ROS may derive from leakage of electrons from respiratory chain
transporters under a variety of conditions of mitochondrial damage and microsomal overstimulation
(3). The defense system includes enzymes like Cu,Zn superoxide dismutase, which converts O, into

From: Handbook of Copper Pharmacology and Toxicology
Edited by: E. ]. Massaro © Humana Press Inc., Totowa, NJ
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Table 1

Copper-Induced Production of Oxygen Radicals
AH, + Cu(II) — AH- + Cu(l) + H*
AH- + O, - A+0, +H*

Cu(l) + O, — Cu(Il) + O,

0, + O, +2H* — H,0, + O,

Cu(l) + O, — Cu(l) + O,

Cu(l) + H,0, — OH - + OH + Cu(Il)

Note: AH, is any divalent reducing compound.

Table 2
Antioxidant Defense
Mechanism Natural defensive compounds
Prevention
Metal sequestration and transport Metallothionein, glutathione (GSH), ferritin, transferrin, cerulo-
plasmin
“Coupled” electron-transfer chain Ubiquinone, cytochrome-c oxidase
Interception
Noncatalytic (scavengers) Vitamin E, vitamin C, urate, glutathione, bilirubin,
flavonoids
Catalytic (enzymes) Superoxide dismutases, catalase, peroxidases, ceruloplasmin,
ancillary enzymes: GSH transferases, GSH-regenerating
enzymes
Repair

Phospholipid—glutathione peroxidase, DNA-repair
enzymes

H,0,, and catalase and peroxidases, which inactivate H,O, and molecules that entrap free radicals
(scavengers) or transition metals (Table 2) (4). Copper is janus faced because, on one hand, it plays a
major role as source of damage and, on the other hand, it is responsible for impaired defense when
deficient. As a matter of fact, the main defense molecules are copper-containing enzymes, either
preventing the production of oxidizing species (such as cytochrome-c oxidase, which permits the
concerted reduction of oxygen with minimal leaking of intermediate reduction products outside the
mitochondrial membrane) or intercepting already formed radicals (such as Cu,Zn superoxide
dismutase).

In addition, it should be underscored that copper is too redox active to exist in an unbound form in
the biological systems without causing oxidative damage. Proper handling or sequestering of copper
ions, under either high-affinity (physiological transport) or low-affinity (metal overload) regimes are
vital processes in preventing metal reactions with O, and H,O, to yield the indiscriminate high-
potential oxidant OH'. In this regard, copper chaperones and copper thioneins are the proteins involved
under high-affinity and low-affinity regimes, respectively. Metallothionein is a small protein involved
in metal detoxification, rich in cysteines, and capable of binding up to 12 reduced copper ions: the
synthesis of this protein is induced at the transcriptional level by metals. Therefore, it represents one
of the first lines of defense against the risk of free-copper accumulation (5). Furthermore, the ubiquitous
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cysteine-containing tripeptide glutathione reacts directly with copper(I), thus protecting the cells
from its toxicity, but it is also capable to donate copper to copper proteins (6—9). In the latest years, an
intricate network of copper binding and delivering low-molecular-weight proteins, playing a chaper-
one function, constitutively expressed in eukaryotic cells, has been detected (9—71). This system, in
humans, include: the CTR1 protein, involved in the passive entrance of copper in cells; the HAH1
protein, which delivers copper to the trans-Golgi-located copper pumps, which, in turn, are involved
in the synthesis of the secretory proteins; COX17, which donates copper to cytochrome-c oxidase;
and the CCS chaperone, which facilitates copper loading onto Cu,Zn superoxide dismutase. Further-
more, in mammals, copper in plasma travels bound either to low-molecular-weight molecules (like
histidine) or to protein carriers (such as ceruloplasmin or albumin) (7,9).

It is to be expected, in view of these considerations, that different tissues have different suscepti-
bilities to copper toxicity, depending on inherent properties of their structural components and their
metabolic and functional activities. In particular, the brain is among the most susceptible tissues to
injuries caused by deficits or excesses of copper because it is extremely sensitive to oxidative stress.
This is the consequence of a variety of factors: a high flux of reactive oxygen species may derive
from a high rate of oxidative metabolism during the production of ATP in mitochondria and from
specific metabolic pathways like dopamine oxidation (/2) or nitric oxide (NO) production during
glutammatergic transmission (/3). NO is a physiological messenger molecule (/4) produced from
the enzymatic oxidation of L-arginine by NO synthases. The biological consequences of NO forma-
tion in cellular systems are governed by a complex and, as yet, not completely elucidated network of
competing reactions of NO, which is a free-radical itself, with O,~, ROS, transition metals, and thiols
(15). Such reactions yield various reactive nitrosative species, including nitrosyl-metal complexes,
S-nitroso thiols, N,O3, and peroxynitrite (ONOO").

The brain is also well known for its low content of antioxidative enzymes with respect to other
tissues (16,17); this represents another risk factor of oxidative stress. Furthermore, it is a target prone
to damage from oxidative attack: it has high concentrations of polyunsaturated fatty acids and a high
ratio of membrane surface area to cytoplasmic volume. Last but not least, it has been demonstrated
that transition metals increase with age in the brain (/8,/9) and this may be of relevance because the
majority of neurodegenerative diseases occur in the elderly.

Oxidative damage ultimately leads to neuronal cell death that may have the features of necrosis or
programmed cell death. The prevalence of a kind of cell death in neurodegeneration depends on the
intensity of the initial insult: milder stress initiates the chain of events ultimately leading to pro-
grammed cell death, proceeding through a well-established program, involving intrinsic, evolution-
ary highly conserved molecular components (20), whereas devastating damage leads to necrosis (2/).
It is conceivable that the persistence of mild oxidative insult in neural cells, possibly the result of
metal-sustained oxidative stress or to NO production, commits neurons to die via apoptosis. In fact,
apoptotic cells have been consistently found in both acute and chronic neurodegenerative diseases
(22). It could be of interest to investigate whether copper-dependent factors play some role in the
intricate pattern of events underlying neural apoptosis.

The object of this chapter will be to survey recent data on risks for brain deriving from deficits or
excesses of copper, in the light of the considerations outlined earlier. The matter will be mainly
organized around the more and more clearly emerging relationships between copper and major
neurodegenerative diseases (Table 3). Some of these cases of neurodegenerative diseases derive from
well-established genetic mutations affecting copper transport, such as those occurring in Menkes’
and Wilson’s diseases and thus they represent models for the effects on brain of severe disturbances
of copper metabolism (23,24). In other diseases, copper is more or less directly involved in the asso-
ciated molecular changes, and this is the case of Alzheimer’s disease, Parkinson’s disease, familial
amyotrophic lateral sclerosis, and prion disease (25). Altogether, these clinical situations are very
useful for the identification of molecular mechanisms underlying the risks of copper toxicity for
brain because of either deficits or excesses or aberrant coordination of the metal.
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Table 3
Copper Involvement in Neurodegenerative Disorders
Protein interacting Physiological Consequence of
Disease (origin) with copper protein function protein deficiency
Menkes (genetic) Cu-ATPase Copper transport Copper deficiency
Wilson (genetic) Cu-ATPase Copper transport Copper overload
ALS (sporadic or SOD1 Superoxide Acquisition of pro-
familial) dismutation oxidant properties
Alzheimer (sporadic APP Unknown APP fragmentation,
or familial) Ap-deposition
Prion diseases PrP Unknown PrP structural
(sporadic, familial, modification, PrPS¢
or infectious) stabilization
Parkinson (sporadic or a-Synuclein Unknown Aggregation

familial)

2. GENETIC SOURCES OF COPPER TOXICITY IN BRAIN

The importance of unperturbed homeostasis of copper for brain is well elucidated by the symp-
toms of Menkes’ disease and Wilson’s disease, two inherited disorders of copper metabolism result-
ing from genetically determined loss of function of very similar ATPases localized to the plasma
membrane and trans-Golgi network of the cell, which are involved both in copper efflux from cells
and in copper incorporation into secretory copper—proteins (9,24 ). Copper-transporting ATPases share
the same common organization including six copper-binding domains, eight hydrophobic transmem-
brane domains, a domain involved in the transduction of energy from ATPase activity to ion trans-
port, and a cation channel (26). Although they utilize a common structural frame and an identical
mechanism of action, the key importance of the two diseases, to understand how deficits or excesses
of copper affect the brain, resides in the tissue-specific expression of the two ATPases implicated in
either disease. Menkes’ copper pump is mainly expressed in intestine, placenta, brain, and kidney,
whereas Wilson’s pump is expressed predominantly in the liver and hardly in the brain (9).

2.1. Menkes’ Disease

Menkes’ syndrome is an X-linked (Xq13.3) recessive disorder associated to copper deficiency,
lethal in the early childhood (27). The most striking feature of this disease is the coarse and
hypopigmented hair; therefore, it is also called “kinky or steely hair disease.” Menkes’ children show
impaired synthesis of collagen and elastin. Furthermore, they are severely mentally retarded: altered
brain development and neurodegeneration have been detected by postmortem histological assay (28).
In particular, diffuse atrophy, focal degeneration of gray matter, and prominent neuronal loss has
been detected in the cerebellum. Purkinje cells show abnormal dendridic arborization and focal axonal
swelling. These features are present at birth, indicating that copper is essential for prenatal growth
and development of the central nervous system. The molecular basis of this syndrome has recently
been discovered, by identifying a mutated gene (ATP7A) encoding for a P-type cation-transporting
ATPase (29-31). All types of mutations have been found: nonsense, missense, duplications, and
deletion. Approximately 200 mutations have been identified, responsible for classical or milder form
of the disease. As a primary effect, the impairment of the copper ATPase results in defective copper
export from intestinal cells, leading to systemic copper deficiency. Thus, copper accumulates in
intestine, kidney, and cultured fibroblasts, whereas brain and liver are copper deficient. Systemic depletion
of copper-dependent enzymes may justify the phenotype and the symptoms of Menkes patients.
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Fig. 1. Mitochondrial impairment and markers of apoptosis in the brain of mottled/brindled mice. Fourteen-
day-old mice were used. (A) Cytochrome-c¢ oxidase activity in total brain homogenates was assayed spectro-
photometrically; (B) ATP levels were assessed by a luminescent method; (C) Cytochrome-c in the cytosol was
measured by Western blotting using a monoclonal antibody; (D) Bcl-2 protein was measured by Western blot-
ting using a polyclonal antibody. Lanes 1 and 3: healthy control mice; Lane 2: mottled/brindled. For details,
see ref. 34.

