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Although the physiological function of the prion protein remains
unknown, in vitro experiments suggest that the protein may bind
copper (II) ions and play a role in copper transport or homoeostasis
in vivo. The unstructured N-terminal region of the prion protein
has been shown to bind up to six copper (II) ions, with each of
these ions co-ordinated by a single histidine imidazole and nearby
backbone amide nitrogen atoms. Individually, these sites have
micromolar affinities, which is weaker than would be expected of
a true cuproprotein. In the present study, we show that with sub-
saturating levels of copper, different forms of co-ordination will
occur, which have higher affinity. We have investigated the cop-
per-binding properties of two peptides representing the known
copper-binding regions of the prion protein: residues 57–91,
which contains four tandem repeats of the octapeptide GGGW-

GQPH, and residues 91–115. Using equilibrium dialysis and
spectroscopic methods, we unambiguously demonstrate that the
mode of copper co-ordination in both of these peptides depends
on the number of copper ions bound and that, at low copper
occupancy, copper ions are co-ordinated with sub-micromolar
affinity by multiple histidine imidazole groups. At pH 7.4, three
different modes of copper co-ordination are accessible within
the octapeptide repeats and two within the peptide comprising
residues 91–115. The highest affinity copper (II)-binding modes
cause self-association of both peptides, suggesting a role for
copper (II) in controlling prion protein self-association in vivo.

Key words: copper (II), equilibrium dialysis, prion protein (PrP),
self-association.

INTRODUCTION

Prion diseases are a group of transmissible neurodegenerative
disorders, found in both humans and animals, which have become
the focus of intense scientific interest because of their apparently
unique underlying biology [1]. The ‘protein-only’ hypothesis is
now widely accepted and proposes that the causative agent of
these diseases is largely, if not exclusively, composed of an ab-
normal conformer of a host-encoded protein known as the prion
protein, PrP, and is devoid of nucleic acid [2,3]. Mature human
PrP is a 209-residue polypeptide with a C-terminal glycosyl-
phosphatidylinositol anchor and two glycosylation sites, that
comprises a folded C-terminal domain and a flexibly disordered
N-terminal region [4–6]. Although much is now known about
the disease-causing properties of the prion protein, the physio-
logical function of the protein remains an enigma. PrP is expressed
in most tissues in adults, but the highest levels of expression
occur in the central nervous system and the immune system
[7,8]. Transgenic mice in which the Prnp gene has been disrupted
and hence PrPC (PrP cellular isoform) expression is ablated dis-
play no developmental or behavioural phenotype [9], although
more detailed studies have described electrophysiological ab-
normalities [10] and alterations in sleep and circadian rhythms
[11].

In vitro experiments have revealed that the prion protein
specifically binds copper (II) [12–15] and this had led to the
proposal that PrP may function as a cuproprotein in vivo. However,
the evidence for this assertion is limited; mice that do not express
PrP have been reported to have reduced levels of copper (II) in
membrane fractions from the brain [16], although this result

could not be replicated by other investigators [17]. Cultured cells
induced to express PrP have been shown to have a higher copper-
binding capacity than uninduced cells [18]. Copper (II) has also
been reported to cause internalization of PrP, but the concen-
trations required to cause this effect are vastly above measured
physiological levels [18,19].

A clear understanding of the copper (II)-binding properties
of the prion protein in vitro is thus essential in order to critically
evaluate proposals relating to any copper-binding role in vivo. The
interaction of full-length and truncated forms of the prion protein
with copper (II) has been investigated using a range of techniques
including EPR [20–22], CD [23], X-ray crystallography [24],
NMR [25,26], MS [14,15], Raman spectroscopy [27,28], FTIR
(Fourier transform IR) spectroscopy [29] and potentiometry [30].
A consensus has emerged that, at maximum copper (II) occu-
pancy, the prion protein can bind five or six copper ions, and that
each of these ions is co-ordinated by a single histidine imidazole
and two deprotonated backbone amide nitrogen atoms [14,21,24].
In this way, each of the four octapeptide repeats can bind a single
ion, and sites at His96 and His111 can bind an additional two ions
in a similar fashion [21,26]. It has, however, become clear that,
at lower copper (II) occupancy, copper co-ordination by the octa-
peptide repeats is different to the total occupancy state. Three
published works now report that, within the four octapeptide
repeats, a single copper (II) ion can be co-ordinated by multiple
histidine imidazoles without the involvement of backbone amides
[25,30,31]. Most estimates of the affinity of PrP for copper have
been in the low-micromolar range [15,23,32,33], but the affinity
has also been placed dramatically higher, in the femtomolar range
under idealized conditions [25]. In the absence of definitive in vivo
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experiments which might confirm that PrP is a true cuproprotein,
in vitro affinity measurements offer an alternative route to assess
whether this hypothesis is credible. In vivo, most extracellular
copper is sequestered in complexes with proteins and amino
acids which have affinities in the nanomolar-to-picomolar range
[34,35], suggesting that, if PrP does have only a micromolar
affinity for copper, it would be unlikely to bind copper under
normal physiological conditions.

In the present study, we used equilibrium dialysis to thoroughly
characterize the multiple modes of copper co-ordination which
can occur in peptides representing residues 57–91 (PrP57−91,
containing the four octapeptide repeats) and residues 91–115
(PrP91−115, containing His96 and His111) of the human prion protein.
As well as allowing the determination of stoichiometry, this tech-
nique can be used to identify sites of different affinity through
Scatchard analysis and provides a framework for the unambiguous
interpretation of spectroscopic measurements. In order to keep
copper (II) soluble above about pH 5, a chelating buffer must be
used. As these buffers also compete against any interaction of
copper (II) with the peptide, the experiment reports an apparent
affinity that is weakened relative to the true value. In each case, the
true dissociation constants has been calculated by determining
the free copper concentration when the total copper concentration
is the same as the apparent dissociation constant. We have used
this information, in conjunction with CD, fluorescence and NMR
spectroscopic measurements to characterize the multiple modes
in which copper (II) can be co-ordinated by the PrP peptides.
The data reveal that the affinities of the lower-occupancy copper-
binding modes are in the nanomolar range. The present work
demonstrates for the first time that multiple modes of copper
(II) co-ordination can occur at the binding sites outside of the
octapeptide repeats, and that self-association plays a role in
the highest-affinity copper-binding mode of both peptides.

