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ABSTRACT: The prion protein (PrP) binds Cu2+ in its N-terminal octarepeat domain, composed of four or
more tandem PHGGGWGQ segments. Previous work from our laboratory demonstrates that copper interacts
with the octarepeat domain through three distinct coordination modes at pH 7.4, depending upon the
precise ratio of Cu2+ to protein. Here, we apply both electron paramagnetic resonance (EPR) and
fluorescence quenching to determine the copper affinity for each of these modes. At low copper occupancy,
which favors multiple His coordination, the octarepeat domain binds Cu2+ with a dissociation constant of
0.10 ((0.08) nM. In contrast, high copper occupancy, involving coordination through deprotonated amide
nitrogens, exhibits a weaker affinity characterized by dissociation constants in the range of 7.0-12.0µM.
Decomposition of the EPR spectra reveals the proportions of all coordination species throughout the copper
concentration range and identifies significant populations of intermediates, consistent with negative
cooperativity. At most copper concentrations, the Hill coefficient is less than 1.0 and approximately 0.7
at half copper occupancy. These findings demonstrate that the octarepeat domain is responsive to a
remarkably wide copper concentration range covering approximately 5 orders of magnitude. Consideration
of these findings, along with the demonstrated ability of the protein to quench copper redox activity at
high occupancy, suggests that PrP may function to protect cells by scavenging excess copper.

The prion protein (PrP)1 is responsible for a novel class
of infectious, neurodegenerative diseases collectively known
as the transmissible spongiform encephalopathies (TSEs) (1-
3). The TSEs include scrapie in sheep, mad cow disease
(bovine spongiform encephalopathy, BSE), chronic wasting
disease (CWD) in deer and elk, and Creutzfeldt-Jakob
disease (CJD) in humans. The normal cellular form of the
prion protein, referred to as PrPC, is found in a wide range
of tissues of all mammalian and avian species. A misfolding
event converts the protein to the infectious,â-sheet-rich
scrapie form (PrPSc) responsible for the TSEs.

PrPC is a GPI-anchored glycoprotein expressed in abun-
dance on the surface of neurons, predominantly on presyn-
aptic membranes (4, 5). The mature form of PrP, consisting
of residues 23-231 in hamster, has a globular C-terminal
domain and a largely unstructured N-terminal domain (6)
(Figure 1). The C-terminal domain (residues 125-231)
contains threeR helices, two of which are stabilized by a
single interhelical disulfide bond, and a small antiparallelâ
sheet. The flexible N-terminal domain is glycine-rich and
highly flexible. Within the flexible N-terminal region of PrP
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FIGURE 1: PrP possesses a flexible N-terminal domain and a
globular C-terminal domain, made up of threeR helices and twoâ
strands, as shown above. Copper binds primarily in the octarepeat
domain, composed of tandem repeats of the fundamental sequence
PHGGGWGQ. Other notable features are the disulfide bond that
links two C-terminal helices and the GPI anchor, which tethers PrP
to cellular membranes. Cu2+ binds in the octarepeat domain with
three different coordination modes, as shown. Component 3
dominates at low Cu2+ occupancy, and component 1 dominates at
saturation.
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is the octarepeat domain, composed of four or five highly
conserved, contiguous repeats of the eight-residue sequence
PHGGGWGQ. The physiological function of PrPC is un-
known, but recent investigations focus on the ability of the
octarepeat domain to take up copper (5, 7-11). PrPC protects
against apoptosis (12) and radical-mediated oxidative damage
(13, 14) and even stimulates nerve cell growth and develop-
ment (15). Several copper-specific neuroprotective mecha-
nisms have been proposed, including enzymatic function as
a superoxide dismutase (SOD) (16), copper sequestration to
inhibit deleterious oxidative chemistry (9, 17), and copper-
dependent cellular signaling (5, 13).

To establish a molecular basis for the neuroprotective role
of PrP, recent studies have focused on the elucidation of the
chemical environment of the Cu2+-binding sites. Research
from our laboratory demonstrates that, at pH 7.4, each
HGGGW segment within the octarepeat domain binds one
Cu2+ at saturation (18-20). In more recent work, we have
shown that the octarepeat domain takes up Cu2+ in three
distinct coordination modes, referred to as components 1, 2,
and 3, controlled by the precise molar ratio of Cu2+ to
protein, as shown in Figure 1 (17). These coordination modes
are clearly discernible by a combination of electron para-
magnetic resonance (EPR) techniques, including multifre-
quency and pulsed EPR. The component 3 coordination
mode, which is observed at low copper occupancy, involves
three to four octarepeats binding a single Cu2+ through the
histidine imidazoles. At intermediate copper occupancy, the
coordination mode switches to a mixture of components 2
and 1. In component 2, Cu2+ is bound to both the imidazole
nitrogen and deprotonated amide nitrogen of histidine within
a single octarepeat. A second imidazole nitrogen from a
neighboring octarepeat is postulated to bind Cu2+ in the axial
position (17). Component 1 arises at full copper occupancy
and involves Cu2+ coordination to the HGGGW residues
within each octarepeat through an imidazole nitrogen of
histidine, deprotonated amide nitrogens from the two fol-
lowing glycines, and the amide carbonyl oxygen from the
second glycine. The Trp participates through the formation
of a hydrogen bond from the indole NH to an axially
coordinated water (19).

