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Abstract
A conformational change of the prion protein is responsible for a class of neurodegenerative
diseases called the transmissible spongiform encephalopathies that include mad cow disease and
the human afflictions kuru and Creutzfeldt–Jakob disease. Despite the attention given to these
diseases, the normal function of the prion protein in healthy tissue is unknown. Research over the
past few years, however, demonstrates that the prion protein is a copper binding protein with high
selectivity for Cu2+. The structural features of the Cu2+ binding sites have now been characterized
and are providing important clues about the normal function of the prion protein and perhaps how
metals or loss of protein function play a role in disease. The link between prion protein and copper
may provide insight into the general, and recently appreciated, role of metals in neurodegenerative
disease.

Introduction–Prions and Neurodegenerative Disease
It is difficult to think of a protein that has garnered more attention than the prion protein.
Named by Nobel Laureate Stanley B. Prusiner, the term “prion” refers to the proteinaceous,
infectious particles responsible for mad cow disease, scrapie in sheep and goats, chronic
wasting disease in deer and elk, and the human diseases kuru and Creutzfeldt–Jakob disease
(CJD).1,2 Among humans, prion diseases are very rare, accounting for approximately one in
a million deaths. Nevertheless, each outbreak of the disease–from a single animal with mad
cow disease in Canada to infected herds of deer and elk in the Midwest–brings a fresh spate
of newspaper articles and widespread discussion of these complex neurodegenerative
disorders.

Why the great interest in diseases that seemingly pose little threat to humans? There are
several reasons. First, there is well-justified concern that the spread of contaminated food,
transplant tissues, or blood products will lead to a widespread outbreak. Several such cases
are well-known, including new variant Creutzfeldt–Jakob disease (nvCJD) among young
individuals in Great Britain who consumed infected beef.1 Second, much like Alzheimer's,
Parkinson's, and Huntington's diseases, prion diseases involve deposits of a misfolded
peptide or protein and resulting deterioration of nearby neurons.3 Consequently,
understanding prion diseases is sure to help us gain a deeper understanding of more
prevalent neurodegenerative disorders. The third and perhaps most fascinating feature of
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prion diseases is the infectious nature of the prion particle–unlike viruses or bacteria, this
particle is totally devoid of any nucleic acid yet propagates a lethal neurological disorder.
Thus, prion diseases represent a fundamentally new biological mechanism for transmitting
infection.

Prion diseases collectively are referred to as the transmissible spongiform encephalopathies
(TSEs). The prion protein, responsible for the TSEs, is a normal component of many body
tissues and is found at high levels in the central nervous system (CNS). As shown
schematically in Figure 1, the protein is tethered to the outside surface of cells through a
glycosylphosphatidylinositol (GPI) anchor.4 Endocytosis, in which a portion of the
membrane pinches off creating an intracellular vesicle, cycles the protein from the cell
surface to the endosome and back.4 The normal cellular form of the prion protein is
designated PrPC. Disease results from a refolding of PrPC to the scrapie form termed PrPSc.
This form contains no nucleic acid or alterations of the PrPC polypeptide backbone–its
amino acid sequence is equivalent to that of PrPC. Once PrPSc forms, it acts as a template for
converting additional PrPC to PrPSc thus facilitating a buildup of misfolded protein and
subsequent neurodegeneration. PrPSc is therefore the infectious prion agent.

TSEs may be sporadic, in which PrPSc forms spontaneously, inherited, where certainly
family lines carry PrP sequences predisposed to forming PrPSc, or infectious, in which PrPSc

is introduced from an exogenous source. Sporadic cases are by far the most common,
accounting for approximately 85% of all CJD cases in the USA.

As noted above, deposition of a misfolded protein resulting in deterioration of nearby nerve
tissue is common among a wide class of neurodegenerative diseases. This raises three
essential questions that must be addressed for a complete understanding and hopeful
treatment of these disorders:

1. What is the function of the precursor protein, in this case PrPC, and consequently,
what function is potentially lost from misfolding?