The cause of the neurological abnormalities observed in Menkes disease is still to be ascertained.
As mentioned earlier, copper content is particularly low in the brain, because ATPase also transports
copper across the blood-brain barrier and lower activities of copper-dependent enzymes may strongly
contribute to the altered development of the central nervous system (32). However, the mechanisms
accounting for prenatal cerebral and cerebellar degeneration remain unknown, implying the exist-
ence of an as yet unidentified copper-dependent factor, which plays an essential role in neuronal
growth and differentiation.

In the brain of the Mo"”Y mouse, the closest animal model of Menkes’ disease (32,33), we have
recently shown (34) that copper deficiency leads to specific decrease in brain of cytochrome-c oxi-
dase and Cu,Zn superoxide dismutase activities. In addition, a dramatic change of markers for
apoptosis were detected in the brain: loss of the antioxidant Bcl-2 protein, which also plays a funda-
mental role in brain development and morphogenesis (35), release of cytochrome-c from the mito-
chondria, and depletion of ATP (Fig. 1). Histological analysis of brain revealed a high percentage of
apoptotic cells in the neocortex and the hippocampus (34). These results clearly show that a copper
deficit may cause mitochondrial damage in the brain consequent to inactivation of cytochrome-c
oxidase. In turn, this event may trigger leakage of oxygen radicals out of damaged mitochondria,
leading to neurodegeneration via oxidative stress-mediated apoptosis. Treatment of Menkes’ disease
consists in intravenous administration of the copper—histidine complex (27). The crucial role of cyto-
chrome-c oxidase alteration in neurodegeneration is demonstrated by studies on the timing of treat-
ment of MoP”Y with copper, showing that delayed treatment results in irreversible changes of
cytochrome-c oxidase of the brain, leading to irresponsiveness to the treatment (36).

2.2. Wilson’s Disease

Wilson’s disease (hepatolenticular degeneration) is an autosomal recessive disorder of copper trans-
port (23), which maps to chromosome 13q14.3 (37,38), biochemically characterized by accumulation
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of copper in the liver and brain of affected patients. This disease thus represents a model for intoxica-
tion by copper excesses. The age of onset of the disease range from the age of 9 yr up to 50. Diagnosis
mainly relies on hepatic dysfunction; however, Wilson’s patients may display hepatic symptoms and/
or neurological symptoms. At the earliest stage of the disease copper accumulates in the cytosol of
hepatocytes, thus inducing synthesis of metallothionein and copper-bound metallothionein ends up
into lysosomes. High copper levels induce hepatocytes necrosis, followed by increased copper re-
lease into the bloodstream, leading to hemolysis. Finally, copper levels increase in other organs such
as the kidney, brain, and cornea. In the latter, copper accumulation produces pigmented rings (Kayser—
Fleisher rings), which represent the hallmark of the latest stage of the disease. In brain, deposition of
copper occurs in the basal ganglia, resulting in gliosis and neuronal loss. Progressive
neurodegeneration leads to neurological symptoms, including tremors, dystonia, slurring of speech,
and rigidity (39). Behavioral disturbances are also present with changes of personality, depression,
and schizophrenia. Although liver symptoms are most common in affected children, neurological
disturbances are more typical of the adult onset of the disease. Increased levels of liver copper are the
result of impaired biliary excretion of the metal. Mutation of the copper-transport liver ATPase
expressed mainly in the liver, which shows a 55% amino acid identity with the Menkes disease
protein (37,40—42), represents the genetic rationale of this disease. This protein is responsible for the
secretory pathway of copper both for efflux of copper into the bile and copper incorporation into
ceruloplasmin. Therefore, in addition to impairment of copper efflux into bile, hepatic synthesis of
holo-ceruloplasmin is inhibited and secretion is impaired because of degradation of the copper-free
protein. Thus, ceruloplasmin absence in the plasma is a diagnostic marker of this disease (43).

Treatment of Wilson’s disease includes oral administration of copper chelators (such as b-penicil-
lamine, trientine, tetrathiomolibdate) or induction of metallothionein synthesis by zinc administra-
tion (43). The efficacy of these drugs for neurological manifestations is not successful. Both
penicillamine and trientine may even lead to worsening because of the redistribution of copper into
the brain.

Therefore, both deficits and excesses of copper induce neurodegeneration, very likely because of
increased oxidative stress in both cases. According to the models provided by the two genetic dis-
eases just described, the lack of copper may lead to neurodegeneration because of the inactivation of
cytochrome-c oxidase and mitochondrial function, and consequent increased O, production in the
respiratory chain. Excesses of copper will create conditions that are favourable to O,~, yielding a
redox cycle with oxygen, and to thiol binding in proteins and membranes.

3. COPPER IN LATE-ONSET NEURODEGENERATIVE DISEASES

Neurodegenerative diseases that are characterized by late-onset in life offer a very interesting
matter of analysis as far as risks related to copper are concerned, insofar as aberrant copper chemistry
rather than excessive or deficient metal availability seems to be implicated as a causative factor of
neurodegeneration, again strongly associated to overproduction of oxygen free radicals.

3.1. Amyotrophic Lateral Sclerosis
3.1.1. Molecular Basis of the Disease

Amyotrophic lateral sclerosis (ALS) is a progressive lethal disease, leading to death in a few years
after the early symptoms. The target of neurodegeneration is quite specific, because only cortical and
spinal motoneurones are affected, with consequent progressive impairment of all muscular activities,
eventually leading to respiratory compromise and death. ALS occurs both as a sporadic (SALS) and
a familial (FALS) disorder, with inherited cases accounting for about 10% of patients (44). The only
gene conclusively linked to FALS so far is the one coding for the dimeric enzyme Cu,Zn superoxide
dismutase (SOD1) (21g22) showing autosomal dominant mutations (45,46). Linkage studies have
revealed that mutations in SOD1 are responsible for 10-15% of FALS (47). In spite of this intricate
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Table 4
Redox Reactions of SOD1

A: With Superoxide (0,)
SOD1 - Cu(I) + O, — SOD1 - Cu(I) + O,
SOD1 - Cu(I) + O,” + 2H* — SOD1 - Cu(II) + H,0,

B: With Hydrogen Peroxide (H,0,)
SODI - Cu(Il) + H,0, — SOD1 - Cu(l) + O, + 2H*
SOD1 - Cu(l) + H,O, — SOD1 - Cu(l) + OH- + OH~

C: With Peroxynitrite (ONOO")
SOD1 - Cu(Il) + ONOO™ — SOD1 - CuO ~ NO,*
SODI1 - CuO - NO,*+ H-tyr—protein — SOD1 - Cu(II) + OH™ + NO,—tyr—protein

etiopathological pattern, the phenomenology of the disease is identical in all sporadic and familial
cases. This has stimulated a great deal of interest in studying the relationships between the enzyme
involved in the few genetically determined cases and the neurodegeneration typical of the disease.

SODI is a very efficient enzyme, considered to be a primary defense barrier in oxidative stress
because it catalyzes the disproportionation of two molecules of O, into dioxygen and H,0, at a rate
very near the diffusion-controlled limit. The site of enzyme activity resides on the copper, which is
involved in a redox cycle with the superoxide substrate (48). To date, there are more than 60 SOD1
point mutations reported in FALS families, distributed in all the 5 exons of the gene (49). Interest-
ingly enough, mutants associated to the most severe cases of FALS are fully active. Conversely,
mutants with very low enzymatic activity are associated to mild forms of the disease. For instance,
mutant H46R, which is almost completely inactive since affecting the active site (50), is reported
typical of a “mild” Japanese form of FALS (average duration 17 yr) (5/). Conversely, G93A mutants
are fully active but are associated with a severe form of the disease (52). The most frequent mutation,
A4V, is found in almost 50% of patients in North America and is associated with a severe form of
FALS, although SOD1 activity is only slightly reduced (49). This mutation affects a residue involved
in the formation of contacts at the dimer interface, as several other FALS-typical mutations. Further-
more, different mutations affecting the active site result in different effects in terms of the severity of
the disease. For instance, mutation H48Q confers to the protein scarce dismutating activity, but was
described for patients severely affected, with a rapid course (8 mo), at difference with H46R (49).

These results primed the hypothesis that neurodegeneration in FALS is not related to the loss of
function by SODI, but to a gain of additional noxious properties by the enzyme.

3.1.2. Additional Functions of SOD1 in FALS

In addition to redox cycling with O, substrate (Table 4), copper in the active site of SOD1 can
also react with the peroxide product (Table 4). Whereas cycle A will remove O, from any potentially
harmful interaction with metals or other radicals to generate more potent oxidants like OH- (see
Table 1), cycle B becomes a generator of OH- and envisages a paradoxical pro-oxidant activity of
SODI. However, cycle B can be effective only under a certain set of circumstances, because it is
much less kinetically favored than cycle A, unless in the presence of large excesses of H,O, or in the
presence of enzyme variants with abnormal affinity for H,O,. The latter case may be the result of
either distorted copper coordination or altered geometry of the active-site channel. In fact, markers of
oxidative stress such as peroxidated lipids, oxidized proteins, and DNA are elevated in several
experimental systems, ranging from both sporadic and FALS patients to transgenic mice (53-55).

Some of the FALS-typical enzyme variants have been purified and some of them indeed showed
an increased propensity for the reaction with H,O, (56-58). At least two of the ALS-linked mutant
SOD1 (A4V and G93A) can increase the rate of formation of OH- in vitro, as demonstrated through
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the electron spin resonance (ESR) technique, by the use of spin traps (56-58). Those spin-trapping
experiments were criticized by some authors (59) and the relevance of such reactions in vivo has also
been questioned. For instance, conflicting evidence for increased OH' formation was obtained in
transgenic FALS mice (54,55,60). Furthermore, Marklund et al. (67) did not find increased peroxi-
dase activity with another FALS mutant, D90A.