Determining the precise affinity for copper binding to PrP
is essential for assessing the normal function of the protein.
For an enzyme, one would expect high affinity, reflected
through a low dissociation constant (Kd) (21), whereas
buffering or sensing would require a lower affinity, with a
Kd near the concentration of extracellular copper (22).
Unfortunately, investigations into the dissociation constant
and the mechanism of copper uptake reveal highly disparate
outcomes depending upon the measurement technique and
the particular PrP construct (8, 10, 21-25). Current estimates
placeKd between 10-6 M (10, 22, 23) and 10-14 M (21, 24),
an experimental uncertainty of 8 orders of magnitude. For
example, mass spectrometry studies on PrP(57-91), encom-
passing all of the octarepeats, finds a dissociation constant
of 0.2 µM for the first bound Cu2+, with theKd increasing
to 12 µM for the fourth Cu2+ (10). Similar micromolar
affinities have been identified using amino acid competition
studies, as detected by circular dichroism (CD) (23).
Alternatively, binding curves determined from tryptophan
fluorescence quenching from Cu2+ report a very high-affinity
site with aKd of 8 × 10-15 M (8 fM) in PrP(57-98) (24).

Isothermal titration calorimetry (ITC) and competitive metal
capture analysis (CMCA) also support the presence of a high-
affinity Cu2+-binding site in the octarepeat region (21).

Several reports suggest that the octarepeat domain takes
up Cu2+ with positive cooperativity (8, 22, 25). For instance,
equilibrium dialysis measurements performed on PrP(23-
98) find a half-maximal binding at 5.9µM and a Hill
coefficient (n) of 3.4, indicating a very strong positive
cooperativity through the micromolar range (8). Similar
results were obtained from CD measurements of the d-d
absorption band at 570 nm, arising from Cu2+ binding to
PrP(58-91) (25). The CD signal increases in a sigmoidal
fashion, consistent with positive cooperativity. In support of
these studies, fluorescence quenching measurements suggest
that binding occurs with a half-maximal value of 5.5µM
and a Hill coefficient of 2.4 (22). On the other hand,
electrospray ionization (ESI) mass spectrometry performed
on PrP(57-91) found a progressive decrease in the binding
affinity as a function of the copper load, perhaps suggesting
negative cooperativity (10).

Positive cooperativity would exert a profound affect on
the distribution of copper-occupied states. Specifically,
concentrations of unbound and fully copper-occupied PrP
should be dominant and substantially greater than partially
copper-occupied proteins (26). This is certainly the case for
oxygen binding to hemoglobin, which is characterized by a
Hill coefficient of 2.8. This suppression of intermediate states
is in contrast to the behavior recently observed by our
laboratory in the elucidation of the three copper-dependent
binding components in the octarepeat domain (17). EPR
spectra suggest large populations of partially occupied
intermediates, quite the opposite of positive cooperativity.

The identification of distinct octarepeat binding modes in
PrP motivates a re-evaluation of the affinity of the protein
for copper. The individual modes may have widely differing
dissociation constants and, if so, would help explain the wide
discrepancy among previously published values. In addition,
determining the affinity for each binding mode provides a
quantitative assessment of cooperative copper uptake. Here,
we use fluorescence quenching and EPR measurements on
the octarepeat domain, along with a library of octarepeat-
derived constructs and selective chelators in competition
studies, to determine the affinity for the copper-binding
components 1, 2, and 3. Next, we develop and apply an EPR
approach for following the populations of the components
as a function of copper occupancy to evaluate cooperative
uptake. Using the population distribution, we then determine
the Hill coefficient as a function of copper occupancy. In
contrast to previous published measurements, we find that
the affinity ranges from approximately 0.1 nM at low Cu2+

occupancy to 10µM at high Cu2+ occupancy, with a Hill
coefficient of less than 1.0 indicative of negative cooperat-
ivity. For select cases, we reconcile these findings with those
that were previously interpreted as providing evidence of
positive cooperativity.

MATERIALS AND METHODS

Peptide Synthesis and Purification.All peptides were
prepared with N-terminal acetylation and C-terminal ami-
dation, using fluorenylmethoxycarbonyl (Fmoc) methods, as
described previously (17-20). N-Methylated amino acids
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were incorporated using a custom coupling procedure (17).
Peptides were purified by reverse-phase high-performance
liquid chromatography (HPLC) and characterized by mass
spectrometry.

EPR. All samples were prepared with degassed buffer
containing 25 mMN-ethylmorpholine (NEM) buffer and
20% glycerol (v/v), where the glycerol served as a cryopro-
tectant (18). X-band spectra (frequency of 9.43 GHz,
microwave power in the range of 0.6-5.0 mW, and
modulation amplitude of 5.0 G) were acquired at ap-
proximately 125 K using a Bruker EleXsys 500 spectrometer
and an SHQ (Bruker) cavity equipped with a variable
temperature controller. Composite spectra were fit to eq 4
using non-negative least-squares (NNLS) routines in the
Matlab program suite.