2. What is the mechanism by which proteins misfold, and what endogenous or
environmental factors contribute to this process?

3. Why are deposits of the misfolded species cytotoxic?

Remarkably, with regard to Alzheimer's disease, Parkinson's disease, Huntington's disease,
as well as the TSEs, there are no complete answers to any of these questions.

Toward a Function for PrPC–The Copper Connection
The mechanism by which PrPSc is generated from PrPC, either spontaneously or via a
template mechanism (Figure 1), suggests that the host animal or individual must naturally
produce the prion protein to be susceptible to disease. As an essential experiment toward
demonstrating the prion hypothesis, genetic techniques were used to produce knockout
animals–mice in this case–devoid of PrP.5,6 These PrP-knockout mice do not contract
disease even if they are inoculated with PrPSc directly into the brain. The results of these
seminal experiments remain among the most convincing evidence so far that conversion of
host PrPC to PrPSc is the critical event leading to prion disease. Of course, with PrP
knockout mice at hand, one may get a sense of PrPC's normal function by probing for
differences between these transgenic animals and wild-type. Remarkably, the knockouts
exhibit reasonably normal behavior and examination of their brain tissue reveals no
significant differences compared to wild-type.7 If PrPC has a function, it must be subtle.

In 1995, two papers by Hornshaw et al. suggested that PrPC binds Cu2+.8,9 The region of the
protein first implicated in this activity is the so-called octarepeat domain composed of
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multiple tandem copies of the eight-residue sequence PHGGGWGQ. PrP sequences from
most species carry four or five copies of this segment. As shown in Figure 2, the octarepeat
domain is in the N-terminal portion of the protein approximately from position 60 to
position 90 with variation arising from different species and number of octapeptide repeats.
Interestingly, across species, the octarepeat domain is among the most highly conserved
portions of the PrP sequence, suggesting it plays a role in PrPC function.10

In 1997, Brown et al. published a landmark paper demonstrating that brain extracts from
PrP-knockout mice have substantially lower copper content relative to wild-type.11 Thus,
the ability of PrP to bind Cu2+ is not just incidental but indeed influences the tissue copper
content. Moreover, the activity of copper-dependent enzymes was reduced suggesting that
either PrP possesses metalloprotein function or helps supply other enzymes with needed
copper ions. Copper binding was also found to be highly cooperative.11 Mass spectrometry
studies by Whittal et al. showed that PrP N-terminal domain takes up approximately five
copper ions, each with a progressively lower dissociation constant varying from the
micromolar to nanomolar range at pH 7.4.12 The octarepeat domain is remarkably selective
for Cu2+ with affinity for Cu+ or other metal ion species weak or nonexistent.9,12,13 Finally,
Cu2+ binding is quite pH-dependent with only two copper ions found at pH 6.12

Studies of neurons in cell culture reveal additional clues regarding function. Harris and co-
workers showed that both copper and zinc dramatically increase the rate of PrPC endocytosis
thus demonstrating that metal ions influence PrPC trafficking in the cell.14 Elimination of
the octarepeat domain abolishes this activity.15 Moreover, several studies suggest that PrP
acts to protect cells from deleterious redox activity of uncomplexed copper.16,17 In mice,
PrP knockouts relative to wild-type exhibit significant increases in lipid and protein
oxidation, as well as loss of superoxide dismutase and catalase function.18

Despite evidence linking the normal activity of PrPC to copper binding and perhaps
antioxidant activity, there has been little agreement as to specific function. Among the
current theories are that PrPC is (i) a superoxide dismutase (SOD)19 participating in the
scavenging and detoxification of O2

-, (ii) a transmembrane copper transporter that operates
through endocytosis,12,14,20 and (iii) a copper buffer that sequesters excess metal ion at the
plasma membrane.17