MATERIALS AND METHODS

Peptide synthesis and purification

Peptide synthesis was carried by ABC (Advanced Biotechnology
Centre), Imperial College London, London, U.K. Peptides were
produced by solid-phase stepwise synthesis using the Fmoc
(fluoren-9-ylmethoxycarbonyl) N-terminal protection strategy.
All peptide products were purified and analysed by reverse-phase
HPLC. Molecular-mass determination was performed using
MALDI (matrix-assisted laser-desorption ionization)-MS. Both
peptides were acetylated at the N-terminus and amidated at the
C-terminus. The peptide sequences used were PrP57−91, WGQ-
PHGGGWGQPHGGGWGQPHGGGWGQPHGGGWGQ, and
PrP91−115, QGGGTHSQWNKPSKPKTNMKHMAGA.

Equilibrium dialysis

Solutions of peptides in 5 mM Tris/HCl, pH 7.4, 50 mM Mops,
pH 7.4, or 10 mM acetate buffer, pH 5.5, were dialysed for approx.
10 h against a 1 litre reservoir of copper-containing buffer, using
Spectra/Por 7 3500 MWCO (molecular-mass cut-off) dialysis
membrane. Copper was added to each buffer reservoir from a stock
of either 20 mM CuSO4 or 20 mM CuSO4 containing 40 mM gly-
cine, to achieve the desired copper concentration. After dialysis,
samples of the peptide solution and the dialysis buffer were diluted
5-fold with 1 % Aristar nitric acid, and the copper concentration
then measured using a Spectro-Ciros CCD (charge-coupled
device) ICP (inductively coupled plasma)-atomic emission spec-
trometer. Typically, final peptide concentrations were approx.
10 µM for PrP57−91 and approx. 40 µM for PrP91−115.

Measurements of peptide concentrations

Peptide concentrations were determined by measuring the absor-
bance of solutions at 280 nm using the molar absorption coef-
ficient of tryptophan at that wavelength. For experiments on
PrP91−115 at pH 7.4, the contribution of peptide-bound copper to
the molar absorption coefficient at 280 nm was significant. The
molar absorption coefficient of copper (II) in the Cu2(PrP91−115)
complex (a complex of two copper ions with PrP91−115) was
measured as 1700 M−1 · cm−1, and a similar value was obtained for
the Cu(PrP91−115)2 complex (a complex of a copper ion with two
PrP91−115 molecules). The concentration of peptide bound copper
was determined directly from the ICP-atomic emission spectro-
metry results, and thus the contribution of the peptide-bound
copper to the absorbance at 280 nm could be calculated and sub-
tracted from the raw data.

CD

Spectra were recorded on a Jasco J-810 spectropolarimeter at
25 ◦C, with a scanning speed of 10 nm/min and the slit width set
to 150 µm. The signal-to-noise ratio was limited in most samples
and so, to average out noise as much as possible, the data pitch was
set to 5 nm, the integration time to 30 s per point and the number
of scans per spectrum to four. Aliquots of 2 or 20 mM CuSO4 were
added to peptide solutions in Tris and NEM (N-ethylmorpholine)
buffers. For peptide samples in Mops buffer, copper was added
as a glycine chelate either as 2 mM CuSO4 and 4 mM glycine,
or 20 mM CuSO4 and 40 mM glycine. CD measurements in
mdeg (θ ) were converted into molar CD (�ε, with units of
litre · mol−1 · cm−1) using the relationship �ε = θ /(33000 · l · c),
where c is the concentration in mol/l and l is the pathlength
in cm.

Fluorescence spectroscopy

Experiments were carried out on a Cary Eclipse fluorimeter at
25 ◦C, with the excitation and emission wavelengths set to 280 nm
and 356 nm respectively. The excitation slit width was 5 µm for all
experiments. The emission slit width was 10 µm for experiments
on PrP57−91 and 5 µm for PrP91−115. The detector voltage was set
to either 600 V or 800 V to bring the initial fluorescence of the
sample into a measurable range. Peptide solutions were titrated
with either 1 mM CuSO4 in 5 mM Tris/HCl, pH 7.4 (PrP57−91) or
10 mM CuSO4 in 50 mM Tris/HCl, pH 7.4 (for PrP91−115). Data
were corrected for the dilution of the sample.

NMR

PrP57−91 samples contained 30 µM peptide in 25 mM phosphate
buffer, pH 7.4, and were titrated with aliquots of 200 µM copper
bisglycinate or 1 M Mops, pH 7.4. To exclude pH changes as a
cause of the observed chemical-shift changes, the titration with
Mops was repeated in 50 mM phosphate buffer, pH 7.4. The
PrP91−115 sample contained 100 µM peptide in 5 mM Tris/HCl,
pH 7.4, and was titrated with 1 mM CuSO4 in the same buffer.
Both samples contained 5% 2H2O. Spectra of PrP57−91 were re-
corded on a Bruker DRX-600 spectrometer, whereas spectra of
PrP91−115 were recorded on a DRX-500 instrument. Both spectro-
meters were equipped with cryoprobes. Water suppression was
achieved by pre-saturation of the water resonance. The recycle
delay was set to allow complete relaxation of the peptide reso-
nances between scans. For PrP57−91, a 4 s recycle delay was used,
whereas a 6 s delay was necessary for PrP91−115. All spectra were
recorded at 25 ◦C.
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Simulations of equilibria for formation of metal complexes
and calculations of dissociation constants

Simulations were carried out using an in-house program to
numerically calculate the equilibrium position of a series of linked
equilibria, given fixed total concentrations of metal and ligand.
In the simulations of binding to PrP57−91 shown in Figure 6,
the four independent sites (termed mode C) were modelled
using macroscopic dissociation constants of 0.25, 0.66, 1.5 and
4.0 µM, likewise the two independent sites (termed mode B)
were modelled using macroscopic dissociation constants of 125
and 500 nM.