CD. CD spectra in the visible region were acquired using
a 1.0 cm path-length square cell and presented as a sum of
four scans. Samples were prepared in a buffer containing
25 mM NEM at pH 7.4 and 20% glycerol (v/v) using 300
µM peptide. Cu2+ was added from a stock prepared in the
same buffer. The concentration of bound Cu2+ was deter-
mined from double integration of EPR spectra for the
corresponding sample.

Fluorescence.Fluorescence spectroscopy was carried out
using a Jobin Yibon Fluoromax-3 instrument. All titrations
were performed in syringe-filtered (0.22µm) and degassed
NEM buffer containing 25 mM NEM, 1 mM dodecyltri-
methylammonium bromide (DTAB), and 100 mM NaCl at
pH 7.4. Cu2+ was added from a CuSO4/CuCl2 stock prepared
in Nanopure water and thoroughly mixed by successive
inversions of the tube followed by pipeting in and out with
a glass Pasteur pipet. Care was taken to avoid frothing and
precipitation. The excitation wavelength was set to 265 nm,
and emission spectra were averaged over three scans acquired
from 280 to 450 nm. Excitation and emission slit widths were
set to 5 nm. A blank spectrum of the corresponding amount
of Cu2+ added to NEM buffer and scanned under identical
conditions was subtracted from each experimental spectrum.
Data were processed using KaleidaGraph (Synergy Soft-
ware).

RESULTS

The octarepeat domain, within the flexible N-terminal
region of PrP, represents a unique Cu2+-binding segment.
In hamster and human PrP, this region encompasses residues
60-91 and consists of four tandem repeats of the sequence
PHGGGWGQ. Previous work from our lab shows that the
specific binding mode is highly dependent upon the number
of bound copper equivalents per protein (17). Molecular
features for these different binding modes are shown in
Figure 1. Here, we extend our previous structural work to
determine the copper affinities for each individual binding
mode. In addition, EPR spectroscopic signatures allow us
to determine the populations of each binding mode as a
function of copper occupancy. When this fundamental
information is taken together, it yields the affinity as a
function of copper occupancy and, consequently, the coop-
erativity of copper uptake.

Dissociation Constants of Components 1, 2, and 3.Each
octarepeat segment contains a single tryptophan residue.
Bound Cu2+ quenches tryptophan fluorescence and thus

provides a convenient and proven method for monitoring
copper uptake (22, 24, 27). Although affinity, as reflected
through dissociation constants, is ideally determined from
the full-length protein, several aspects of PrP complicate this
approach. First, as determined by our lab and others, there
are one or more copper-binding sites outside of the octarepeat
domain (20, 28). Next, copper binding within the octarepeat
domain is heterogeneous, passing through a series of
intermediates before reaching saturation at 1 equiv per
octapeptide segment (17). The best approach, therefore, is
to determine the dissociation constant for a series of
constructs, where each takes up copper in a single binding
mode, and then test the resulting affinities in the intact
octarepeat domain, PrP(23-28, 57-91). To achieve this
objective, we use the full octarepeat domain, as well as
octarepeat domain constructs developed in our previous
studies (17) (Table 1). Briefly, PrP(23-28, 57-91) encom-
passes the entire octarepeat domain and, when challenged
with up to a single Cu2+ equivalent, binds strictly as
component 3. The short N-terminal segment of this peptide,
residues 23-28, is included to improve solubility. The
peptide HGXGWGQPHGXGW, where X) sarcosine (Sar),
is limited to the component 2 mode because it provides two
His residues but lacks two critical backbone amides required
for component 1. Finally, the fundamental pentapeptide
HGGGW binds Cu2+ strictly as component 1.

Cu2+ quenches tryptophan fluorescence through both direct
binding and collisions with aqueous, unbound copper. The
former process gives rise to a saturable binding curve, given
by eq 1

where F0 and F are the unquenched ([Cu2+] ) 0.0) and
quenched fluorescence intensities, respectively. Collisional
quenching is linear with respect toF0/F and dominates at
concentrations where [Cu2+] . Kd (22). Effects from
collisional quenching were removed from the experimental
data by subtracting the slope of a linear fit toF0/F for [Cu2+]
> 200µM. (We did not observe nonlinear behavior in plots
of F0/F at high [Cu2+] that might arise from a combination
of static and collisional quenching.) The corrected data, along
with fits to eq 1, are shown in parts A and B of Figure 2.
For all measurements of component 1 and 2 coordination,
peptide concentrations were kept well below the anticipated
dissociation constants, thus allowing the use of the ap-
proximation [Cu2+]free . [Cu2+]total. To test the robustness
of this approach,Kd values were determined at several
peptide concentrations, as reported in Table 2. There are only
minor random variations inKd, and these variations are
independent of the peptide concentration. The dissociation
constant for Cu2+ binding in component 1 (using the peptide
HGGGW) is 7.2µM, and replicate experiments on HGXG-

Table 1: Peptide Sequencesa

KKRPKPWGQ(PHGGGWGQ)4 PrP(23-28, 57-91)
HGGGWGQPHGGGW
HGGGW
HGXGWGQPHGXGW

a X ) sarcosine (N-methylglycine).

F0 - F

F0
)

[Cu2+]free

Kd + [Cu2+]free

(1)
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WGQPHGXGW, which binds in the component 2 mode,
give aKd of 12.6 µM.