Toward a Structure of the Prion Protein with Bound Copper Ions
Recognizing that structural information is certain to play an essential role in fleshing out
specific function, a number of laboratories launched efforts aimed at determining the
molecular features of the Cu2+ binding sites.13,21–28 Copper tends to rapidly precipitate
recombinant PrP, so many early experimental studies used peptides corresponding to regions
of the octarepeat domain. The imidazole ring of histidine, present in the PHGGGWGQ
repeat, is an avid metal ion binder and is certain to participate in Cu2+ coordination. Using
Raman spectroscopy, Miura et al. identified absorption bands consistent with His–Cu bonds
and found that each octapeptide repeat bound a single Cu ion.21 Interestingly, they also
identified bands consistent with N–Cu bonds where the nitrogen was assigned to a
deprotonated backbone amide. Modeling studies identified a relaxed conformation in which
the second and third glycines following the His participated in the coordination sphere.
Studies from other laboratories using electron paramagnetic resonance (EPR) and
companion spectroscopic approaches on peptides,22 as well as full-length protein,28 also
supported a coordination environment involving deprotonated amides, as well as the
possibility of additional copper sites in the globular C-terminal domain.23

Lead by Drs. Colin Burns and Eliah Aronoff-Spencer, our laboratory approached this
problem using a suite of EPR techniques and peptide design. Cu2+ is a d9 species with a
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single unpaired electron. EPR spectra are very sensitive to the metal ion's environment and
can be used to estimate the geometry of the center and the number and type of equatorially
coordinating atoms.29 At the outset, we tried to determine whether each octarepeat bound an
individual Cu2+ as an independent unit or whether there was a more complex organization of
the fully copper bound octarepeat domain. Working with Professor Haydn Ball, now at the
University of Texas Southwestern Medical Center in Dallas, we prepared a library of
peptides ranging from the full octarepeat domain–WGQ(PHGGGWGQ)4–down to a small
HGG tripeptide derived from the octarepeat sequence. Remarkably, we found that the
minimal sequence HGGGW bound a single Cu2+ and captured all the EPR spectral features
of the full four repeat domain with four bound copper ions.30 Using direct EPR-detected
titrations, we further showed that the number of HGGGW units determined the number of
copper ions taken up in a 1:1 fashion. These findings demonstrated that HGGGW constitutes
the fundamental copper-binding unit in the PrP octarepeat domain.30

Next, in collaboration with Professors Gary Gerfen and Jack Peisach at Albert Einstein
College of Medicine, we applied electron spin–echo envelope modulation (ESEEM) and
showed that indeed each Cu2+ was coordinated by a single imidazole ring.30 Analysis of the
conventional EPR spectra suggested that approximately three nitrogens were equatorially
coordinated the Cu2+; the next step was to determine which amino acids were contributing
these nitrogens. Here, in collaboration with Professor William Antholine of the Medical
College of Wisconsin, we employed low-frequency S-band EPR, which is remarkably
sensitive to Cu–N hyperfine coupling.20 A library of octarepeat peptides was produced
where each was 15N labeled at a distinct position. Analysis of the hyperfine patterns
immediately pointed to the amide nitrogens of the two glycines following the histidine thus
directly implicating deprotonated amides in copper coordination.20,30

The N-terminal domain of PrP encompassing the octarepeat region is rich with glycine.
Correspondingly, NMR structural studies find this domain to be largely disordered.31 Our
work showing a specific binding mode for HGGGW in complex with copper, however,
suggested that we might be able to grow crystals of this fundamental segment. Collaborating
with Professors William Scott and Alice Vrielink and Dr. Christine Dunham of UCSC and
Professor Marilyn Olmstead of UC Davis, we found that crystals formed in aqueous solution
at pH 7.4 and diffracted to better than 0.70 Å.20 The structure of the complex is shown in
Figure 3. As first identified by EPR, three nitrogens contribute to the equatorial plane and
arise from the imidazole and the two deprotonated glycines immediately following the
histidine. In addition, the second glycine contributes its amide carbonyl and the indole NH
of the tryptophan hydrogen bonds to an axial water thus creating a highly organized copper
binding unit.