Imperfectly folded mutant SOD1 may catalyze the nitration of tyrosines through use of
peroxynitrite as a substrate (Table 4). The group of Beckman has found that, in agreement with
previous reports in vitro (62), mutant FALS—SOD1s have decreased affinity for zinc in vivo and this
might enhance catalysis of tyrosine nitration by peroxynitrite (63,64). Indeed, the presence of elevated
free-nitrotyrosine levels has been reported in transgenic mice expressing SOD1 mutants (60).

These findings could explain how SOD1 enzymes act as antioxidants and pro-oxidants at the same
time. In fact, antioxidant activities (i.e., superoxide dismutation) and pro-oxidant activities (i.e., per-
oxidase and nitration reactions) utilize similar redox mechanisms. Wild-type SOD1 seems to achieve
its specificity by restricting access of potential substrates other than O, : structural perturbations in
FALS-SOD1 mutants may allow access of alternative substrates to the copper center, leading to
more diverse catalytic redox reactions. Both hypotheses, of FALS—SOD1 peroxidative activity and
tyrosine nitration, point to a different, increased availability of active-site copper to the substrate as a
prerequisite for the gain of function of SOD1s typical of FALS patients. Enhanced peroxidase activ-
ity of FALS—SOD1 is copper dependent, in that it can be blocked by stoichiometric copper-chelating
agents as diethyldithiocarbamate and p-penicillamine in vitro, whereas the peroxidase activity of the
wild-type enzyme is unaffected unless copper is removed from the active site by an excess of chela-
tors (56,65). Furthermore, the metal-binding properties of the FALS mutant proteins and their redox
behavior are altered. It has been proposed that alteration of the properties of the zinc site will alter the
metal-binding affinity of the copper site as well, possibly inducing a loosening of the protein struc-
ture (62). This hypothesis has been recently supported by the finding that zinc-deficient SOD1 (both
wild-type and FALS mutants) acquire toxic properties (64).

Direct measurements of purified recombinant FALS—SOD1 have demonstrated a decrease in cop-
per binding for yeast G85R mutant (66) and human H46R (50) but not for other mutants, such as
yeast G93A (66). In H46R, a critical residue for maintenance of the geometry of the active site is
substituted. This mutant is structurally stable but lacks significant enzyme activity and has impaired
capability of binding catalytic copper (50). Recombinant mutated protein was expressed in the
Escherichia coli strain QC779, which is defective in bacterial SODs. We showed that this protein
contains about 5% copper; the copper ESR signal for H46R increases in intensity upon titration with
copper chloride, but the spectrum displays an axial geometry, at variance with the tetraedrally dis-
torted square planar geometry of the wild-type enzyme, thus suggesting that arginine in the 46 posi-
tion does not correctly coordinate the copper. Furthermore, reconstituted protein displays only poor
dismutating activity. In a recent article, it has been confirmed that this particular FALS mutant does
not bind copper at the copper-specific site; rather, copper ions either compete for zinc at the active
site or bind to a surface solvent-exposed residue near the dimer interface, individuated as Cys111
(67). Based on several evidences obtained in their yeast model system, Corson et al. (68), by analyz-
ing several FALS—SOD1 mutants overexpressed in Sacchoromyces cerevisiae, have suggested that
aberrant copper-mediated chemistry catalysed by a less tightly folded mutant enzyme might be
responsible for SOD1-linked FALS phenotype.

3.1.3. Mutant SOD1 Involvement in FALS-Associated Neurodegeneration

The molecular mechanisms hypothesized to underlie SOD1 toxicity in FALS are under study in
our laboratory in models of neural cells. We devised a model system made of several human neuro-
blastoma SH-SYSY cell lines where the ratio of expression of mutant SOD1 to endogenous SOD1
approximated 1:1, a situation resembling that of heterozigous patients (69). Mutant SOD1s were
chosen as to have the opposite situation in terms of residual dismutating activity and relevance to the
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Fig. 2. p-Penicillamine protects SH-SY5Y neuroblastoma cells transfected with H46R FALS mutant from
paraquat-induced toxicity. (A) SOD1 activity measured spectrophotometrically; (B) cell survival evaluated by
trypan blue dye exclusion and expressed as percentage of corresponding untreated cell line. WT: cells trans-
fected with wild-type SOD1. For details, see ref. 70.

severity of the disease (i.e., the H46R or the G93A variants). In those studies, mutations have been
introduced in the cDNA-encoding human SOD1 and several monoclonal cell lines have been estab-
lished constitutively expressing either the wild-type or the mutant enzymes. Cells overexpressing the
G93A mutant, in addition to a significant increase in SOD1 protein and activity, also showed a loss of
mitochondrial membrane potential, an increased sensitivity to valinomycin, and a parallel increase in
cytosolic calcium concentration. Therefore, mitochondrial damage and calcium levels may represent
early factors in the pathogenesis of FALS.

When SH-SYSY cells have been transfected with plasmids directing constitutive expression of
H46R mutant, they showed increased levels of immunoreactive SOD1. However, they have much
lower dismutase activity than wild-type transfected or control neuroblastoma cells. This led us to the
conclusion that expression of this mutant enzyme affects the activity of the endogenous enzyme,
through formation of unstable or partially inactive heterodimers (70). In fact, misfolded SOD1 have
been reported in spinal cords from transgenic mice expressing several FALS mutants in the presence
or in the absence of overexpression of wild-type human SOD1 (71). Overall data indicate that FALS—
SODI is made less stable by mutations and is capable of forming precipitates independently of the
coexpression of wild-type protein. However, this seems not to be a general rule for FALS-SOD1s, as
many other mutants do not aggregate (72) and the possibility that SOD1 aggregation is the conse-
quence of a dysfunction in some other cell component is still open.

In our transfected cell system, we have also observed that expression of mutant H46R induces a
selective increase in sensitivity to paraquat-induced cell death. This cannot arise only from reduced
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Fig. 3. SODI protein and activity in SH-SY5Y neuroblastoma cells transfected with WT or G93A FALS
mutant enzyme. (A) Protein content was assessed by Western blotting using a polyclonal antibody. (B) SOD1
activity was measured by a polarographic method. For details, see ref. 80.

SODI activity, which still remains about 75% of that of control cells (Fig. 2A), but may be likely
ascribed to aberrant metal chemistry of this mutant enzyme. In fact, cells could be protected by
treatment with the copper chelator p-penicillamine (Fig. 2B). Our data are in line with a previous
report (73) in a different system, where cell death of adenovirus-infected PC12 cells expressing
FALS-SOD1s was partially inhibited by administration of a copper chelator. Survival of transgenic
mice expressing a different FALS mutation (G93A) was extended by administration of p-penicil-
lamine (74).

The actual mechanism of motor neuron loss (whether necrosis or apoptosis) in ALS is still actively
debated. Although activation of proapoptotic Bax protein and inactivation of antiapoptotic Bcl-2 has
been reported in sporadic ALS patients (75), some authors have not been able to detect apoptotic cells
in FALS-SODI1 transgenic mice (76). However, mutations associated with FALS convert SOD1
from an antiapoptotic gene to a proapoptotic gene in yeast and in conditionally immortalized mam-
malian neural cells (77). Furthermore, caspase-1 is activated in neural cells and tissue with SOD1-
FALS (78) and inhibition of caspase-1 and caspase-3 delays progression of disease and extends
survival in FALS-SODI1 transgenic mice (79). Furthermore, NO-dependent apoptosis seems to be
increased by FALS—-SODI1 in motor neurons (64).

In order to extend the mechanistic understanding of SOD1 action in FALS, we challenged our
model of neuroblastoma cells transfected with the G93A mutant with NO (80). Cells were treated
with several NO donors, including nitroso-glutathione (GSNO), which represents the physiological
intracellular dispenser of NO (87). The G93A transfected cells showed an increased amount of both
SOD1 protein and activity, comparable to that of wild-type SOD1 transfected cells (Fig. 3). However, they
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Fig. 4. Pro-oxidant status of SH-SYS5Y cells transfected with FALS mutant G93A. (A) Intracellular ROS
were detected by incubation with 2'-7'-dichlorofluorescein diacetate (DCF), followed by FACScan analysis.
Tert-butyl-hydroperoxide (z-butOOH) was used as a positive control. (B) Bcl-2 immunoreactive protein was
measured by Western blotting using a monoclonal antibody. For details, see ref. 80.

had an increased flux of ROS (Fig. 4A), as if a pro-oxidant status lurked within them. In addition, they
also showed a lower basal level of the antiapoptotic, antioxidant protein Bcl-2 (Fig. 4B). When
exposed to NO donors, they showed an increased susceptibility to undergo apoptosis, with respect to
control SH-SY5Y cells, whereas wild-type SOD1 transfected cells were spared. NO-mediated
apoptosis in these models was associated with a canonical sequence of events, including Bcl-2
downregulation, increased expression, and phosphorylation of the tumor suppressor protein p53 and
of the product of one its target genes, the cell cycle inhibitor p21 (80). Furthermore, cytochrome-c
was released from the mitochondria (Fig. 5A), thus leading to activation of the cysteine protease
caspase-3 (Fig. 5B). Interestingly, pretreatment of cells with the copper chelator p-penicillamine
protected cells transfected with the G93A SOD1 mutant from NO-induced apoptosis (Fig. 6), thus
conferring them with behavior typical of the wild-type SOD1 transfected cells. In other words, it
seems that G93A cells behave as the wild-type ones when the copper is properly constrained. These
results confirm the role of aberrant copper chemistry both in oxygen radical formation and in NO
susceptibility, as we already showed for the H46R mutant (70). In conclusion, high levels of SOD1
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chrome-c in cell cytosol was detected by Western blotting by a monoclonal antibody; (B) caspase-3 activity
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Fig. 6. Increased susceptibility of G93A cells to GSNO is abolished by p-penicillamine. Apoptotic cells
were detected by FACScan analysis, upon propidium iodide staining. For details, see ref. 80.

activity protect cells from apoptosis, unless other nasty side activities are present; in that case, they
may become a damage mediator and be proapoptotic.