Unfortunately, binding detected through fluorescence
quenching is not suitable for determining theKd of compo-
nent 3. The octarepeat construct PrP(23-28, 57-91) binds
in the component 3 mode up to 1.0 equiv of copper but,
when challenged with greater than 1 equiv, proceeds to the
other binding modes. No octarepeat construct gives compo-
nent 3 exclusively, through a wide copper concentration
range. As a preliminary test of relative affinity, PrP(23-28,
57-91) with a single Cu2+ equivalent was challenged with
a 500-fold excess of HGGGW and monitored by EPR.
Interestingly, Cu2+ remained quantitatively bound to PrP-
(23-28, 57-91) in the component 3 mode, suggesting that
the Kd of component 3 is subnanomolar. Meaningful
fluorescence quenching experiments using the formalism
above are only achievable when the peptide concentration
is less thanKd. As such, the tentative subnanomolarKd of
component 3 is below the fluorescence detection limit for
the endogenous tryptophans.

To quantitatively assess component 3 binding, we devel-
oped a new technique that uses EPR in conjunction with
copper chelators of known affinity. The PrP peptide, specific
chelator, and a limiting amount of copper are mixed and

allowed to come to equilibrium. The concentration of each
Cu2+-bound species is determined from their contribution
to the composite EPR spectrum. For the simplest case of a
competitive chelator that binds copper in a 1:1 ratio, theKd

of the peptide is calculated using

where P is the peptide, C is the chelator, andKdc is the known
dissociation constant for the copper-chelate complex. For
a bischelator that binds in a 2:1 mode (with the chelator
concentration. Kdc2), theKd of the peptide can be related
to â

While the concentrations of the copper-bound PrP construct
and chelator are measured directly, the concentrations of the
copper-free species must be calculated as the difference
between the total and bound species. Even though the above
equations are correct regardless of the concentration, spurious
results may occur if the concentration of any species is too
low and thus not accurately determined. To avoid this
situation, copper is held to be the limiting reagent so that
the free peptide and competing chelator are at concentrations
in the same range as the respective copper-bound species.
Also, the copper affinities of the peptide and chelator cannot
be so different that essentially only one copper species is
formed (at measurable concentrations).

For these experiments, amino acids serve as excellent
chelators. We identified a set of four amino acids (Arg, Asn,
Gly, and Met) with widely varying copper dissociation
constants (Table 3). Under the conditions of our experiments,
all of these species bind 2:1 with Cu2+ (see eq 3) and give
EPR spectra that reflect only two copper-bound species:
chelator and PrP(23-28, 57-91) (Figure 3A). In contrast,
many other copper chelators had to be disqualified because
of the formation of ternary complexes with copper simul-
taneously bound to both the PrP peptide and chelator. These
include ethylenediaminetetraacetic acid (EDTA), 1,10-
phenanthroline, nitrilotriacetic acid, neocuproine, bathocu-
proine, triphosphate, and others. For these chelators, the
presence of ternary compounds was directly verified by ESI
mass spectrometry.

EPR spectra from competition experiments were fit to a
superposition of two spectra and integrated to determine the
respective bound copper concentrations, as shown for one
example in Figure 3A. Results obtained for several different
copper chelators, over a range of concentrations, are shown

FIGURE 2: Tryptophan fluorescence quenching from Cu2+ for
determining the copperKd for (A) component 1 and (B) component
2, using the appropriate octarepeat constructs in Table 1. For each
case, two representative curves are shown, corresponding to peptide
concentrations of 1.0µM (b) and 5.0µM (9). The solid lines are
fits to eq 1.

Table 2: Dissociation Constants,Kd
a

sequence
0.5

µMb
1.0
µM

2.0
µM

5.0
µM

Kd

(mean) SDc

HGGGW 6.7 5.1 9.2 7.7 7.2 2.8
HGXGWGQPHGXGW 11.8 15.0 11.0 12.8 12.6 2.6

a All Kd values are reported in micromolar.b Peptide concentrations.
c SD ) standard deviation.

Table 3: Amino AcidKd Valuesa

Kdc1 Kdc2 â

arginine 1.2× 10-6 M 1.8 × 10-5 M 2.1 × 10-11 M2

asparagine 2.8× 10-7 M 6.0 × 10-6 M 1.7 × 10-12 M2

glycine 1.3× 10-6 M 1.3 × 10-5 M 1.7 × 10-11 M2

methionine 5.0× 10-7 M 7.9 × 10-6 M 4.0 × 10-12 M2

a From ref34.

Kd )
[P][Cu]

[PCu]
; Kdc )

[C][Cu]

[CCu]
; Kd ) Kdc

[P][CCu]

[C][PCu]
(2)

Kdc1 )
[C][Cu]

[CCu]
; Kdc2 )

[C][CCu]

[C2Cu]
; â ) Kdc1Kdc2;

Kd ) â
[P][C2Cu]

[C]2[PCu]
(3)
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in Figure 3B. Each data point represents a singleKd

determination. Except for asparagine, the data do not exhibit
any systematic concentration dependence, which attests to
the robustness of the technique. MeasuredKd values are
clustered around 10-10 M (0.10 nM), with low asparagine
concentrations giving slightly higherKd values and methion-
ine giving slightly lower values. Figure 3C shows average
Kd values determined for each of the amino acid chelators.
The mean values forKd fall in the range of 0.02-0.20 nM,
although determinations using asparagine as the competitor
give greater scatter. The average dissociation constant for
component 3 is 0.10( 0.08 nM. This shows that component
3 binds copper with an affinity that is nearly 5 orders of
magnitude greater than that for component 1.