To establish physiological relevance, it is essential to demonstrate that findings garnered
from N-terminal peptides apply to the full-length recombinant protein. Working in
collaboration with Professors Giuseppe Legname and Stanley Prusiner of UCSF, we
obtained EPR spectra of Cu2+-loaded Syrian hamster PrP(29-231) that were quite consistent
with that obtained from octarepeat peptide constructs.32 However, stoichiometric
measurements identified an additional copper binding site outside of the octarepeat domain.
By systematic analysis using PrP-derived peptides, we showed that the GGGTH segment
involving His96 constituted a newly identified copper site adjacent to the octarepeat domain.
This histidine, as well as those in the octarepeat domain, were previously identified as Cu2+

coordination sites by Qin et al. using an elegant mass spectrometry protocol.33 A summary
of the copper sites characterized by our studies is shown in Figure 4. In addition, a structural
model of PrP(60–231) with all coppers present is shown in Figure 5. Here we used NMR
structural coordinates for PrP(97–231) provided by Professor Thomas James of UCSF34 and
coordinates for the copper sites obtained from our crystallographic and EPR studies.
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Relaxed conformations were assumed for polypeptide linker segments between the copper
sites.32 Figure 5 constitutes the first structural model of PrP with its full complement of
bound copper. Quite likely there is organization among the copper sites of which we are
currently unaware. Further experiments are in progress to investigate this.

Form, Affinity, and Function
PrP is remarkably selective for Cu2+. Screens against other divalent ions, such as Ca2+,
Co2+, Mg2+, Mn2+, and Ni2+, failed to find high-affinity interactions. The structure in Figure
3 now explains this selectivity. As noted above, copper coordination is achieved through
interaction with two deprotonated amides from the glycines following the histidine. This is a
somewhat unusual copper binding site but by no means unprecedented. In most copper
binding proteins, side chain functionalities such as histidine imidazoles or cysteine thiols
make contact to the metal ion.35 However, elegant studies dating back to the 1960s showed
that unstructured peptides containing histidine coordinate in a fashion similar to that now
identified for PrP.36,37 The pKa of amide protons is typically 13–15, and consequently, the
amide nitrogen is not ionized at pH 7. However, nitrogen and Cu2+ are well matched on the
hard–soft scale of Lewis acid–base interactions. Thus, with the histidine imidazole
anchoring the metal ion close to the polypeptide backbone, Cu2+ is uniquely able to displace
a nearby amide proton at physiological pH.38 A similar copper binding motif is well-known
in serum albumin, which carries the ion in an NH2-Xaa-Xaa-His sequence at its N-terminus.
39

Copper binding affinity, as reflected by the dissociation constant Kd, has been a
controversial issue. At the outset, several studies demonstrated cooperative binding with
Kd's in the low micromolar to nanomolar range.12,40 Extracellular Cu2+ concentrations in the
CNS are estimated at greater than 10 μM thus suggesting that the affinity of PrP for copper
is tuned for this milieu. Moreover, neuronal depolarization often results in localized Cu2+

concentrations in excess of 100 μM.41 Nevertheless, other copper metalloproteins, such as
copper-dependent SODs, typically exhibit much higher affinities with Kd's of approximately
10–14 M leading some to question the micromolar affinities found for PrP. For example,
using a fluorescence assay in the presence of a competitive glycine buffer that binds Cu2+,
Jackson et al. identified two copper sites with Kd values of 1 × 10–14 and 4 × 10–14 M.26

These results have been challenged by Garnett and Viles who used circular dichroism to
show that low concentrations of glycine and L-histidine readily compete Cu2+ from PrP,
again placing the affinity of PrP in the micromolar range.42

Regarding function, several lines of research suggest that PrP functions to protect neurons
from reactive oxygen species (ROS) such as superoxide, peroxide, and redox-active metal
ions. Thus, one possibility already noted above is that PrP is itself a superoxide dismutase.19

Despite the attractiveness of this proposal, the structures in Figures 3, 4, and 5 suggest this is
unlikely. The redox cycle of SOD requires that the copper ion have two accessible oxidation
states, typically Cu+ and Cu2+. Although Cu2+ readily coordinates to deprotonated amide
bonds, this is not the case for Cu+.43 Voltammetric data obtained from the octarepeat bound
with copper suggest dissociation of the complex as a consequence of one-electron reduction.
22 Consequently, the binding sites identified in our studies will likely not coordinate Cu+ as
required for SOD function. These findings do not rule out an SOD function for PrPC but do
suggest that the copper binding domain would have to significantly restructure to support
this activity.