In conclusion, neurodegeneration in FALS appears to be a consequence of aberrant copper chem-
istry deriving from improper handling of the metal by one of its physiological carriers, even though
its concentration limits are normal. In such circumstances, copper can become available in the cell to
harmful reactions that generate oxidative stress. This is actually the most likely mechanism of copper
toxicity in other late-onset neurodegenerative diseases.
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3.2. Alzheimer’s Disease

The argument of improper copper binding as possible mediator of brain injury is relevant to
Alzheimer’s disease (AD), the most common cause of senile dementia with both familial and spo-
radic forms. It is a progressive neurodegenerative disorder characterized by neuronal cell loss or
dysfunction. The neocortex and the hippocampus are both severely affected, but neurodegeneration
is selective (82): thus, learning, behavior, and memory functions are impaired. Neurochemical hall-
marks of this disease include the presence of proteinaceous deposits in neurons (neurofibrillary
tangles) as well as in the extracellular space (cerebrovascular and neuritic plaques) (83). The princi-
pal component of these deposits is a peptide of 39—43 amino acids (about 4 kDa), called amyloid 3
protein (Af), which has an important role in neuronal dysfunction because it is toxic to neurons (84).
This peptide derives from the processing of a full-length, transmembrane protein, called amyloid
precursor protein (APP), displaying several different isoforms, as a result of alternative splicing of a
single gene. It consists of a large N-terminal extracellular region, a transmembrane domain, and a
small cytoplasmic tail. All of the family components show binding sites for zinc, iron, and copper.
Zinc binds to the extracellular domain and may regulate protein folding; furthermore, it has been
recently suggested that it may favor precipitation of Af, converting it into a less harmful form than
the soluble one (85). Copper also binds to the extracellular region to a cysteine-rich domain by two
conserved histidines (86). The physiological role of APP is not clear: however, owing to its mem-
brane location and its capability of copper binding, a possible involvement in neuronal copper trans-
port has been suggested (87). When bound copper(Il) is reduced to copper(l), an intramolecular
electron transfer may occur, leading to the formation of a disulfide bridge (88). Copper(I) may in turn
be oxidized back by H,0, with the production of OH- and random fragmentation of APP. Copper(II)
may favor the aggregation process of Af (89), especially under conditions representing physiologi-
cal acidosis resembling those present in the inflammated brain parenchyma (90). Conversely, zinc
may exert a preventive role of free-radical formation by quenching abnormal Af-mediated redox
activity (85). It should also be kept in mind that zinc, iron, and copper are more concentrated than
normal in the neuropil of Alzheimer patients and are further concentrated in the core and periphery of
plaques (91) and that this increase may be the result of metals binding to A. This is a very important
point because A is present as a soluble protein in normal fluid and tissues and tends to form aggre-
gates also in healthy aged individuals, although the aggregates forming in Alzheimer’s brain are
much less soluble. A plausible hypothesis would be that exposure to excessive amounts of these
metals or predisposition to their selective accumulation is a risk factor for the onset of the disease.

The AP interaction with redox active copper is a significant source of oxidative stress in AD
(92,93). There is wide consensus indicating increased oxidative stress in the brain of Alzheimer
patients, represented by increased protein oxidation (94,95), increased lipid peroxidation (96), and
damage to both nuclear and mitochondrial DNA (97,98). Mitochondrial dysfunction is implicated in
AD and it has even been proposed as a causative genetic factor in the pathogenesis of familial forms
(82). There is also evidence that AP impairs the activity of mitochondrial respiratory chain and re-
ports evidenced decrease of the activity of cytochrome-c oxidase (99—-101), although this may be a
secondary event (/02). Cortical, cerebellar, and hippocampal neuronal cultures derived from knock-
out APP mice were less susceptible than wild-type cells to physiological concentrations of copper, in
terms of decreased levels of lipid peroxidation (/03) and copper(Il) markedly potentiates the neuro-
toxicity exhibited by A in cell cultures (104).

3.3. Parkinson’s Disease

Recently, some evidence for the involvement of copper in the mechanism underlying the onset of
Parkinson’s disease (PD) has also emerged. This disease is characterized by resting tremor, rigidity,
bradykinesia or slowness, and postural instability. Hallmarks of this disease include degeneration of
dopaminergic neurons in the substantia nigra, with intracytoplasmic inclusions known as Lewy bodies
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(105). Degeneration also involves neurons in the locus ceruleus, nucleo basalis, hypothalamus, and
cerebral cortex. Established etiology of this disease involves environmental factors (exposure to pes-
ticides, herbicides, industrial chemicals) and genetic factors (approx 5—10% of PD patients have a
familial form of parkinsonism with an autosomal-dominant pattern of inheritance). Familial PD was
linked to the q21-23 region of chromosome 4 (/06); mutations in the gene coding for the protein -
synuclein, leading to replacements of the alanine residue in position 30 or 53 with threonine or pro-
line, respectively, were identified (/07,108). Although the physiological role of a-synuclein is still
largely unknown, accumulation of this small protein seems to be a crucial event in the development
of PD, because it is an abundant component of Lewy bodies in all of the cases of the disease. Further-
more, mutation of this protein in the familial cases might favor the accumulation process.

The pathogenesis of PD may involve oxidative stress, because oxidized marker molecules have
been detected in the brains of PD patients (/05). Oxidative insult may derive from several sources.
Among those, increased turnover of dopamine, the oxidation of which leads to the formation of H,0O,
(12) or derangements in mitochondrial complex I activity (/09). The relevance of oxidative stress for
this disease is also strengthened by the finding that in the PD brain, the antioxidant glutathione
decreases (/10) and that oxidized proteins (//1), DNA (112), and lipids (//3) are present in PD
brain. Furthermore, excitotoxic damage mediated by NO and peroxynitrite seems to be relevant to
cell damage, because, for instance, NO-dependent nitration of tyrosine residues on cellular proteins
has been found in PD (7/74). The mechanism of cell death in PD seems to involve apoptosis, repeat-
edly detected in postmortem PD brains (/05).

A direct involvement of copper in the pathogenesis and/or progression of PD has been envisaged.
Defects of cytochrome-c oxidase in nigral neurones of PD patients have been found (/15), as well as
a significantly lower ceruloplasmin concentration and ceruloplasmin activity and Cu,Zn superoxide
dismutase activity in blood (/16). More interestingly, it has been demonstrated that copper(Il) induces
a-synuclein to form self-oligomers and that the acidic C-terminus of the protein is essential for the
copper effect (1/17). Interestingly enough, fragments of a-synuclein represent the non-Af} component
of senile plaques in AD, thus reinforcing the role of copper in AD progression. Therefore, abnormal
copper homeostasis can be considered a risk factor also for the development of PD.

3.4. Prion Diseases

Prion diseases represent a class of neurodegenerative diseases, including scrapie in sheep, bovine
spongiform encephalopaty in cattle and Creutzfeldt—Jacob disease in humans. Most humans affected
by prion disease present rapidly progressive dementia, sometimes accompanied by cerebellar ataxia.
Postmortem analysis shows spongiform degeneration and astrocytic gliosis. The human prion dis-
ease can exist as sporadic, genetic, or infectious forms. Prusiner proposed that prions are transmis-
sible particles that are devoid of nucleic acids and seem to be composed exclusively of a modified
protein (118). Several studies have demonstrated that the critical pathogenetic event is the misfolding
of a benign 33 to 35 kDa glycoprotein (PrP), anchored to the outer surface of the plasma membrane of
the neurones by the C-terminus, to form the infectious isoform (PrPS¢). This isoforms is protease
resistant and accumulates mainly in the brain. The main structural modification consists of an
increased B-sheet content and diminished a-helix (179).

It has been proposed that PrP may be a copper-binding protein (/20). A link between copper and
prion diseases has early been envisaged when cuprizone, a copper-chelating agent, was shown to
induce neuropathological changes in mice similar to those found in the prion disease (/27). The
highly flexible and conserved N-terminal domain of mammalian PrP shows four octapeptide tandem
repeat regions (PHGGGWGQ): it has been demonstrated that both synthetic peptides (/22,123), con-
taining three or four copies of this octapeptide, and recombinant PrP (/24) preferentially bind copper
over other metals, with a micromolar affinity. The coordination sphere of copper involves four his-
tidines belonging to four distinct octarepeats in a square planar geometry, with cooperation of binding.
This constrains the region into a rather compact structure, thus leading up to four ligated copper(Il)
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per PrP protein (/25). Copper binding induces a conformational shift from a predominant a-helical
to a B-sheet structure (/26—728) and stabilizes the conformation of the infectious form in experi-
ments of reversible denaturation (/29). From the bulk of these data, it can be suggested that the metal
may play at least a complementary role in the etiology of prion disease.

Little is known about the normal function of PrP in the brain. As for APP, owing to its plasma
membrane location, it could be a candidate for copper sensing, copper brain metabolism, and
exchange of copper(Il) with other copper-binding molecules. However, on this subject, literature
data are controversial. Indeed, copper rapidly and reversibly stimulates endocytosis of PrP in N2a
mouse neuroblastoma cells stably transfected with PrP (730). Furthermore, the brain of PrP gene-
ablated mice show reduction of copper levels in addition to a reduction of the activity of Cu,Zn
superoxide dismutase, altered electrophysiological response in the presence of excess copper, and
altered cellular phenotype (/317). Decreased Cu,Zn superoxide dismutase activity in cultured cerebel-
lar cells from these mice makes them more sensitive to oxidative stress (/32). Therefore, imbalance
in antioxidant functions has been proposed as a causative factor for prion disease (/33). However,
recently, the role of PrP in copper brain uptake and distribution has been questioned by the finding
that brain copper content and the activity of both Cu,Zn superoxide dismutase and cytochrome-c
oxidase are not related to the expression level of PrP (/34). Another controversial point regards
copper redox activity when bound to PrP. Brown et al. (/35) demonstrated that PrP, either as a re-
combinant or immunoprecipitated from brain tissue, shows dismutating activity, thus addressing to
copper-bound PrP a role in cellular resistance to oxidative stress and Ruiz et al. showed a potential
physiological role of copper reduction by PrP (136). On the other hand, there is also evidence that
PrP binds copper ions in a redox inactive state, rendering dismutation and copper-induced generation
of ROS impossible (137).