Although the octarepeat constructs above provide quantita-
tive Kd values for various binding modes, it is imperative
that we re-evaluate components 1 and 2 in the intact
octarepeat domain. We were not able to identify suitable
chelators with Kd values in the micromolar range and
therefore did not pursue competition studies, such as those
used for component 3 binding (above). As an alternative,
the direct measurement of the component 1 and 2 concentra-
tions by EPR signal integration provides a means for

determining the relevant binding equilibria. Specifically, a
low concentration of PrP(23-28, 57-91) (<10 µM) was
brought to equilibrium with 2.0 or more equivalents of Cu2+

(to avoid component 3 coordination), with EPR used to
determine the concentrations of the free and bound species.
Each sample was divided into two aliquots. Using the first
aliquot, bound copper was measured by direct integration
of the EPR spectrum. (Note that unbound, aqueous Cu2+ does
not give an EPR spectrum; see the Discussion.) Total copper
was determined by treating the second aliquot with a 10-
fold excess of EDTA followed by signal integration. The
difference between these two measurements gives the
concentration of free Cu2+. The resulting binding curve, with
the corresponding fit to eq 1, is shown in Figure 4. The
resultingKd is 5.4( 2.0 µM. The examined concentrations
correspond to a range in which there is a coexistence between
components 1 and 2; therefore, this measuredKd cannot be
assigned to either of the two specific binding modes and,
instead, represents a composite value. The value ofKd

measured this way is within experimental error of 7.2µM
measured for HGGGW (component 1) and a factor of 2
lower than that measured for component 2. When these data

FIGURE 3: Copper competition experiments, using a selection of amino acid chelators and detected by EPR, to determine the component
3 Kd. (A) Top two spectra are Cu2+ complexes of PrP(23-28, 57-91) and glycine, respectively. Next is the spectrum from a mixture of
PrP(23-28, 57-91) (250µM) and glycine (2.5 mM), with a limiting amount of Cu2+. The solid line shows the experimental spectrum, and
the dashed line shows the fit to a superposition of the two spectra above [15% glycine plus 85% PrP(23-28, 57-91)]. The bottom is the
difference between the experimental and the fit. (B) MeasuredKd values for four amino acids as a function of their concentrations. (C)
AverageKd values for each of the amino acid chelators as a function of their dissociation constants,â. B and C demonstrate that measured
Kd values for component 3 are relatively independent of the chosen chelator or its concentration.
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are taken together, they again demonstrate that components
1 and 2 bind Cu2+ with low micromolarKd values.

CooperatiVity of Cu2+ Binding.As shown in our previous
work, EPR spectra from a copper titration of PrP(23-28,
57-91) show a progression of different spectra and these
are assigned to individual binding components (17). Com-
ponent 3 dominates at low copper occupancy (e1.0 equiv).
Intermediate copper concentrations, in the range of 1.0-3.0
equiv, favor components 1 and 2, and higher concentrations
give predominantly component 1, accompanied by a strong
dipolar spectrum assigned to copper-copper couplings
between individual component 1 modules (17). The propor-
tion of each component, in conjunction with the copper
affinity of each component, yields the change in affinity and
binding cooperativity as a function of copper occupancy. This
is evaluated below.

To determine the amount of each component as a function
of total copper, experimental EPR spectraSobserved are
decomposed according to the relation

where Si are basis EPR spectra andci are coefficients
proportional to the concentration of each component species.
The basis set consists of normalized EPR spectra for
components 1, 2, and 3 and dipolar-broadened component
1, shown in Figure 5A. The basis spectra were generated
using the constructs in Table 1. A second basis spectrum
for component 2 was obtained by subtraction of the
component 1 portion from the EPR spectrum of a partially
copper-occupied di-octarepeat peptide. This latter component
2 spectrum gave somewhat lower residuals when fitting to
eq 4. The dipolar-broadened component 1 spectrum is from
the EPR of a fully copper-occupied PrP(23-28, 57-91) with
unbroadened component 1 subtracted. Fits using NNLS yield
the coefficients, as well as the residual. The residual
amplitudes are always less than 5% of the total signal,
Sobserved, and give no indication of additional spectral
components beyond those in the fitting function. The
resulting coefficients are shown plotted against total copper
in Figure 5B.

Figure 5B shows how PrP(23-28, 57-91) passes through
the various binding modes as a function of copper occupancy.
Component 3 is essentially the only species observed when
the copper occupancy is less than 1 equiv. With additional
copper equivalents, component 3 diminishes, followed by

the concomitant emergence of components 2 and 1. Beyond
2.0 equiv, component 1 dominates, as reflected by both its
spectrum and the associated dipolar spectrum arising from
strong coupling between component 1 modules.