Yet another possibility, considered by several labs, is that PrP endocytosis transports Cu2+

from the extracellular space to the cell interior.12,14,20 Here, the pH sensitivity of copper
binding and copper-stimulated endocytosis are key. As noted above, the affinity of PrP for
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Cu2+ is well matched to exchangeable, extracellular concentrations of the metal ion.
Consequently, PrP loads up with Cu2+ which, in turn, stimulates PrP endocytosis. Once in
the low pH environment of the sealed endosome, PrP releases part of its copper
complement. Such a mechanism would explain the results of studies demonstrating that PrP
protects cells from copper toxicity. However, several labs have now examined potential
copper transport function. In general these studies have failed to find direct evidence that
copper transport depends on the level of PrP expression.17,44

Perhaps PrP protects against deleterious redox activity by sequestering excess Cu2+.17 Wild-
type cells are more resistant to oxidative stress, relative to PrP knockouts, and concentrate
copper at the plasma membrane.17 This suggests that PrPC functions as a copper buffer or
part of a “cuprostat” that helps maintain neuron integrity in the copper-rich environment of
the central nervous system. With regard to such function, interesting new results
demonstrate that cultured cells infected with PrPSc are more susceptible to oxidative stress
and exhibit a significant reduction in the ability to bind copper despite maintaining normal
PrP levels.45 A buffering or regulatory function is fully consistent with the multiple copper
site structure identified by our studies. Moreover, a loss of this function would certainly
result in neuronal disturbances due to unregulated redox activity, perhaps contributing to
neurodegeneration in the TSEs.

Vassallo and Herms have expanded on this scenario arguing that, beyond copper buffering,
PrP may also contribute to synaptic integrity and neurophysiological function.41 PrPC is
primarily localized at presynaptic membranes. They argue that this location, along with the
protein's ability to modulate redox activity of copper or ROS, suggests that PrPC may
function as a redox sensor in turn coupling copper levels to neuronal calcium flux and
signaling. As yet, no mechanism by which PrP communicates with proteins involved with
calcium signaling has been identified.

Copper and the TSEs
Treatment of the infectious prion with proteinase K cuts PrPSc at approximately residue 90
but without loss of infectivity, suggesting to some that the octarepeat domain, and hence
copper, does not play a role in the TSEs. While copper may not be essential for PrP
conversion and disease, it may well play a role in modulating kinetics and pathology.
Indeed, the octarepeat domain and copper have been directly implicated in neurological
disease. Humans with PrP genes coding for extra octarepeats are predisposed to CJD.46 In
addition, PrP knockout mice possessing a transgene that produces PrP devoid of residues
32-93 retain their susceptibility to prion infection although with longer incubation times and
altered pathology.47 Finally, recent studies show that addition of copper to PrPC converts the
protein to a partially protease-resistant state, and this conversion requires only a single
copper binding site.48 Our findings, as well as those of Qin et al.,33 demonstrate that copper
binding takes place at His96, which is outside of the octarepeat domain. Several lines of
evidence suggest that this site may possess higher affinity for Cu2+ than the octarepeat sites.
32 This site is beyond the proteinase K cleavage site and thus suggests that copper may be
found in the PrPSc particle, perhaps with a stabilizing role.