To obtain the non-linear fits to the Scatchard plots shown in
Figures 7(B) and 7(C), the Kd values were first crudely estimated
by iteratively adjusting the Kd parameters in the model. The final
fit was obtained by running a suite of simulations to sample, to
one significant figure, all of the possible combinations of the two
or three Kd parameters. For example, for the data in Figure 7(B),
the parameters were set to: 10, 20, 30, 40 and 50 µM for Kd (1); 3,
4, 5, 6 and 7 µM for Kd(2); and 20, 30, 40 and 50 µM for Kd (3),
giving 100 data sets in total. The best fit to the observed data
from these calculated data sets was then selected by least-squares
fitting. The linear fits to the other Scatchard plots were also
calculated by least-squares fitting.

The true dissociation constant of each peptide–copper complex
is taken to be the concentration of free copper in the buffer so-
lution when the total copper concentration is equal to the observed
apparent dissociation constant. The acetate ion forms a 1:1
complex with copper (II), with a dissociation constant of 4.2 mM
[36]. Since the acetate concentration is in excess of the copper
concentration, the fraction of free copper in the acetate buffer
can be calculated using the following relationship, which is
derived from the standard binding equation for formation of a
1:1 complex:

Mfree

Mtotal

= 1 − L free

Kd + L free

≈ 1 − L total

Kd + L total

(when L total � Mtotal)

where Mfree is free metal concentration, Mtotal is total metal
concentration, Lfree is free ligand concentration, and Ltotal is total
ligand concentration.

Glycine and Tris form 2:1 and 4:1 complexes with copper (II)
respectively and so a mixture of different complexes is present
in each case. The calculation of the free copper concentration in
these buffers is more complex and had to be carried out using the
same numerical model described above. Equilibria describing
the formation of the Cu(Tris)4 complex and the copper bisgly-
cinate complex were modelled using stepwise dissociation
constants from the literature [36] adjusted for pH [37]. For Tris,
these constants are 0.55, 1.0, 1.7 and 4.9 mM and for glycine,
they are 1.2 and 12 µM.

RESULTS

At maximum occupancy, PrP57−91 binds four copper (II) metal ions

Titration of PrP57−91 with copper (II) in NEM buffer at pH 7.4
produces a complex with strong CD bands at 350 and 580 nm
(Figure 1A). The CD signal saturates at a stoichiometry of 4:1.
When the signal intensity is plotted against the quantity of copper
added, it can be seen that the increase does not relate linearly to
the quantity of copper (Figure 1B); the change in the CD signal on
adding 1 molar equivalent of copper (II) is substantially smaller
than for subsequent additions. These findings are in agreement
with previous studies [20,23].

Figure 1 A Cu4(PrP57−91) complex is observed using CD

(A) Titration of 30 µM PrP57−91 with CuSO4 in 25 mM NEM buffer, pH 7.4, observed using CD,
reveals a mode of copper binding which produces strong CD signals at 340 and 580 nm.
Spectra are shown with 1–5 molar equivalents of copper (II) added. (B) Molar CD at
580 nm plotted against the mole fraction of copper added, showing that copper binding saturates
at a stoichiometry of 4:1.

The choice of buffer is important in these experiments. Whereas
NEM and other morpholine-based buffers interact only very
weakly with copper (II) [37], buffers that compete more strongly
for copper (II), such as Tris, will prevent formation of the CD-
active complex at equivalent copper concentrations [23]. Accor-
dingly, we have found that addition of 0.5 mM glycine in NEM
buffer to the 4:1 complex at pH 7.4 abolishes approx. 80 % of the
CD signal (results not shown). The fact that the four copper sites
in the octapeptide repeats in PrP57−91 are not maintained in the
presence of glycine is consistent with the reported low affinities
which are in the micromolar range [15,23]. However, the absence
of a substantial CD signal after the addition of 1 molar equivalent
copper (II) to the peptide in NEM buffer does not preclude the
existence of a single site of higher affinity.

PrP57−91 co-ordinates a single copper (II) ion with higher affinity

Equilibrium dialysis shows that a single copper (II) ion will bind
to PrP57−91 in Tris buffer at pH 7.4 (Figure 2A) with higher affinity
than observed at additional sites. The apparent dissociation
constant in 5 mM Tris buffer is 1.0 +− 0.2 µM, and using the
association constants for the formation of a Cu(Tris)4 complex
[36], it can be calculated that 1 µM total copper (II) will give
∼3 nM free copper (II) in this buffer. Thus the dissociation con-
stant for the Cu(PrP57−91) complex can be estimated as 3 +− 2 nM
(apparent and true dissociation constants for PrP57−91 are summar-
ized in Table 1). Using the equilibrium dialysis data, peptide sam-
ples can be prepared for spectroscopic analysis under conditions
where the amount of bound copper is accurately known. In this
case, the 1:1 complex was found to produce virtually no CD signal
at visible wavelengths (Figure 2C), and the form of co-ordination
present can therefore not resemble that observed at maximum
occupancy. The data also show that further binding can occur
in these conditions (Figure 2A), but with a substantially lower
affinity.