Several previous studies suggest that PrP takes up copper
with strong positive cooperativity, where the binding of each
copper within an octarepeat domain increases the affinity
for the next (8, 22). Because of the progressive increase in
affinity associated with positive cooperativity, copper-free
and fully copper-occupied proteins should dominate the
distribution of species, with only low concentrations of
intermediates. Interestingly, the affinities determined for
components 1, 2, and 3, along with the distribution shown
in Figure 5B, argue against positive cooperativity. As
opposed to a progressive increase in affinity, component 3,
which takes up only a single Cu2+ per octarepeat domain,
exhibits a higher affinity (Kd ≈ 0.1 nM) than the multiple
copper-occupied states reflected by component 2 (Kd ≈ 13
µM) and component 1 (Kd ≈ 7 µM). Moreover, Figure 5B
shows that the population of intermediates is significant, with
the singly copper-bound species dominating between 0.5 and
1.5 equiv.

To quantitate these findings, we determined the Hill
coefficient,n, which serves as a phenomenological measure
of binding cooperativity. A value ofn greater than 1.0
corresponds to positive cooperativity;n less than 1.0
describes negative cooperativity. Noncooperative binding,
where ligand-binding centers are fully independent of each
other, followsn ) 1.0. Derivation of the Hill coefficient
requires the determination of the fraction of bound versus
unbound copper throughout the titration curve (Figure 5B).
Unfortunately, the acquisition of high-quality EPR spectra
requires copper concentrations of at least 20µM, a threshold

FIGURE 4: Binding curve, detected by EPR, for component 1 and
2 coordination in PrP(23-28, 57-91). Kd is 5.4( 2.0 µM, which
matches well toKd values for these coordination modes using
shorter octarepeat constructs and determined by fluorescence
quenching (Figure 2).

Sobserved) ∑
i

ciSi (4)

FIGURE 5: (A) EPR basis spectra of the individual coordination
modes. The dipolar coupled spectrum occurs at full copper
occupancy of PrP(23-28, 57-91) and arises from copper-copper
couplings between component 1 centers. All spectra are normalized
to the same Cu2+ concentration. (B) Relative populations of
components 1, 2, and 3 as a function of the total bound Cu2+. The
significant population of intermediate species, such as component
3, is consistent with negative cooperativity.
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that is beyond theKd values reported above. As such,
determining the fraction of unbound copper from the data
in Figure 5B throughout the entire copper concentration range
is not reliable. As an alternative, we use coupled equilibria,
along with the measuredKd values, to provide approximate
concentrations for all species. Specifically, the relevant set
of reactions and corresponding equilibria are

We note that the copper occupancy of each species does not
necessarily correspond to a specific binding mode. For
example, the species PrPCu2 may have both coppers bound
as component 1, component 2, or a mixture of components
1 and 2 in the same octarepeat domain. Thus, theKd′ values
in the equilibrium expressions above may be distinct from
the Kd values for the individual binding modes. However,
for the PrP octarepeat domain, theKd′ values may be assigned
using the following observations. The first Cu2+ is taken up
strictly as component 3 (Figure 5B), and occupancy of copper
in this binding mode precludes component 1 or 2 binding in
the same protein.Kd1′ is therefore approximately equal to
the Kd for component 3 (≈0.1 nM). In the vicinity of two
equivalents, components 2 and 1 are observed in similar
concentrations; therefore,Kd2′ is set equal to theKd for
component 2, althoughKd2′ may be somewhat lower (but
certainly no lower than 7µM). Finally, all copper occupancy
beyond 2 equiv is clearly dominated by component 1;
therefore, the remainingKd′ values are set to 7µM.
Regardless of the specificKd′ values, beyond 2 equiv of
copper, the measuredKd values exhibit little variation from
approximately 10µM, which places the valuesKd2′-Kd4′
also in the range of 10µM.

The Hill coefficient is determined from the slope of log-
(θ/(1 - θ)) versus log[Cu2+], where θ is the fraction of
copper-bound peptide (26). The coefficient is plotted as a
function of θ in Figure 6. The resulting curve shows a
significant variation withn < 1.0 throughout most of the
concentration range andn ) 0.74 at θ ) 0.5. Thus, in
contrast to reports of positive cooperativity, the affinity data
here suggest strong negative cooperativity for low copper

occupancy (nmin ) 0.2), with a shift ton slightly greater than
1.0 for for higher occupancy (nmax ) 1.2).

Our findings are in contrast to the large Hill coefficients,
in the range of 2.8-3.8, which have been reported for Cu2+

binding to PrP based on CD, fluorescence, and equilibrium
dialysis experiments (8, 22, 25). For example, the amplitude
of the CD signal from PrP(58-91) at 570 nm gives a
sigmoidal curve as a function of added copper, thus leading
to the suggestion of strong positive cooperativity. Now with
the identification of distinct binding components, the molar
response of CD and other detection techniques to each
binding mode becomes relevant and is further investigated
here.

Cu2+ bound to peptides containing one or more octarepeats
gives rise to CD signals with positive ellipticity at 340 and
590 nm, with the latter presumably because of weak d-d
transitions. To determine how components 1, 2, and 3
individually contribute to this process, the CD spectra were
recorded using the constructs in Table 1. The resulting
spectra, shown in Figure 7, demonstrate that only component
1 is optically active at 590 nm. Therefore, CD spectra
recorded in this spectral range only report component 1
copper binding and cannot be used to monitor total copper
uptake or the degree of cooperativity. (Note the sigmoidal
shape of the component 1 curve in Figure 5B.)