Metals, Neurological Disease, and Concluding Remarks
The connection to copper takes prion biology in a new direction with a focus on the normal
function of PrPC. Perhaps by uncovering specific function, we will not only advance our
knowledge of the molecular workings of the CNS but may also gain insight into loss of
function associated with disease. Such insights may be critical for a thorough understanding
of neurodegeneration in the TSEs. Moreover, the lessons learned with PrP may contribute to
the understanding and treatment of other neurodegenerative disorders, especially if metal
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participation is ubiquitous. In fact, the connection between PrP and metal ions is not unique
among neurodegenerative diseases. Brain lesions associated with Alzheimers disease are
rich with metal ions,49,50 and metals such as iron, copper, zinc, and manganese facilitate
amyloid fibril formation both in vivo and in vitro.51,52 Bush and colleagues have proposed
that the Aβ peptide, one of the plaque components in Alzheimer's disease, may participate in
metal ion transport at membranes.51 If, however, the peptide becomes hypermetalated, a
cascade ensues in which redox activity stabilizes toxic peptide–metal aggregates ultimately
leading to an increase in localized peroxide production, degradation of proteins and nucleic
acids, and mounting cell stress. Brain copper and iron content increase with age, and this
perhaps explains, in part, why neurodegenerative diseases are so much more prevalent
among the elderly.53 Metal chelators are now under investigation for treatment of
Alzheimer's disease. Tests with transgenic mice that overexpress the amyloid precursor
protein (which releases Aβ upon proteolytic cleavage) show that clioquinol significantly
reduces Aβ deposition.51 Human trials are currently underway.54

With regard to the prion protein, there are fundamental issues yet to be addressed. At the
molecular level, we still do not understand the basis of cooperative Cu2+ binding in PrP, nor
is it clear at this point whether other metal ions bind, although likely with weaker
interactions. There is no sense as to how the octarepeat domain organizes in the fully Cu2+-
loaded protein or how this organization changes when part of the copper complement is lost.
Regarding PrPC function in the healthy CNS, sophisticated ideas are just now emerging.
Participation in copper buffering and consequent regulation of ROS are certainly consistent
with our structural findings. Finally, in stabilizing PrPSc or enhancing its cytotoxicity, the
role of copper or other metals is not clear, but at least this author believes their involvement
is likely to be very important.
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FIGURE 1.
Localization and conformations of the prion protein. PrPC represents the normal form of the
prion protein found in healthy tissue; PrPSc is the conformer responsible for the TSEs. PrP is
tethered to cell membranes through a GPI anchor. Conversion from PrPC to PrPSc takes
place either through a templating interaction with PrPSc (a) or by a spontaneous event (b).
PrPC is cycled through endocytosis.
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FIGURE 2.
Organization of PrP and the octarepeat domain. This schematic of PrPC locates the globular
C-terminal domain, the glycosylphosphatidylinositol (GPI) membrane anchor, and the
octarepeat domain. Also shown is a flexible region implicated in multimerization that
accompanies PrPC → PrPSc conversion. Cu2+ binding within the octarepeats involves the
specific residues HGGGW (underlined).
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FIGURE 3.
Crystal structure of the Cu–HGGGW complex. Equatorial Cu2+ coordination is from the
histidine imidazole, the deprotonated amides from the next two glycines, and the amide
carbonyl of the second glycine. In addition, the NH of the indole is within hydrogen bonding
distance to the oxygen of the axial water. Two additional intramolecular ordered water
molecules are also shown.
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FIGURE 4.
Location and molecular features of the five main copper binding sites in PrP. Bond-line
models of the equatorial Cu2+ coordination spheres for the two different types of binding are
shown below. The structure for the single HGGGW–Cu2+ unit was determined from
crystallographic and spectroscopic data. This structure is maintained for each HGGGW unit
in the full octarepeat region. The coordination sphere depicted for GGGTH–Cu2+ is a model
based on spectroscopic data.
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FIGURE 5.
Three-dimensional rendering of PrP(61–231) with coppers included. Crystal structure
coordinates were used for the octarepeat binding units HGGGW. The PrP(92–96) segment
was based on the model shown in Figure 4. Intervening regions were built in a relaxed
conformation.
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