A single copper (II)-binding site was also detected in acetate
buffer at pH 5.5 (Figure 2B). In 10 mM acetate, the apparent
dissociation constant is 13 +− 2 µM, and from this the dissociation
constant of the Cu(PrP57−91) at pH 5.5 can be calculated as
4 +− 2 µM. This 1:1 complex also has no detectable CD signal
at 580 nm (Figure 2C), suggesting a mode of metal co-ordination
indistinguishable from that observed at pH 7.4.
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Figure 2 A 1:1 Cu(PrP57−91) complex is revealed by equilibrium dialysis
with a mode of binding distinct from that in the Cu4(PrP57−91) complex

Equilibrium dialysis of PrP57−91 shows that the peptide binds a single copper (II) ion with
greater affinity than subsequent ones. Scatchard plots show the fractional occupancy (v) against
v/[Cufree], with the slope of the fitted lines giving the apparent association constant and the
intercept on the x-axis giving the number of sites of this affinity. (A) Dialysis against CuSO4 in
5 mM Tris buffer, pH 7.4, reveals a single high-affinity site (intercept = 0.86) with an apparent
dissociation constant of 1.0 +− 0.2 µM. Binding at a second site was observed under these
conditions, but is substantially weaker. (B) A single-high affinity site (intercept = 1.03) is also
present at pH 5.5 in 10 mM acetate buffer, with an apparent dissociation constant of 13 +− 2 µM.
(C) CD spectra show that these 1:1 complexes involve a different form of co-ordination to that
seen in the 4:1 complex. The spectra of the 1:1 complexes formed in 5 mM Tris buffer at pH 7.4
(15 µM PrP57−91 and 25 µM CuSO4, i.e. 1:1 CuSO4 and 10 µM free CuSO4) and in 10 mM
acetate of PrP57−91 pH 5.5 (42 µM PrP57−91 and 300 µM CuSO4, i.e. 1:1 CuSO4 and 240 µM
free CuSO4) do not give any measurable CD bands, in contrast with the 4:1 complex formed in
NEM buffer at pH 7.4.

Table 1 Apparent and real dissociation constants for PrP57−91

pH Buffer Number of sites K d (app) K d (real)

7.4 5 mM Tris 1 1.0 +− 0.2 µM 3 +− 2 nM
5.5 10 mM Acetate 1 13 +− 2 µM 4 +− 2 µM
7.4 50 mM Mops 2 6 +− 2 µM 250 +− 50 nM

The PrP57−91 peptide forms a 1:1 complex with copper (II) in which
all four histidine residues are co-ordinated

To investigate the nature of the 1:1 complex, a sample of PrP57−91

was titrated with copper (II) and observed by one-dimensional
1H-NMR. Copper (II) is paramagnetic and will cause NMR
signals from nearby nuclei to broaden to the point of becoming
undetectable. The addition of copper caused specific simultaneous
broadening of all histidine imidazole resonances in PrP57−91

(Figure 3). This indicates that all four histidine side chains in
the peptide are involved in co-ordinating the first copper (II)

Figure 3 One-dimensional NMR of the Cu(PrP57−91) complex

The Cu(PrP57−91) complex can be observed by one-dimensional 1H-NMR. The given region
of the spectra shows the aromatic histidine and tryptophan signals for a titration of 30 µM
peptide with copper bisglycinate, in 25 mM phosphate buffer, pH 7.4. The mole fraction of
copper added is shown on the left. Signals from the four histidine residues in the octapeptide
repeats are overlapped so only combined signals are observable. Addition of copper causes
specific broadening of the two histidine imidazole signals, with reduced broadening observed
for the tryptophan indole signals.

ion. Co-ordination by four imidazoles is consistent with the
observed 1:1 stoichiometry of the highest-affinity binding event.
The CD response arises from copper (II) co-ordination in a chiral
environment, which, in this case, occurs predominantly due to
the chiral Cα centre between the co-ordinating imidazole and
backbone amide of the histidine residue. In a multiple-imidazole-
co-ordinated species, the metal ion would be substantially further
from this chiral centre compared with co-ordination through both
the imidazole and the backbone amide. Thus the weak CD signal
observed for the 1:1 complex is also consistent with multiple
histidine co-ordination. Finally, imidazole-only co-ordination
would be substantially less pH-sensitive than backbone amide co-
ordination owing to the lower pKa of the imidazole group. If the
pH is below the pKa of a co-ordinating group in a metal-binding
site, the affinity of the site is reduced by a factor of ten for each
pH unit below the pKa. Since the pKa of the imidazole group is
approx. 6, and the site is believed to contain four imidazole groups,
the affinity of the complex would be expected to be reduced by
a factor of about a hundred [i.e. 104×(6.0−5.5)] at pH 5.5 relative to
pH 7.4. The observed difference is in fact ∼1000-fold, suggesting
that other factors may also be involved.

Low copper occupancy causes self-association of PrP57−91

Although the 1:1 complex does not produce CD bands at visible
wavelengths, it is readily observed by a reduction in the intrinsic
tryptophan fluorescence of the peptide (Figure 4). We also found
that the relative reduction in the fluorescence of PrP57−91 that
occurs upon titration with copper is dependent on the peptide
concentration. The greater degree of fluorescence quenching that
occurs at higher peptide concentrations is consistent with a greater
fraction of peptide being held in close proximity to a copper (II)
ion. The peptide concentration affects both the rate at which
fluorescence is quenched by addition of copper, and the fluo-
rescence at the endpoint of the titration, where all the peptide
should be in the 1:1 complex, Cu(PrP57−91). A simple explanation
for this is that Cu(PrP57−91) can associate with other molecules
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Figure 4 Self-association of the Cu(PrP57−91) complex is demonstrated by
fluorescence quenching

The quenching of the intrinsic fluorescence, which occurs on formation of 1:1 complexes of
copper and PrP57−91 in 5 mM Tris buffer, pH 7.4, is dependent on peptide concentration. Samples
of PrP57−91 were titrated with copper, with peptide concentrations of 3 µM (�), 1 µM ( ),
0.3 µM (�), 0.1 µM (�) and 0.03 µM (�).

of apo-peptide, at low copper concentrations, or with other
Cu(PrP57−91) complexes. Since the changes in the fluorescence-
quenching behaviour are seen on increasing the peptide concen-
tration from 30 nM to 1 µM, the apparent dissociation constant for
the self-association process will be within this range. It is likely
that copper (II) will dissociate from these self-associated peptide
complexes more slowly than from the monomeric complex. If this
is the case, the self-association process will enhance the apparent
affinity of copper (II) binding in the 1:1 complex. Indeed, at
30 nM peptide, the titration data show half maximal binding at a
copper concentration of approx. 4 µM, whereas, at a peptide
concentration of 1 µM, it was 1.5 µM.