Fluorescence quenching studies on the octarepeat domain
also give evidence of a sigmoidal curve, with a relatively
flat response at low Cu2+ concentrations, suggesting positive
cooperativity (22). To evaluate whether the copper-dependent
binding components (Figure 1) are accountable for this
response, the fluorescence quenching efficiency was mea-

FIGURE 6: Measured Hill coefficient,n, as a function of the fraction
of PrP(23-28, 57-91) bound with Cu2+. Over most of the range,
n is less than 1.0 (- - -), which demonstrates negative cooperativity.

FIGURE 7: CD spectra for the various copper-binding modes. Only
component 1 is CD-active in the visible range. Component 1
becomes populated only beyond 1.0 equiv of copper (Figure 5),
which explains why CD measurements report sigmoidal binding
curves.

PrP+ Cu2+ 798
K′d1

PrPCu;

K′d1 ) [PrP][Cu2+]
[PrPCu] ) 0.1× 10-9 M

PrPCu+ Cu2+ 798
K′d2

PrPCu2;

K′d2 ) [PrPCu][Cu2+]
[PrPCu2]

) 1.3× 10-5 M

PrPCu2 + Cu2+ 798
K′d3

PrPCu3;

K′d3 ) [PrPCu2][Cu2+]
[PrPCu3]

) 7 × 10-6 M

PrPCu3 + Cu2+ 798
K′d4

PrPCu4;

K′d4 ) [PrPCu3][Cu2+]
[PrPCu4]

) 7 × 10-6 M (5)

[Cu2+]total bound) [PrPCu]+ 2[PrPCu2] + 3[PrPCu3] +
4[PrPCu4] (6)
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sured for each of the constructs in Table 1. During measure-
ments, excess copper was added to each of the PrP constructs
to ensure full occupancy. Replicate measurements (data not
shown) find that copper coordinated in the component 1
mode is approximately 1.5 times more effective at quenching
Trp fluorescence than copper bound in the component 2 or
3 modes. This is probably due to the close proximity of the
Trp indole in the component 1 copper coordination environ-
ment through its hydrogen bond to an axially bound water.
It is therefore likely that the weaker quenching response of
components 2 and 3, as opposed to positive cooperativity,
is responsible for the sigmoidal fluorescence quenching curve
observed for copper binding to the octarepeat domain.

DISCUSSION

The octarepeat domain exhibits widely varying affinities
for copper uptake, depending upon the specific Cu2+

coordination mode. At low occupancy, component 3 coor-
dination dominates, characterized by aKd ≈ 0.1 nM. At high
occupancy, component 1 takes over and binds withKd ≈ 10
µM. Both HGGGW and the full octarepeat domain, repre-
sented by PrP(23-28, 57-91), possess micromolarKd values
for component 1 coordination. The variation inKd between
component 3 and component 1 coordination is nearly 5 orders
of magnitude and consistent with negative cooperativity.
Correspondingly, the Hill coefficient is significantly less than
1.0 throughout most of the copper concentration range.

The component 3Kd was determined from direct competi-
tion experiments with well-characterized copper chelators.
Moreover, EPR analysis ruled out any ternary complexes
and assured that the only species in equilibrium were the
copper-bound and unbound PrP and competitor. Conse-
quently, the reported component 3Kd is a robust value.

In contrast to the component 3Kd evaluation, the com-
ponent 1 and 2Kd values were determined from equilibrium
experiments with aqueous copper. Because of the complexity
of copper equilibria in aqueous solution, we consider these
Kd values as approximate. In aqueous solution, copper forms
a number of different complexes, including copper hydrox-
ides and copper chlorides. Both hydroxide and chloride ions
have the capacity to bridge between copper ions, forming
colloids; these colloids readily dissolve at lower pH or when
challenged with copper-binding peptides. Anion bridging
results in diamagnetic coupling between copper centers, thus
eliminating the normal Cu2+ EPR signal (18). As noted in
the Results, unbound copper is EPR-silent, and this property
facilitated our analysis of components 1 and 2 in PrP(23-
28, 57-91). At pH 7.4, a dominant species is Cu(OH)2,
which is characterized by a solubility product of 2.2× 10-20.
Using the OH- concentration defined by pH 7.4, free copper
arising from the equilibrium with copper hydroxide is
approximately 0.4µM. Consequently, the PrP constructs are
not competing for free aqueous copper but instead for Cu2+

sequestered in colloids. The affinity of PrP for copper may
be stronger than ourKd values suggest, and our reported
values therefore represent upper bounds on the true dissocia-
tion constants for component 1 and 2 coordination. Despite
this uncertainty, competition studies between PrP(23-28,
57-91), with a single equivalent of Cu2+, and a 500-fold
excess of HGGGW (see the Results) demonstrate no
component 1 coordination whatsoever. Thus, component 3

coordination is, at a minimum, 3 orders of magnitude stronger
than component 1 coordination. The component 1Kd is
therefore between 0.1 and 10µM and most likely at the upper
end of this range.