In conclusion, recent results on the molecular mechanisms underlying the impairment of brain
function in the most common neurodegenerative diseases suggest an intriguing role for copper. This
metal really seems to represent a pivotal factor both in the development and in the health of the
central nervous system. Genetic disruption of copper homeostasis, as it occurs in Wilson’s and
Menkes’ diseases, is always associated with neurodegeneration, no matter whether the content of the
metal is increased or diminished. Furthermore, aberrant copper chelation to neural proteins may lead
to increased oxidative challenge to neurones, thus triggering processes ultimately leading to cell
death. The observation that neurodegeneration mostly occur as programmed cell death gives support
to the hypothesis that an as yet unknown copper-dependent factor may be involved in apoptosis.
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1. INTRODUCTION

During the last few years, there has been growing evidence based on experimental data that Cu
and other transition metal ions may have important roles in the pathogenesis of a series of hereditary
and sporadic disorders of the central nervous system (CNS). It is suggested that metal ions such as Cu
exert toxicity during electron-transfer reactions and also play a structural role by changing the con-
formation of proteins upon specific binding. In contrast, Zn is assumed to play a purely structural role
because it exists exclusively in one oxidation state. According to presently accumulating knowledge,
Cu complexes are especially sensitive to redox reactions (in the form of “free”) -Cu ions in the
Fenton-type reaction). On the other hand, copper is an essential element—being a cofactor of detoxi-
fying enzymes such as of Cu/Zn-superoxide dismutase (SOD). According to the high-affinity bind-
ing of Cu to the native amyloid precursor protein (APP) and the prion protein (PrP), Cu is suggested
to exert conformation stabilizing functions, to act as a redox active detoxifying cofactor, and is
involved in metabolic transport (APP) or absorption—secretory (PrP and APP) functions. Currently,
there are no data to confirm the hypothesis that an enhanced exogeneous exposure to Cu (or other
transition metal ions) may accelerate the progression of neurodegenerative diseases or even to show
a significant association with increased metal-ion levels in general, or what may occur with a higher
frequency in response to exogenous exposure. In contrast, a causal relationship has been shown for
neurodegenerative symptoms and chronic inhalatory exposure of Mn because of its unique ability to
cross the blood-brain barrier via the olfactory epithelium.

Nevertheless, and considering the accumulating evidence of the possible involvement of Cu and
Fe in the pathogenesis of most of these diseases (Fig. 1), it is highly recommended that more atten-
tion should be paid to the possibility that neurodegenerative processes may be triggered especially by
Cu and Fe via environmental exposure or by an altered endogenous exposure (i.e., from nutrition).

2. PARKINSON'’S DISEASE

Parkinson’s disease (PD) affects 2% of the population over the age of 65. Neuropathologically,
this disorder is characterized by intracellular inclusions (Lewy bodies), neuronal cell loss, and notable
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DISEASE/ METAL-ION MISFOLDED
protein AFFECTED MUTANT PROTEIN
Parkinson's Disease IRON YES
a-synuclein

Prion Diseases COPPER YES

prion protein

Amyotrophic Lateral Sclerosis COPPER/ZINC YES
Cu,Zn-SOD

Alzheimer's Disease COPPER ZIMNC IRON YES
Amyloid Precursor Protein

Fig. 1. Possible involvement of transition metal ions in neurodegenerative disorders. Iron, copper, and alu-
minium induce amyloidlike aggregate formation of a-synuclein in vitro (Parkinson); copper induces conforma-
tional changes in PrP and can convert the prion protein to a protease-resistant form (prion disease); copper in
the mutant Cu,Zn-SOD catalyzes deleterious oxidation reactions (familial amyotrophic lateral sclerosis); cop-
per initiates amyloid Af aggregation and may act as a sink, thus disturbing metal-ion homeostatis by drawing
copper ions away from the amyloid precursor protein (Alzheimer’s disease).

depigmentation of the substantia nigra (/). The neurons that degenerate use dopamine as a transmit-
ter, which leads to dopamine deficiency in the striatum, the main dopaminergic innervation target.
Lewy bodies are intracytoplasmic circular inclusions and are the hallmark pathological finding in
Lewy-body dementia. Lewy bodies and Lewy neurites stain very strongly for a-synuclein, a 140-
amino-acid protein of unknown function that is abundantly expressed in the presynaptic nerve termi-
nals of the brain. The protein a-synuclein is the main component of the filamentous inclusions in all
cases of Parkinson’s disease. An overexpression of a-synuclein in transgenic mice (2) led to a loss of
dopaminergic terminals in the basal ganglia with motor impairments. Mice lacking a.-synuclein dis-
play functional deficits in the nigrostriatal dopamine system (3). Thus, it is suggested that a-synuclein
is an essential activity-dependent negative regulator of dopamine neurotransmission.

2.1. Genetics

The primary cause of PD generally remains unknown. After age, a positive family history is the
second most important risk factor for developing the illness. PD in most patients is sporadic, although
patients with autosomal dominant (4—6) or recessive disease (7,8) have been reported. The autosomal
dominant form is the most common form among familial cases (9). Clinical features with Lewy
bodies were similar to those in sporadic PD, but the mean age of the disease onset was younger (45
yr) and the mean duration of the illness (average 9 yr) was shorter. The gene could be localized to
chromosome 4q21—q23, where the gene for a-synuclein had been mapped (/0,/7). Missense muta-
tions have been described in the a-synuclein gene in two unrelated kindreds with early-onset familial
PD (11,12). The mutations change residues 53 (A53T) in a large Italian-American kindred and 30
(A30P) of a-synuclein in a German pedigree. Both mutations lie in the repeat region of o-synuclein.
The mutations may change the conformation into a -sheet structure and thus initially promote the
aggregation. Interactions with other cellular components may lead to aggregation into filaments and
assembly into Lewy bodies and Lewy neurites, which finally leads to a gain of toxic function. One of
these components was identified to be Cu(II), when a Cu(II)-induced self-aggregation of a-synuclein had
been observed (/3,14). Even an overexpression of wild-type a-synuclein was found to be toxic and muta-
tions were found to exhibit even greater toxicity, most likely the result of activity as a protein chaperone
(15). When o-synuclein was observed to bind to tau and to stimulate the protein kinase A-catalyzed
phosphorylation of tau serine residues 262 and 356 (16), a linking between two diseases was provided: the
tau gene was found to be mutated in another rare autosomal dominant inherited dementia, termed fronto-
temporal dementia, and parkinsonism was linked to chromosome 17, FTDP17 (17).
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Deletions in parkin, a novel gene of unknown function, have been associated with the autosomal
recessive form of a rare juvenile parkinsonism (AR-JP) in Japanese families. The gene was identified
by positional cloning (/8) and mapped to chromosome 6q25.2-27 near the SOD-2 locus of the
Mn-SOD gene (7). Autosomal recessive juvenile parkinsonism shows marked clinical similarity to
PD, and the linkage to the 6q25.2-27 region was found in a group of 15 families from 4 distinct
ethnic backgrounds (/9). Recombination events restricted the JP locus to a 6.9-cM region and
excluded SOD-2 (79). The disease phenotype was associated with deletions between exons 3 and 7
(of 12 exons encoding a protein of 465 amino acids) (20).

A genetic predisposition appears to be important in the pathogenesis of the much more common
sporadic PD, because the prevalence of PD among relatives of PD patients has been shown to be five
times higher than in the general population (27). This view is in accordance with a recent finding
where a susceptibility locus for PD was mapped to chromosome 2p13 (22). According to the mean
age of onset and the low penetrance of the mutation (less than 40%), this locus has been suggested to
play a possible role not only in familial PD, but also in sporadic PD (22).

2.2. PD and Oxidative Stress

The term “stress” describes a state of disturbed homeostasis, harmony, and equilibrium. In PD, the
relationships between oxidative damage and PD have been proposed for years and widely studied. In
all forms of the disease, mitochondrial failure and oxidative stress occur and are probably secondary
to other primary genetic or environmental factors. In addition, mitochondrial failure and oxidative
stress are linked: If either one takes place, the other follows. Thus, mitochondrial failure and oxida-
tive stress are considered to be the major contributors to the progress of nigral cell death in PD
(23-27).

Several lines of evidence underline the presence of oxidative stress in nigral neurons in PD, including
the following:

 Increase in iron content

* Increase in superoxide dismutase activity

» Increase in protein oxidation

* DNA damage

* Increase in lipid oxidation

* Decrease in the level of the reduced form of glutathione

Postmortem analysis showed increased levels of iron, implying deranged iron metabolism (23,25).
Thus, PD is characterized by a high deposition of iron and a low concentration of ferritin in the
substantia nigra. In addition, more severely affected patients had a higher iron content. This is why
the iron concentration measured by magnetic resonance correlated with the severity of clinical symp-
tomatology (28). However, no significant differences were observed between PD patients’ and con-
trol subjects’ dietary intake of iron from food or supplements (29-33).

2.3. Possible Involvement of Transition Metal Ions in PD

In various subcortical brain regions, populations of astroglia progressively accumulate iron-medi-
ated peroxidase-positive cytoplasmic inclusions. The mechanism mediating the pathological deposi-
tion of redox active brain iron in PD is unknown, but recent studies showed that nigral gliosomes in
old rats were immunoreactive for ubiquitin and a mitochondrial epitope. Redox active iron in aging
nigral astroglia was detected by X-ray emission and was suggested to predispose the nervous system
to neurodegenerative processes (34). In a minority of nigral gliosomes, copper was also detected in
peroxidase-positive astrocyte inclusions in the substantia nigra (34). The cerebrospinal fluid (CSF)
levels of Zn(II) were significantly decreased in PD patients as compared with controls, whereas the
serum levels of Zn(Il), Fe(IIl), Cu(Il), and Mg(II) did not differ significantly between PD patients
and controls (35). This could be related to the oxidative stress hypothesis, when transition metals,
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such as iron and copper, occupy binding sites of Zn(II) and undergo redox reactions. Also, Zn(II)
itself can reduce oxidative stress by binding to thiol groups, thereby decreasing their oxidation.