PrP57−91 can co-ordinate two copper (II) ions with intermediate
affinity

Equilibrium dialysis carried out in Mops buffer at pH 7.4, where
the copper was presented as a glycine chelate, revealed a clear
2:1 stoichiometry (Figure 5A). In this case, the two sites have
identical apparent dissociation constants of 6 +− 2 µM and, given
stepwise dissociation constants for copper bisglycinate of 1.2 µM
and 12 µM [37], a true dissociation constant of 250 +− 50 nM.
In contrast with the 1:1 complex formed in Tris buffer, the CD
spectrum of the 1:1 complex formed in this buffer had clear bands
in the visible region at 350 and 580 nm (Figure 5C), indicating a
different mode of copper (II) co-ordination.

We judged that the most probable cause of the alternative copper
co-ordination in this 1:1 complex was an interaction between the
peptide and the Mops buffer which interferes with copper co-ordi-
nation; we had observed previously that the peptide is insoluble
in the presence of Mes (chemically similar to Mops) at pH 5.5,
whereas it is soluble in other buffers at the same pH (results not
shown). To test the proposal that the peptide interacts with Mops, a
sample of the peptide was titrated with Mops buffer at pH 7.4 and
observed by NMR. Chemical-shift changes were indeed observed
for the aromatic histidine signals (Figure 5B), confirming that an
interaction does occur and that the bound species is significantly
occupied at a Mops concentration of 50 mM, equivalent to that
present in the equilibrium dialysis and CD experiments described
above.

The CD spectrum of the 2:1 complex formed in Mops buffer
has peaks at the same wavelengths as the 1:1 complex, but with

Figure 5 A Cu2(PrP57−91) complex with a mode of binding distinct from that
of both the 1:1 and 4:1 complexes

In Mops buffer, with copper presented as a glycine chelate, the high-affinity 1:1 complex of
PrP57−91 is disfavoured and two identical sites are observed. (A) Scatchard plot of an equilibrium
dialysis experiment in 50 mM Mops buffer at pH 7.4, shows two sites (intercept = 1.94) of equal
affinity, each with an apparent dissociation constant of 6 +− 1 µM. (B) Titration with Mops causes
changes in the chemical shift of signals from the PrP57−91 peptide, indicating a weak interaction
with the peptide. The change in the chemical shift of the histidine Hε1 signal of PrP57−91

is shown. To eliminate the possibility that pH effects were responsible for these changes the
experiments were carried out in phosphate buffer at two different concentrations: 25 mM (�)
and 50 mM (�). (C) The mode of copper binding observed in Mops buffer gave a clear CD
spectrum even at 1:1 stoichiometry. Spectra were recorded for an 11 µM sample of peptide in
50 mM Mops and 10 µM glycine, pH 7.4, with one copper (II) ion bound (1:1 CuSO4 and 10 µM
free copper bisglycinate), and with two copper (II) ions bound (2:1 CuSO4 and 100 µM free
copper bisglycinate). Addition of copper bisglycinate to 300 µM produced no further change
in the spectra, indicating that binding was saturated under these conditions at a stoichiometry
of 2:1. The CD bands produced by the complexes formed in Mops buffer were similar to those
observed in the 4:1 complex formed in NEM buffer at pH 7.4.

twice the intensity, again implying that the two sites are identical.
Interestingly, the positions of these CD bands are very similar
to those seen previously for the Cu4(PrP57−91) complex in NEM
buffer at pH 7.4. The relative signal intensity of the Cu2(PrP57−91)
complex in Mops is also comparable with that seen for the
Cu4(PrP57−91) complex, suggesting a similar mode of metal co-
ordination. However, the metal co-ordination cannot be identical,
since binding of PrP57−91 in Mops saturates at a stoichiometry of
2:1 rather than 4:1 and the two sites are of sufficiently high affinity
to form in the presence of glycine.

Simulations of copper binding to PrP57−91 with three modes
of co-ordination

To test the counterintuitive conclusion that, when the two forms
of binding are mutually exclusive, four weak copper (II)-binding
sites can out-compete a single higher-affinity site, we have used
our experimentally derived dissociation constants to simulate
the populations of the different species over a range of total
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Figure 6 Simulation of three mutually exclusive copper (II)-binding modes
in PrP57−91

The concentrations of the main species present at equilibrium in simulations of competing
modes of copper binding in PrP57−91 are shown over a range of total copper (II) concentrations.
The simulations are described in detail in the text. They show that a single site of 3 nM affinity
(mode A: CuAP) will predominate over four sites of 1 µM affinity (mode C: CuCP, CuC

2P, etc.)
only at low copper (II) concentrations. The concentrations of the CuBP and CuCP species did not
exceed 1 µM at any point and are excluded for clarity. For illustration, an approximate predicted
CD signal at 580 nM is shown, assuming that each copper (II) ion bound in modes B and C
produces an equal signal at this wavelength and that ions bound in mode A produce no signal.

copper (II) concentrations (Figure 6). The following equilibrium
was modelled, where three mutually exclusive modes of binding
are possible, which here are labelled A, B and C:

CuAP ↔ P ↔ CucP ↔ Cuc
2P ↔ Cuc

3P ↔ Cuc
4P

�
CuBP

�
CuB

2P

A dissociation constant of 3 nM was used for the single site
present in mode A and a microscopic dissociation constant of
250 nM for each of the two independent sites available in mode B,
both based on our experimental measurements. A microscopic dis-
sociation constant of 1 µM was used for each of the four independ-
ent sites available in mode C, based on literature reports of the affi-
nity of this mode of binding [32]. The total peptide concentration
was set to 30 µM to be equivalent to the CD experiments shown
in Figure 1. With 1 molar equivalent of Cu2+, 94% of the peptide
was in the high-affinity CuAP complex, which represents the
multiple-histidine-co-ordinated complex that we have described.
When the total copper concentration was increased, the higher-
stoichiometry lower-affinity binding becomes dominant; with
5 molar equivalents of Cu2+ present, 97% of the peptide was in
either the CuC

3P or the CuC
4P form, which represent complexes

where each copper ion is co-ordinated by deprotonated backbone
amides and a single histidine imidazole. The model therefore sup-
ports the assertion that four binding sites of micromolar affinity
can out-compete a single site of nanomolar affinity. Furthermore,
if the presence of the mode A species was not taken into account,
the populations of the mode C species would appear to show co-
operative binding. The population of the two intermediate-affinity
sites (mode B: CuBP, CuB

2P), with 250 nM affinity, does not
exceed 15% of the total peptide concentration at any point. It is

Figure 7 Equilibrium dialysis reveals two distinct forms of copper (II) co-
ordination in PrP91−115

Scatchard plots of equilibrium dialysis data for PrP91−115 show copper (II) binding with
stoichiometries of 0.5:1 or 2:1, depending on the solution conditions. (A) In 50 mM Mops
buffer at pH 7.4, with copper presented as a glycine complex, two sites (intercept = 2.11)
of equal affinity are observed, each with an apparent dissociation constant of 5.5 +− 0.5 µM.
(B and C)The formation of a 0.5:1 complex gives a non-linear Scatchard plot. The data were fitted
numerically as described in the text, the results of which are represented as continuous lines.
Dialysis against CuSO4 in 5 mM Tris, pH 7.4 (B), showed formation of a Cu(PrP91−115)2 complex
at low copper concentrations and a Cu2PrP91−115 complex at higher copper concentrations. In
10 mM acetate, pH 5.5, only the Cu(PrP91−115)2 complex was observed (C). (D) CD spectra
could be observed for both the Cu(PrP91−115)2 and the Cu2(PrP91−115) complex. The spectra
of the Cu(PrP91−115)2 complex formed in 5 mM Tris buffer, pH 7.4 (100 µM PrP91−115, 60 µM
CuSO4, i.e. 0.5:1 CuSO4 and 10 µM free CuSO4) and the Cu(PrP91−115)2 complex formed in
10 mM acetate, pH 5.5, are indicated (100 µM PrP91−115, 1 mM CuSO4). The spectrum of the
Cu2PrP91−115 complex formed at pH 7.4 in 50 mM Mops is also shown (60 µM PrP91−115,
200 µM copper bisglycinate).

possible that the intermediate-affinity form of binding (mode B) is
stronger than we have estimated. If the interaction of the peptide
with the Mops buffer competes against this mode of binding, then
the dissociation constant will be lower than 250 nM in the absence
of Mops.

At maximum occupancy, PrP91−115 can bind two copper (II) ions

A similar program of experiments to that described for PrP57−91

was carried out on the peptide PrP91−115 to determine whether this
peptide could also access multiple copper (II)-binding modes.
Equilibrium dialysis data for PrP91−115 in Mops buffer at pH 7.4
with copper presented as a glycine chelate indicate that two sites
of equivalent affinity were present (Figure 7A) with apparent
dissociation constants of 6 +− 1 µM and true dissociation constants
of 250 +− 30 nM. The CD spectrum of the Cu2(PrP91−115) complex
which forms in Mops buffer (Figure 7D) was very similar to that
reported by Jones et al. [26] with a large positive band at approx.
500 nm. It has been demonstrated by others that this complex
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Table 2 Apparent and real dissociation constants for PrP91−115

pH Buffer K d (1) (app) K d (1) (real) K d (2) (real) K d (3) (app) K d (3) (real)

7.4 5 mM Tris 30 +− 10 µM 100 +− 50 nM 5 +− 1 µM 40 +− 10 µM 140 +− 50 nM
5.5 10 mM Acetate 1 +− 0.1 mM 300 +− 100 µM 40 +− 10 µM – –
7.4 50 mM Mops 6 +− 1 µM 250 +− 30 nM – 6 +− 1µM 250 +− 30 nM

comprises two copper-binding sites, each involving co-ordination
by a single histidine imidazole, from either His96 or His111, and
nearby backbone amide groups [21,26].

PrP91−115 will form a Cu(PrP91−115)2 complex

We investigated the binding interaction of PrP91−115 with copper in
Tris buffer at pH 7.4 using equilibrium dialysis, and extrapolation
from the first three points of the Scatchard plot shows that the
highest-affinity interaction has a stoichiometry of 0.5:1 (Fig-
ure 7B). This indicates that, at low copper concentrations, each
copper ion forms a complex with two peptide molecules. The
equations describing the Scatchard plot for formation of such a
species are non-linear. In order to estimate values for the disso-
ciation constants describing the formation of the Cu(PrP91−115)2

species, the following equilibrium was modelled:

P
Kd (1)↔ CuP

Kd (2)↔ CuP2

� Kd (3)

Cu2P

Using this model, values for the dissociation constants could
be fitted to the Scatchard plot, and thus Kd (1) was estimated as
30 +− 10 µM, Kd (2) as 5 +− 1 µM and Kd (3) as 40 +− 10 µM. As the
Kd (1) and Kd (3) values describe the binding of free copper to
the peptide, these values are apparent dissociation constants. The
true values were then calculated as 100 +− 50 nM and 140 +− 50 nM
respectively (apparent and true dissociation constants for PrP91−115

are summarized in Table 2). The fact that different complexes were
again observed in Tris and Mops buffers points to an interaction
between the Mops buffer and the peptide that competes against
formation of the Cu(PrP91−115)2 complex.