Because of the previously discussed complexities of
working with full-length PrP (see the Results), our initial
experiments focused on the isolated octarepeat domain.
Clearly, the results reported here require not only confirma-
tion in full-length PrP but also an assessment of the influence
of non-octarepeat coordination sites (20, 28) and other
features that may affect Cu2+ uptake. With regard to
octarepeat coordination, however, our previously published
experiments on full-length PrP(29-231) suggest that theKd

values reported here are approximately correct (20). Specif-
ically, we found that 21µM PrP(29-231), when challenged
with varying concentrations of Cu2+, passed through the same
intermediate species as PrP(23-28, 57-91). There was no
evidence of a single high-affinity species that precluded
micromolar affinity octarepeat binding, and component 1
coordination dominated only near full copper saturation.
Thus, full-length PrP exhibits a wide range of copper
affinities, up to the micromolar range, and shows negative
cooperativity, just like isolated PrP(23-28, 57-91).

Since the discovery of the physiological connection of PrP
to copper, there have been intensive efforts to determine the
precise Cu2+ affinity (8, 10, 21-25). As noted in the
Introduction, there is wide disagreement with reportedKd

values distributed over nearly 8 orders of magnitude. At the
time of these previous studies, however, it was not known
that the PrP octarepeat domain binds Cu2+ with three
coordination modes, depending upon the copper concentra-
tion. Moreover, several investigations, notably those that
report extremely high copper affinity with near femtomolar
Kd values, delivered Cu2+ as glycine chelates (21, 22).
Glycine and other Cu2+ bischelators present complex solution
equilbria and allow for the formation of ternary complexes
when in competition for copper bound in component 1 and
2 modes (EPR data not shown), which is certain to cloud
the interpretation of binding data. Nevertheless, most deter-
minations suggest micromolar dissociation constants, in
agreement with our findings for component 1 coordination.

A fundamentally new and unique aspect of the work
presented here is the finding that PrP takes up copper with
strong negative cooperativity. Positive cooperativity, a
familiar concept in the study of oxygen binding by hemo-
globin, for example, allows a protein to respond to its ligand
over a narrow concentration range. Negative cooperativity,
on the other hand, spreads out this response over a wide
concentration range. Interestingly, a recent survey of known
cooperative enzymes finds that positive and negative coop-
erativity arise in the literature with approximately equal
frequency (29). The consequence of negative cooperativity,
in the PrP octarepeat domain, is that the protein transitions
from 10 to 90% copper occupation over an extremely wide
concentration range from 0.1 nM to 90µM.

Numerous lines of evidence suggest that PrP functions as
a neuroprotectant. Wild-type cells in culture are substantially
more resistant to oxidative stress, arising from copper and
other redox-active species, than PrP knockouts (14). Simi-
larly, normal mice show much less tissue oxidation than PrP
knockouts (30). Although several mechanisms have been
advanced to explain these observations, we have argued that
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the ability of component 1 coordination to quench copper
redox activity is key (9, 17). Because of the redox pair
involving the oxidation states Cu+ and Cu2+, high concentra-
tions of weakly complexed copper contribute to the produc-
tion of reactive oxygen species, which are toxic to cells.
Component 1 coordination, however, binds specifically to
Cu2+, with a strong ligand field arising from the imidazole
and deprotonated amide nitrogens, and preferentially stabi-
lizes this oxidation state, thus reducing redox activity.

The prion protein is concentrated at presynaptic mem-
branes (4). During neurotransmitter release, Cu2+ is released
into the synaptic cleft. The best current estimates place the
peak copper concentration in the range from 3.0 to 250µM
(31, 32). At these concentrations, uncomplexed copper is
likely to threaten cell viability. Thus, there must be mech-
anisms to protect against these transient copper concentration
spikes. In blood and blood plasma, copper is buffered by
amino acids, most of which are at micromolar concentrations
(33), and serum albumin at a concentration of approximately
600 µM. Albumin takes up 1 equiv of copper in its
N-terminal segment and, similar to PrP, coordinates in a
fashion that stabilizes Cu2+ (although albumin has a much
higher Cu2+ affinity than PrP). Cerebrospinal fluid (CSF)
contains amino acids at concentrations similar to that found
in blood. However, the concentration of albumin in CSF is
approximately 100-fold lower than that in blood. Thus, while
synapses experience significant changes in copper levels,
with peak levels likely approaching 250µM, the synaptic
fluids themselves lack the ability to complex this cytotoxic
species. Given that PrP responds to widely varying copper
concentrations, resulting from negative cooperativity (medi-
ated by component 3), and takes up copper in the concentra-
tion range found in synapses suggest that at least part of the
function of PrP is to scavenge excess copper during neuronal
activity. With the protein located at the presynaptic surface,
it is positioned to hold onto copper until membrane trans-
porters mobilize it back to the cell interior.

The cellular form of PrP is implicated in a number of
critical neurophysiologic functions. Most certainly, at least
one of these functions is related to the ability of the protein
to take up Cu2+. PrP responds to varying copper concentra-
tions by passing through a series of distinct binding modes.
Our results here show thatKd varies significantly as a
function of copper occupation, resulting in pronounced
negative cooperativity. The consequence is that the response
of PrP is well-matched to Cu2+ variations in the synaptic
cleft. Moreover, at high copper concentrations, in the
micromolar range, PrP binds Cu2+ in a manner that quenches
deleterious redox activity. This type of antioxidant function
is likely to be key for the long-term maintenance of
neurological tissues.
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