Chronic exposure to copper, manganese, and the combinations of lead—copper and iron—copper
led to an increased association with PD, suggesting occupational exposures to metals as risk factors
for PD (36). Particularly, iron and hydrogen peroxide have been shown to induce aggregate forma-
tion of a-synuclein in vitro (/4,37). Likewise, iron(II) could promote the aggregation of a-synuclein
in vivo because iron accumulates in the substantia nigra with age and iron(II) can stimulate free-
radical production.

In an iron-induced animal model of parkinsonism, manganese protected nigral neurons from iron-
induced oxidative injury and dopamine depletion in a dose-dependent basis (38). In brain
homogenates, a molar excess of manganese inhibited lipid peroxidation caused by iron (38). Here,
manganese most likely served as an atypical antioxidant because it competed with iron to catalyze the
Fenton reaction. In contrast to this, it has been found that Mn alters brain aconitase activity in mito-
chondrial fractions from rat brain, possibly leading to a disruption of mitochondrial energy produc-
tion and cellular Fe metabolism in the brain (39). The symptoms of Mn-induced neurotoxicity
resemble those of PD.

2.4. A Unifying Hypothesis

Although the pathophysiological mechanisms of cell death in PD is unknown, therapeutic impli-
cations also support the free-radical/oxidative stress hypothesis in PD. The inhibition of MAO-B, a
predominantly glial enzyme in the brain, by drugs such as selegiline may protect against activation of
some toxins and free radicals formed from the MAO-B oxidation of dopamine. However, it has also
been suggested that selegiline may act through an increase of neurotrophic factor activity and
upregulate molecules such as glutathione, SOD, catalase, and Bcl-2 protein, which all protect against
oxidative stress and thus can often be effective only early in the course of PD (40,41). New approaches
designed to attenuate the effects of oxidatve stress include enhancing the survival of neurons by
giving brain-derived neurotrophic factors and by providing antioxidants such as vitamin E. So far,
only selegiline has been shown to be successful in prolonging the survival of patients with PD (42).
Recently, autotransplantation based on promising results in a rodent model system for PD disease has
been suggested in a nonhuman primate model with the carotid body as an autologous dopamine
source (43).

2.5. Lewy Bodies

Clearly, mutations in a-synuclein lead to the occurence of Lewy bodies and Parkinson’s disease
(11). Thus, mutations as primary events in either tau or a-synuclein can lead to their cognate patholo-
gies. Synuclein is a neuron-specific protein localized in the presynaptic nerve terminals (44). The
expression is more prominent in the cerebrocortical areas than in the basal ganglia (45). Lewy bodies
are not restricted to PD, because a-synuclein is also the precursor of the nonamyloid component of
the senile plaque in Alzheimer’s disease in vitro (46). Recently, this review has been challenged by
the finding that a-synuclein cannot be detected immunohistochemically in senile plaques of
Alzheimer’s disease (AD) brains (47). Abnormal filamentous inclusions within some nerve cells is a
characteristic shared by AD, PD, dementia with Lewy bodies, Huntington’s disease, and other tri-
nucleotide repeat disorders that lead to degeneration of affected nerve cells.

The primary cause of PD is still unknown, as is the molecular mechanism of nigral cell death.
However, mitochondrial failure and oxidative stress leading to a disturbed metal-ion homeostasis
appear to play an important role in nigral degeneration. The vulnerable neurons in PD may be par-
ticularly sensitive to oxidative stress that may be induced by iron, although other transition metal
ions such as copper might play a role because ceruloplasmin (CP), the major plasma antioxidant, and
copper-transport protein are significantly elevated in PD.
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3. PRION DISEASES

The name “prion” diseases was given to transmissible pathogens causing scrapie and other
transmissible neurodegenerative diseases and distinguish these pathogens from others, including
viroids and viruses. Prion diseases are a group of neurodegenerative diseases that affect animals and
humans. Examples of prion diseases include scrapie of sheep, transmissible mink encephalopathy
(TME), chronic wasting disease (CWD) of mule deer and elk, bovine spongiform encephalopathy
(BSE) of cattle, feline spongiform encephalopathy (FSE), exotic ungulate encephalopathy, and the
human diseases kuru, Creutzfeld—Jacob disease (CJD), Gerstmann—Straussler—Scheinker syndrome
(GSS), and fatal familial insomnia of humans (48).

3.1. Genetics

Most cases of human prion diseases are sporadic. About 10% are familial and could be linked to a
number of mutations in the PrP gene (49,50). During the course of prion diseases, a largely protease-
resistant aggregated form of PrP accumulates in the brain (50,57). It has been hypothesized that the
mutations promote a spontaneous conversion of the normal cellular protein, called PrPC, into an
abnormally folded isoform PrP5¢. Sporadic CJD may come about when an extremely rare event leads
to spontaneous conversion of PrPC to PrPS¢ and gives rise to a conversion cascade. PrPS¢ has been
suggested to induce the neurodegeneration and gliosis characteristic of prion diseases. PrPS¢ may
either be the agent of transmission or at least associated with it. The abnormally folded isoform PrPS¢
was classified as a new infectious agent causing prion diseases that can transmit an infection without
an essential nucleic acid (52). The expression of the normal form of the prion protein PrP€ is essential
for the replication of the infectious prion, for controlling the development of pathology, and for
modulating the duration of the disease (53-55). Although the neurodegeneration requires the expres-
sion of PrP€, some inherited prion diseases show PrP5¢ at the detection limit (56). This observation
led to the discovery of three topological forms of PrP€, a secreted form secPrP, derived from the
glycosylphospholipid (GPI)-anchored prion protein and two transmembrane forms, one with the C-
terminal of the protein in the lumen (“PrP), and the other with the N-terminal of the protein within
the lumen (N'™PrP) (57). The elevated expression of the transmembrane-spanning topological form
Cmprp was sufficient to cause neurodegeneration in transgenic mice, although the mechanism of
action remains unclear (57). From this, neurodegeneration was suggested to occur through “™PrP
accumulation in all prion diseases after PrPS¢ had been formed. A causal relationship between PrPS¢
accumulation and ©™PrP formation was observed by the finding that the effectiveness of accumu-
lated PrPS¢ required to induce neurodegenerative disease was dependent on the disposition of host-
encoded PrP to be made in the ®“™PrP form (58). Alternatively, a direct increase in “™PrP could
explain why Gerstmann—Striussler—Scheinker disease has not been transmissible and why PrPS¢ could
not be detected in the brain of these patients (58).

3.2. The Prion Protein

Enriching fractions of Syrian hamster (SHa) brain for scrapie prion infectivity led to the initial
discovery of the prion protein (PrP€) with 209 amino acids that is processed from a 254-amino-acid
precursor (59,60). Determination of the N-terminal sequence of the protease resistant form of PrP5¢
enabled the retrieval of molecular clones encoding PrP from cDNA libraries (50,61). During the past
few years, the gene encoding the prion protein has been sequenced from many mammalian sources.
The PrP gene codes for a highly conserved 33- to 35-kDa brain sialoglycoprotein, mainly expressed
in neuronal and glia cells among species with a highly conserved structure (50,6/—-64). The normal
cellular role of the prion protein remains enigmatic, although there is evidence of presynaptic local-
ization and that the prion protein is required for normal synaptic function (65). More evidence for this
is presented by knockout mice that show disrupted circadian rhythmus, loss of Purkinje cells, and
abnormalities in long-term potentiation (66—68). Physiological roles of PrP have been proposed from
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the findings that PrP is located at the cell surface and binds copper, suggesting a role as transporter,
ligand, or receptor (69).

In the pathological process of prion disease, PrPC is converted into the infectious prion protein.
PrPS¢ is induced to aggregate into PrP-amyloid by the formation of intermolecular f-sheets. This
process mediates a resistance against proteolytic degradation to the scrapie isoform PrP27-30 that
consists of amino acids 90-123 (i.e., hamster sequence) (70) and is accompanied by neuronal loss
and astrogliosis (71). The converted protein can be incorporated into growing aggregates leading to
amyloidlike plaques in infected brains (72—74). The inhibition of PrP€ transport to the cell surface
blocks the formation of PrPS¢, finally confirming that PrPS¢ arises from alternate or misprocessing of
PrPS¢ (75).

The secondary structure of the full-length PrP (i.e., hamster sequence 29-231) is identical to those
of PrP (90-231) and the N-terminal half of protein residues 29—124 is unstructured (76). Residues
60-91 consist of four octarepeat sequences (i.e., PHGGGWGQ) that represent the most conserved
parts of PrP in mammals (77). The chicken PrP is the most divergent protein in an otherwise highly
homologous family and has a similar N-terminal region of nine hexapeptide tandem repeats (i.e.,
PHNPGY) (77-79). Also, a few prion cases have been linked to the presence of additional octarepeat
sequences (80).

3.3. PrP as a Copper-Binding Protein

As early as 1992, octarepeats of prion proteins containing histidine and tryptophan residues func-
tioning as ligands for transition metals were proposed for the spontaneous conversion of the PrP¢
(i.e., cellular) isoform into PrPS¢ (i.e., scrapie) isoform triggered by the coordination of these metals
(81). A copper-charged affinity column can be used to purify PrP€ (82), and synthetic peptides corre-
sponding to the octarepeat region of the prion protein revealed an affinity for Cu(Il) with a K, of 6.7
uM (78). At neutral and basic pH, the single octapeptide PHGGGWGQ and a peptide containing four
octarepeats form a 1:1 complexes with Cu(Il) (83), whereas the latter chelates two Cu(Il) ions at pH
6 but four at pH 7.4 (84) and also has the ability to reduce Cu(I) (85). The full-length protein shows
a similar preferential binding of Cu(Il) with a K, of 14 uM (86). The only other cation that was able
to substitute for Cu(II) was manganese (87). Recently, a plausible structure for the bridged complex
of four Cu(Il) ions with PrP residues 58-91 was proposed, indicating that the histidine residues in
each octarepeat are coordinated to the Cu(Il) ion (88). Unlike the synthetic peptides from the chicken
prion N-terminus, the mature chicken prion protein does not bind copper (89).