The complexes of PrP91−115 with copper were detectable by
fluorescence (results not shown). The effects of titration of this
peptide with copper were again dependent on the peptide con-
centration, supporting the other evidence for the existence of the
Cu(PrP91−115)2 complex.

The mode of copper co-ordination in the Cu(PrP91−115)2
complex is pH-dependent

A Cu(PrP91−115)2 complex will also form at pH 5.5 in 10 mM
acetate buffer (Figure 7C). At this pH, there was no evidence of a
Cu2(PrP91−115) complex and therefore a simplified version of the
above equilibrium, which did not contain the Cu2P species, was
fitted to the data to give dissociation constants of 1 +− 0.1 mM for
Kd (1) and of 40 +− 10 µM for Kd (2). The true value for Kd (1) was then
calculated as 300 +− 100 µM, some 4000-fold weaker at pH 5.5
than at pH 7.4. The amide functional group has a pKa well above
7.4, and so if two deprotonated amides and a single imidazole
are involved in co-ordinating the metal ion, then the affinity at
pH 5.5 would be a factor of approx. 2 × 104 lower than at pH 7.4
{i.e. 10[2 × (7.4−5.5)]+(6.0−5.5)}. The fact that the reduction in affinity
was not this great could indicate that, at pH 5.5, the dominant

Cu(PrP91−115) species is a complex with co-ordination from two
histidine imidazole groups. The binding of a second peptide to
the Cu(PrP91−115) complex to give Cu(PrP91−115)2 was approx. 10-
fold weaker at pH 5.5 than at pH 7.4; this would be consistent
with co-ordination of the copper (II) ion by two imidazoles from
the second peptide, since pH 5.5 is 0.5 units below the histidine
imidazole pKa. Interestingly, at pH 5.5, the second peptide bound
with higher affinity than the first, an observation which could be
rationalized if a direct interaction between the peptides stabilized
the Cu2P species.

The Cu(PrP91−115)2 complexes at pH 7.4 and pH 5.5 both
produced a CD signal at visible wavelengths (Figure 7D), but
the spectra are not identical, indicating that copper (II) co-
ordination is affected by pH. If these spectra were normalized by
the concentration of bound copper instead of by the concentration
of peptide, the band at 525 nm would be similar to the bands seen
in the Cu2(PrP91−115) complex. This would be consistent with some
backbone amide co-ordination occurring in the Cu(PrP91−115)2

complexes.

Investigation of the Cu(PrP91−115)2 complex by NMR

In an effort to confirm which functional groups were involved in
co-ordinating copper in the Cu(PrP91−115)2 complex, a titration of
the peptide with copper (II) was observed by NMR, similar to that
already described for PrP57−91. In this titration, signals originating
from both histidine imidazole side chains were observed to
broaden simultaneously as copper was added to the sample
(Figure 8A), indicating that they are both involved in the
Cu(PrP91−115)2 complex. The relative populations of free peptide
and the different metal complexes can be predicted on the basis
of the dissociation constants fitted to the equilibrium dialysis data
(Figure 8B). The total integral of the Hδ2 signal did not decrease
on addition of copper to the same extent as the population of
free peptide. This must be because not all the histidine signals
in the Cu(PrP91−115)2 complex are broadened beyond detection.
This would be the case if, of the four histidine residues in the
two peptides, one or two did not directly co-ordinate copper.
At least two histidine signals must become undetectable in the
Cu(PrP91−115)2 complex; if only one was affected, the reduction
in signal in the first part of the titration would be about half that
observed. In summary, in the Cu(PrP91−115)2 complex, the copper
(II) ion must be co-ordinated by either two or three histidine side
chains, and probably also with a contribution from deprotonated
backbone amides.

DISCUSSION

The four octapeptide repeats in the peptide PrP57−91 can bind
copper in at least three different ways (Figure 9A). This has
recently been reported by other investigators who have used EPR
data to show that three species exist and to propose the mode
of co-ordination in each [31]. Our data support their proposals
and allow us to build on the work in several important ways.
We have been able to directly estimate the affinity of the two

c© 2006 Biochemical Society



508 M. A. Wells and others

Figure 8 NMR of PrP91−115 copper (II) complexes

Formation of the Cu(PrP91−115)2 complex can be observed by one-dimensional 1H-NMR, with
broadening of the Hε1 signals of the two histidine residues, indicating that they are both
involved in copper co-ordination. (A) Spectra are shown for a titration of 100 µM PrP91−115

with copper (II), in 5 mM Tris buffer, pH 7.4, with the mole fraction of copper (II) added shown in
the left. (B) The predicted fractions of free peptide (solid line) and peptide in the Cu(PrP91−115)2

complex (broken line), based on the equilibrium dialysis data, show that the Cu(PrP91−115)2 is
the dominant species below 1:1 stoichiometry. The integral of the histidine Hδ2 signal (�)
is plotted relative to its starting value on the same axes.

higher affinity modes of copper (II) binding. We have shown
that self-association of the octapeptide repeats plays a role in the
highest affinity, multiple-histidine-co-ordination mode. We have
also defined conditions under which the two intermediate-affinity
sites are the only species present, which was reported to be an
obstacle to further spectroscopic investigation of this species by
Chattopadhyay et al. [31]. The CD spectra that we were able to
acquire for the Cu2(PrP57−91) complex support the proposal that
the copper is co-ordinated in this complex in a similar way to the
Cu4(PrP57−91) complex, but with an additional axially co-ordinated
histidine.

From our data, it is also clear that at least two forms of copper
co-ordination occur in the peptide PrP91−115 (Figure 9B). At maxi-
mum occupancy, two sites are observed which both involve co-
ordination by a histidine imidazole and deprotonated backbone
amides. The affinities of these two sites are similar, indeed they
could be the same within error, and are in the range 100–200 nM.
The Cu(PrP91−115) complex binds a second peptide with an affinity
of approx. 5 µM; an affinity this high suggests that the second
peptide is acting as a bidentate ligand because a single imidazole
only binds to copper with a dissociation constant of approx.
60 µM [37]. The pH-dependence of this interaction also supports
the idea that two imidazoles from the second peptide co-ordi-
nate the copper (II) ion. The interaction could take the form of
axial co-ordination from two imidazole groups or could involve
the displacement of some of the backbone amides that co-ordinate
copper in the Cu(PrP91−115) complex.

The existence of the Cu(PrP91−115)2 complex strongly suggests
that the copper ion in the Cu(PrP91−115) complex has spare co-
ordination sites that can bind a second peptide molecule through
its histidine residues. As such, the peptide PrP91−115 can not be con-
sidered a complete model of copper (II) binding in the full-length
protein, where additional histidine side chains would be available

to fill any spare co-ordination sites. Likewise, the self-associative
behaviour of the Cu(PrP57−91) complex could be explained if there
were spare co-ordination sites on the metal ion that allowed inter-
molecular complexes to form. Again, in the full-length protein,
with additional histidine side chains available, extra co-ordinating
groups may be involved in the complex. If this were the case,
affinities in the full-length protein would be higher than those
measured in the peptide models used in the present study.

Our observations of multiple copper (II) co-ordination modes
in the octapeptide repeats explain discrepancies in the literature
about the stoichiometry of copper (II) binding in the octapeptide
repeats and in the full-length protein. As described above, most
studies have reported that the four octapeptide repeats bind four
copper (II) ions with micromolar affinities at pH 7.4 [15,20,23].
Likewise, a stoichiometry of 5.2 +− 1.1 has been observed for
the full-length PrP at pH 7.4 [21]. These high-occupancy-binding
modes, which have affinities in the micromolar range, will only
occur in the absence of competition for copper (II) from chelating
agents, such as Tris or glycine. Studies that use conditions that
compete against the high-occupancy copper (II)-binding modes,
such as amino acid competition or gel-filtration chromatography,
have reported that the four octapeptide repeats can bind only
a single copper (II) ion [12,25]. Similarly, mildly acidic pH will
disfavour the deprotonation of backbone amides which is required
for high-occupancy binding; at pH 6.0, the full-length protein is
found to bind just two copper ions [33], instead of the five or
six at pH 7.4. It is now clear that these low-occupancy copper
(II)-binding modes involve co-ordination from multiple histidine
imidazoles, which allows the sites to be maintained at lower pH,
and that they have affinities in the low-nanomolar range, which is
sufficiently strong for the site to remain intact in the presence of
competition from chelating agents with micromolar affinities.

The total copper concentration in serum is 16–20 µM, all of
which exists as complexes, the majority with caeruloplasmin and
the remainder with other proteins (including transcuprein and al-
bumin), peptides and amino acids [34], and the concentration of
free copper (i.e. an aqua complex) is therefore virtually nil. On
the cell surface in brain tissue, PrP would equilibrate with the
extracellular pool of copper available in the brain interstitial fluid,
which is in equilibrium with the CSF (cerebrospinal fluid). In
healthy subjects, the copper concentration in the CSF is of the
order of 0.1 µM [38], and, again, this is expected to exist as
complexes with albumin, caeruloplasmin or amino acids. There-
fore, in determining whether PrP is an authentic cuproprotein,
its affinity should be compared with the affinities of the other
copper-binding species in the extracellular milieu, with which it
must compete for copper, and not the total copper concentration.
The dissociation constant of human albumin for copper (II) is
approx. 10 pM [35], whereas the stepwise dissociation constants
for the formation of a copper bis-histidinate complex at pH 7.4
are approx. 4 nM and 0.5 µM [37]. Histidine is present at approx.
10 µM in the CSF, and albumin is present at approx. 20 mg/dl
which equates to about 3 µM. Thus both these species are well in
excess of the total copper (II) concentration and have similar or
higher affinities than the peptide models of the prion protein that
we have studied. Our measured affinities therefore suggest
that only a small fraction of PrP, if any, is likely to bind copper
under normal conditions in the central nervous system. However,
during neuronal depolarization, the copper concentration at the
synapse increases; one estimate places this increase as approx.
15 µM, with approx. 20% of this is in complexes with disso-
ciation constants weaker than 100 nM [39]. It is thus likely that PrP
could bind copper only when levels are elevated during neuronal
depolarization. Even under this circumstance, however, probably
only the higher-affinity binding modes would be populated due
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Figure 9 Multiple modes of copper binding in PrP

(A) At least three different modes of copper (II) co-ordination occur within the octapeptide repeats at pH 7.4. Models for the structure of each mode of binding based on our data and those of others
are shown, alongside estimates for the dissociation constants. The cartoons represent the peptide backbone in the peptide PrP57−91, with the histidine side chains shown as pentagons and the copper
(II) ion represented by the black circle. (B) The structure for the Cu(PrP91−115) and Cu2(PrP91−115) complexes is shown as described in the literature (left). At present, there are insufficient data to
propose a detailed structure for the Cu(PrP91−115)2 complex, although our NMR data indicate that either two or three of the available histidine residues are involved in co-ordinating the metal ion
(right). Estimates of the dissociation constants are given for all the complexes based on our measurements with the exception of the lowest binding affinity shown in (A) which is based on reports in
the literature. The cartoons represent the peptide backbone and the side chains of His96 and His111. At present, it is not possible to distinguish whether either histidine is favoured for any particular
co-ordination position.

to the excess of other species which can bind copper (II) with
micromolar or higher affinities.

The present study also raises the possibility that the elevated
copper levels which occur during neuronal depolarization could
play a role in controlling self-association of PrP in vivo, if the
effective molarity of PrP on the cell surface is higher than approx.
100 nM. Any factor that could influence the self-association of
PrP in vivo is of potential importance in understanding the normal
function of PrPC and its role in prion disease and thus would merit
further investigation.
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