During metabolic breakdown of mammalian PrPC, the N-terminus containing this repeat region is
cleaved off (90) and the remaining C-terminal part lacks the copper-binding domain, retains the
infectivity, and does not bind any longer to copper-charged affinity columns (9/). The conversion of
PrPe to PrP5¢ has been discussed to occur in a Fenton-like reaction when Cu(II) bound to the octapep-
tide region in PrPC enables the degradation of the N-terminal domain of PrPC (92). An involvement
of copper in the process of infectivity was found when the addition of copper to hamster PrPSc-
enriched fractions facilitated restoration of both infectivity and protease resistance of previously
denatured PrPS¢ (93). This study demonstrated that loss of scrapie infectivity can be a reversible
process modulated by copper ions and suggests an indirect role of Cu(Il) in this process.

Although the octapeptide repeat is not required for infectivity of PrPS¢, this region is highly con-
served between species, implying that this domain could represent a physiological unit. A consensus
has almost been reached that Cu(II) may be a folding partner that promotes a definite conformation of
the PrPC region containing glycine repeats that otherwise possess a low propensity for a defined
secondary structure (94). When the predicted secondary and tertiary structures of PrPC was pub-
lished, only little secondary structure in these peptides was found (95). Thus, residues 29-124 of
PrPC are highly flexible and unstructured in the absence of Cu(II) (76), but the octarepeat region of
the holoprotein at physiological Cu(II) concentrations no longer can be considered unstructured.
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Copper ions might induce an o-helical motif in the N-terminus of the protein to act as a template for
the formation of the a-helices in the rest of the protein. Indeed, Cu(II) binding to the repeat segment
of PrP€ can induce formation of the a-helical structure on the C-terminal side of the peptide chain
(96). The lack of copper binding might play a role in the pathogenesis because infectivity of prions is
based on the (3-sheet conformation of the protein, rather than on the a-helical structure and the acqui-
sition of partial resistance to digestion with proteinase K (97,97). The importance of the N-terminal
region of PrP was underlined when PrP transgenes were found to restore the susceptibility to the
disease (98). PrP amino-proximal deletions of residues 32—121 or 32—134 caused severe ataxia and
neuronal death in knockout mice shortly after birth, whereas the wild-type PrP gene abolished this
effect (98). In contrast to the mammalian homologs, the chicken prion protein N-terminal tandem
amino acid repeats seem to fold without a cofactor and represent a stable protease-resistant domain.

The prion protein seems to be balanced between radically different folds (99) with a high-energy
barrier between the f-conformation and the native a-conformation. This balance would be influ-
enced by PrP ligands (for the sporadic casese), such as Cu(Il), and inherent factors (i.e., for familial
cases) such as the mutations causing inherited prion diseases (/00). Evidence for the dependence of
PrPS¢ conformation on the binding of copper and zinc is provided by the observation that conforma-
tional isomers can be interconverted by altering their metal-ion charge (101).

The transmembrane form with the C-terminal of the protein in the lumen (“™PrP) was shown to be
responsible for the spontaneous development of clinical signs and neuropathology in transgenic mice.
According to the data mentioned earlier, this form could act as a sink for Cu(II), when Cu(II) binds to
the N-terminal repeat regions located in the cytoplasm. This could lead to a disturbed copper homeo-
stasis: first, as a result of the ability to gain Cu(Il) from other copper binding molecules and, second,
as a result of the lost benefit of copper binding on the structure, because the transmembrane domain
separates the N-terminal from the C-terminal of “™PrP and thereby inhibits the switch to a “healthy”
a-conformation of the C-terminal portion of the molecule in the lumen (57). Independent from these
ideas, mechanisms have been discussed if “™PrP is causing the disease, either by PrPS¢ promoting the
formation of “™PrP or by hindering its aggregation (102).

3.4. PrP Has a Functional Role in Cu(II) Metabolism

The specificity of copper-binding suggests that PrP¢ might somehow be involved in catalytic
reactions (/03). The normal PrP was found to have an activity like that of superoxide dismutase
(104). The dismutase activity was abolished by depletion of the octapeptide-repeat region that is
involved in copper binding. PrP€ was found to be endocytosed constitutively from the plasma mem-
brane via clathrin-coated pits and was finally recycled back to the cell surface (/05). A dramatic
effect on this cycle was found when copper was observed to stimulate the endocytosis of the prion
protein (/06). A possible explanation could be that as a result of an altered conformation, Cu(II)-
charged PrP€ is bound by a putative receptor that lets PrP¢ accumulate in clathrin-coated pits (106).
Upon internalization, PrP€ could then deliver Cu(II) to an endocytic compartment where bound cop-
per ions dissociate from PrPC and the protein travels back to the cell surface to start another cycle.

Although other proteins have been identified as candidates for copper transport across the plasma
membrane in yeast and humans (107,108), it has been suggested that PrPC is a principal copper-
binding protein in brain. Both synaptosomes and endosomes from wild-type mice showed a signifi-
cantly higher copper content than PrP knockout mice (/09) as a result of measurements showing that
cell membranes deficient in PrPC are also deficient in copper. Thus, PrP¢ was proposed to act as a
transporter to regulate the Cu(II) content of intracellular compartments. Additional evidence for this
was provided by another report that identified a link between increasing levels of PrP® expression
and increased levels of glutathione peroxidase (110). Altered expression levels of PrPC also altered
Cu,Zn-SOD antioxidant enzyme activity by regulating copper incorporation into the enzyme (/171).
An antioxidant activity was assigend to PrPC when neurons from PrP knockout mice were found to be
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significantly more susceptible to hydrogen peroxide toxicity than wild-type neurons (//2) and
methionine residues of PrP were uniquely susceptible to oxidation (/73). Even PrPCitself was found
to possess a SOD-like activity (//4). Nevertheless, the results on the role of PrP in Cu metabolism
are still under controversial discussion because contradictory findings have been published recently
indicating that Cu content and cuproenzyme activity do not vary with PrP expression levels in mice (/15).

Most recently, the generation of a PrPS¢-like conformation in living cells has been reported (176).
A reducing environment and the absence of glycosylation favored the conversion of full-length PrP
to a molecule with all signature characteristics of PrPS¢. Thus, mistargeting PrP and/or retrograde
transport of misfolded PrP could facilitate the initial production of PrPS¢,

4. AMYOTROPHIC LATERAL SCLEROSIS

Amyotrophic lateral sclerosis (ALS) is an age-dependent degenerative disorder of motor neurons
with sporadic and inherited forms. The disease is characterized by a progressive loss of motor neu-
rons in the spinal cord and brain. The cause of ALS is not known. The incidence of the disease
worldwide is 1-2 cases per 100,000. Pathologically, the degeneration of lower motor neurons of the
spinal cord and brainstem and loss of large motor neurons in the cerebral cortex are prominent fea-
tures causing weakness and spasticity (/17). The selective vulnerability of motor neurons is relative
because peripheral nerves reveal reduced numbers of large myelinated axons, axonal degeneration,
and distal axonal atrophy (717).

4.1. Genetics/FALS

Multiple mechanisms have been postulated to be the cause of the sporadic form of the disease,
including excitotoxicity (//8,119), oxidative injury (/20), cytoskeletal abnormalities with aggre-
gates containing SOD1 (7/21), and autoimmunity (/22,123). Up to 70% of sporadic cases have vary-
ing loss of the glutatmate transporter, EAAT2 (118,124). Aberrant EAAT2 mRNA species seem to
account for the regional selective loss of EAAT2, most likely the result of RNA processing errors (125).

Amyotrophic lateral sclerosis is inherited in about 10% of cases, and of those cases, about 20%
have been linked to mutations in sodl, the gene that encodes human copper—zinc superoxide
dismutase (Cu,Zn-SOD) (126,127). To date, more than 60 different dominantly inherited point muta-
tions have been found.

No correlation between SOD activity and the frequency or severity of the disease has been demon-
strated so far, suggesting that mutant SOD does not cause FALS because of a deficiency in SOD
activity. In addition, an elevation of wild-type Cu,Zn-SOD in Down’s syndrome causing the symp-
toms of the disease could be excluded, a lack of correlation of symptoms with overdosage was found
in partial trisomy 21 (128,129).

Familial ALS mutations in Cu,Zn SOD are dominant and are currently believed to exert their
effects because of a gain of function instead of a loss of function. There is increasing evidence for a
gain of toxic function. First, the expression of FALS mutant human Cu,Zn-SOD in transgenic mice
causes motor neuron disease, whereas expression of wild-type human Cu,Zn-SOD does not (/30—
132). Second, Cu,Zn-SOD knockout mice do not develop a FALS-like syndrome (/33), although
female homozygous knockout mice showed a markedly reduced fertility compared with that of wild-
type and heterozygous knock-out mice. Further studies revealed that these mice ovulated and con-
ceived normally, but exhibited a marked increase in embryonic lethality (/34). Third, human
Cu,Zn-SOD is antiapoptotic, whereas the expression of FALS mutant protein can be proapoptotic in
cultured cells (/35). Fourth, some FALS mutations retain near-normal levels of enzyme activity or
stability (/36) and mutant SOD1 subunits do not alter the metabolism or activities of wild-type SOD1
in a dominant negative fashion (/37). Fifth, poorly or unstably folded mutants are sufficient to cause
the formation of SOD1-containing aggregates that are toxic to motor neurons (/38,/39). Recently,
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the gain of function has been best exemplified by Estevez and colleagues who showed that an altered
Cu(Il) coordination by Zn(II)-deficient SOD was responsible for the conversion of the antioxidant
activity into a pro-oxidant activity of SOD (/40).

4.2. Superoxide Dismutase

The lack of a changed phenotype in SODI null mice indicates that the enzyme is probably not
necessary for normal development and life, but rather may be involved with other antioxidant enzymes
in the response to oxidative stress. This might also be taken as another argument for the appealing
hypothesis that SODs are not only enzymes that rapidly dismutate O, radicals, but that they can also
act as metal storage proteins and are otherwise involved in metal-ion homeostasis (/41).

A role for Cu,Zn-SOD in the free-radical theory of senescence was provided by the shortened life-
span of Drosophila with a mutational defect in Cu,Zn-SOD, and by Candida elegans, which had only
half the normal complement of SOD (/42,143). Mice lacking SOD exhibited a shortened life-span
(144) but appeared normal while young and were less able to recover from axonal injury (/33). A
lack of Mn-SOD imposed more serious consequences by shortening the life-span and exhibiting
faulty mitochondrial activities in several tissues, especially the heart (/45,/46). Thus, Mn-SOD may
play a more critical role than Cu,Zn-SOD in antioxidant defense mechanisms under normal physi-
ological conditions (/47). This is supported by the findings that mice lacking Mn-SOD die at very
young age (145,146).

Homodimeric Cu,Zn-SOD acts to disproportionate two molecules of superoxide anion to hydro-
gen peroxide and water in a reaction mediated through cyclic reduction and oxidation of copper
bound to the active site [(/48); i.e., reactions (1) and (2)].

0, + Cu(I)Zn-SOD — O, + Cu(I)Zn-SOD (1)
0, + Cu(1)Zn-SOD + 2H* — H,0, + Cu(I1)Zn-SOD )

Cu,Zn-SOD is a cytosolic antioxidant enzyme that lowers concentrations of superoxide by dispropor-
tionation to give hydrogen peroxide and dioxygen [i.e., reaction (3)].

2027 +2H* — 02 + HZOZ (3)

The mechanism involves alternate reduction and reoxidation of the copper ion at the active site of the
enzyme [i.e., reactions (1) and (2)]. Approximately one-third of the total cellular SODI1 exists as the
apoprotein (/49). The incorporation of copper into SOD1 in intact cells is absolutely dependent on
the presence of the SOD1-specific copper chaperone CCS that belongs to a group of small cytoplas-
mic proteins involved in copper trafficking (/50). A colocalization of CCS and SOD1 in mammalian
tissues of the CNS (/50) already suggested that CCS can directly insert copper into the enzyme and is
active at very low copper concentrations (/57). Moreover, there is a physiological requirement for
CCS in vivo, and it has been proposed that in the absence of CCS, intracellular SOD1 exists with one
Zn(II) bound per SODI1 dimer (152).

Cu,Zn-Superoxide dismutase has also been known for some time to catalyze reactions of hydro-
gen peroxide with certain substrates in competition with autoinactivation by the enzyme itself [i.e.,
reaction (6)] (/53). The mechanism for this peroxidative activity of Cu,Zn-SOD involves alternate
reduction and reoxidation of the copper ion in the enzyme, but this time by hydrogen peroxide [i.e.,
reactions (4)—(6)].

H,0, + Cu(II)Zn-SOD — O, + Cu(I)Zn-SOD + 2H* 4)
H,0, + Cu(I)Zn-SOD — OH" + (- OH)Cu(II)Zn-SOD (®)]
Spin trap + (- OH)Cu(I)Zn-SOD — Oxidized spin trap +Cu(II)Zn-SOD (6)
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Spin-trap reagents in vitro and physiological substrates in vivo are oxidized by hydrogen peroxide in
areaction catalyzed by Cu,Zn-SOD [i.e., reactions (4) and (5)] and are able to inhibit the inactivation
of the enzyme (/54,155). Three hypotheses have been proposed to account for the possible involve-
ment of copper in the gain of function of the human FALS mutant Cu,Zn-SOD:

» Copper ions in the mutant enzymes could catalyze deleterious oxidation reactions of substrates by hydro-
gen peroxide (154,155).

» Copper ions in the mutant enzymes could be catalyzing nitration of tyrosine residues by peroxynitrite
(156-158).

» Copper could be leaching out of the mutant proteins and could be inducing toxic effects at another site in
the cell.

Most likely, FALS mutations in Cu,Zn-SOD cause a change in the structure of the enzyme that results
in an enhancement of the ability of the enzyme-bound copper ion to catalyze destructive oxidative
reactions in substrates with peroxides. SOD mutations may destabilize SOD or the dimer and may
lead to misfolding (136,159). Misfolding and perturbed dimer formation could lead to aggregation of
the protein with a subsequent gain-of-function toxicity (/39).

The toxicity of mutant SOD has been proposed to involve an increase in peroxynitrite formation
(156), an increase in peroxidase activity (/60,161 ), a loss of shielding of metal ions (/62), and aggre-
gation of the enzyme (/39). The idea that the FALS mutant Cu,Zn-SOD enzymes may have more
accessible active sites is supported by recent crystallographic studies of the G37R mutant (/63). In
this variant, spinal motor neurons are the most profoundly affected cells, showing axonal and den-
dritic abnormalities that include SOD1 accumulations in irregularly swollen portions of motor axons,
abnormal axonal cytoskeleton architecture, and small vacuoles, derived from damaged mitochondria,
in both axons and dendrites (4,162,164—166).

4.3. Deposits

The different mutations can be associated with different types of cellular pathology in mice. The
presence of G85R SOD1 had no effect on the level or the activity of wild-type SOD1 (/21), but
astrocytes contain SOD1 aggregates induced by mutant human G85R SODI1 expression. This is sup-
ported by ubiquitin-immunoreactive Lewy-body-like inclusions in astrocytes, which are observed
before clinical signs appear (/21). At later stages, motor neurons also contain SOD1 and ubiquitin-
positive aggregates.

Aggregates of SOD1 are common to disease caused by different mutants, raising the possibility
that coaggregation of unidentified components or aberrant catalysis by misfolded mutants may
underly mutant-mediated toxicity. Similar SOD1 aggregates have also been reported for some human
sporadic and familial ALS cases (167-169). Wild-type protein was a component of aggregates in
human disease, but the wild-type protein was not required for aggregation, neither for stabilizing the
mutant nor for contributing to aggregates nucleated by mutant SOD1.

4.4. Role of Copper

Although the absence of influence of SODI1 activity on mutant toxicity was supposed to challenge
the idea that toxicity derives from oxidative stress arising from superoxide (/217), one has to take into
consideration that copper may play an important role in the as-yet-unidentified mechanism leading to
misfolded aggregated mutants. Administration of the antioxidant vitamin E and selenium (which
raises concentrations of the antioxidant enzyme glutathione peroxidase) modestly delays both the
onset and progression of disease without affecting survival, although riluzole and gabapentin (two
putative inhibitors of the glutamatergic system) do not influence the onset or progression of disease
but prolong survival (/70). Oral administration of p-penicillamine (a copper chelator) delays the
onset of disease (/71). Coexpression of the antiapoptotic protein Bcl-2 and even mutant SOD1 extends
survival but has no influence on disease progression (/72). Expression of two FALS-related mutant



Role of Cu and Other Transition Metal Ions 307

SODs (A4V and V148G) caused cell death in differentiated PC12 cells, superior cervical ganglion
neurons, and hippocampal pyramidal neurons. Death could be prevented by Cu chelators, Bcl-2,
glutathione, vitamin E, and inhibitors of caspases.

4.5. Conclusion

The extraordinary metabolic activity of motor neurons at least partly resulting from their large
surface area and dependence on intracellular transport proteins (/73) puts them at a heightened risk
of damage from free-radical species that are generated as a result of the mutant SOD expression.
Other factors present in the CNS may confer a selective vulnerability to motor neurons.

5. ALZHEIMER'’S DISEASE

Age is by far the most important risk factor for dementia, because susceptibility to dementia and
Alzheimer*s disease increases exponentially with age. However, Alzheimer’s disease is clearly dis-
tinguishable from normal age-related changes, indicating that it is a specific disease process. The
proportion of individuals with AD increases by approx 30-40% with each decade of life to a peak
after the age of 80.

5.1. Genetic Background

Three identified genes are involved in the autosomal dominant forms of early-onset AD. Muta-
tions in the gene encoding the amyloid precursor protein (APP) and two homologous genes, presenilin
1 (PS-1) and presenilin 2 (PS-2), result in a dominantly inherited form of the disease that usually
begins prior to the age of 60 yr and has been found to alter amyloid  (Af) protein metabolism.
Screening a population-based sample of patients with early-onset AD (<65 yr) revealed APP muta-
tions in 0.5% of the patients, PS-1 mutations in 6%, and PS-2 mutations in 1% (174).

Alzheimer’s disease is a multifactorial disease in which several genetic and environmental factors
have been implicated. The disease can often result from an interplay of different genetic and environ-
mental risk factors. Familial and sporadic forms of Alzheimer’s disease (Fig. 2) occurring later in life
have been associated with the e4 polymorphism in the gene encoding apolipoprotein E (APOE). The
APOE gene is an important genetic determinant for early-onset AD and for the predominant late-
onset form of the disease, which affects 90-95% of all patients. APOE-e4 lowers the typical age of
late-onset AD (175) and APOE-e4 also decreases the age at onset of familial AD with an APP muta-
tion (176). Each allele lowers the age of onset by 7-9 years (177).

5.2. Brain Lesions

Alzheimer's disease is characterized pathologically by neuronal degeneration and the deposition
of amyloid plaques and neurofibrillary tangles in the brains of affected individuals. Amyloid deposits
are primarily composed of the Af} amyloid protein of which the A31-40 isoform is the predominant
soluble species in biological fluids and the AB1-42 isoform is the predominant species in developing
plaque deposits (178—186). When transgenic mouse models, which overexpress mutant human APP,
were immunized with Abeta42, either before the onset of AD-type neuropathologies (at 6 wk of age)
or at an older age (11 mo), immunization of the young animals essentially prevented the development
of AP plaque formation (/87).

Neuritic plaques and neurofibrillary tangles are the major neuropathological lesions that allow a
definitive diagnosis of AD postmortem. Neuritic plaques are spherical multicellular lesions that are
usually found in moderate or large numbers in limbic structures and in the association neocortex.
They are composed of extracellular deposits of the amyloid AP protein with degenerating axons and
dendrites within and intimately surroun