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Recent experimental evidence supports the hypothe-
sis that prion proteins (PrPs) are involved in the Cu(II)
metabolism. Moreover, the copper binding region has
been implicated in transmissible spongiform encepha-
lopathies, which are caused by the infectious isoform of
prion proteins (PrPSc). In contrast to mammalian PrP,
avian prion proteins have a considerably different N-
terminal copper binding region and, most interestingly,
are not able to undergo the conversion process into an
infectious isoform. Therefore, we applied x-ray absorp-
tion spectroscopy to analyze in detail the Cu(II) geome-
try of selected synthetic human PrP Cu(II) octapeptide
complexes in comparison with the corresponding
chicken PrP hexapeptide complexes at pH 6.5, which
mimics the conditions in the endocytic compartments of
neuronal cells. Our results revealed that structure and
coordination of the human PrP copper binding sites are
highly conserved in the pH 6.5–7.4 range, indicating that
the reported pH dependence of copper binding to PrP
becomes significant at lower pH values. Furthermore,
the different chicken PrP hexarepeat motifs display
homologous Cu(II) coordination at sub-stoichiometric
copper concentrations. Regarding the fully cation-
saturated prion proteins, however, a reduced copper
coordination capability is supposed for the chicken
prion protein based on the observation that chicken PrP
is not able to form an intra-repeat Cu(II) binding site.
These results provide new insights into the prion pro-
tein structure-function relationship and the conversion
process of PrP.

A group of lethal neurodegenerative disorders known as
transmissible spongiform encephalopathies are related to prion

proteins (PrPs),1 which are synaptic glycosyl-phosphatidyl-
inositol-anchored surface glycoproteins (1, 2) that are ex-
pressed mainly in the central nervous system (3, 4). Prion
diseases are apparently caused by conversion of the monomeric
28-kDa cellular prion protein (PrPC) into a pathogenic confor-
mational isoform, usually denoted as the scrapie form, PrPSc (5,
6). These abnormally folded proteins accumulate into highly
protease-resistant aggregates (7) that act as a template for the
transition of native PrPC (8). Despite numerous efforts to elu-
cidate the physiological role of the cellular prion protein, its
function remains enigmatic. However, the binding of copper to
mammalian PrPC in vivo and in vitro suggests an involvement
in copper homeostasis and metabolism (9–11) comprising con-
tributions to endocytotic transport mechanisms (12) as well as
neuroprotective pathways (13, 14). Furthermore, the close as-
sociation of Cu(II) with prion diseases (15–17) emphasizes the
need for detailed structural characterization of both PrP
isoforms.

The overall structure of recombinant mammalian prion pro-
teins, consisting of a globular C-terminal domain (residues 121
to 231) and a disordered N-terminal tail (residues 23 to 120),
are established mainly by NMR investigations (18–21) as well
as by two x-ray diffraction studies (22, 23). A total of five high
affinity copper binding motifs of PrPC were identified, one at
the beginning of the C-terminal domain centered at residues
His-96 and His-111 (24, 25) and four within the His-containing
sequence PHGGGWGQ that is repeated four times between
residues 60 and 91 (9, 10, 26–31). This N-terminal octapeptide
repeat region, which is highly conserved in mammals (32, 33),
cooperatively binds up to four Cu(II) ions with dissociation
constants in the nanomolar to micromolar range, reflecting a
significant pH-dependence (9, 26, 31, 34).

Despite the large number of studies, detailed structural mod-
els of Cu(II) binding are still discussed. Recently, Morante et al.
(35) suggested that the coordination shell of Cu(II) varies depend-
ing on the occupancy of the available metal sites. This x-ray
absorption spectroscopy analysis of bovine octapeptide complexes
linked the two common copper binding models, which differ
mainly in the number of coordinated imidazole side chains (11,
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26–29, 30, 34). Consequently, a conversion of the inter-repeat
binding mode of Cu(II) into an intra-repeat site geometry is
proposed once the copper concentration increases (35).

Despite the low sequence identity of �44% (32), the essential
features of mammalian prion proteins are also conserved in
chicken PrP (36). Homologous Cu(II) binding capability was
identified for the tandem hexapeptide (PHNPGY) repeats lo-
cated between residues 53 and 94 (31, 34, 37). To date, the
particular interest in analyzing and understanding the exact
Cu(II) coordination geometry of avian PrP is driven by the fact
that prion diseases have, up to now, not been observed for birds
(38, 39).

In this study, we present a comparative x-ray absorption
spectroscopy analysis of Cu(II) coordination to the correspond-
ing repeat sequences of both chicken and human PrP at pH 6.5.
According to the putative involvement of PrP in copper home-
ostasis, this slightly acidified pH value mimics conditions close
to the endocytic compartments of neuronal cells, where Cu(II)
might be released (9, 16, 40). The results we obtained revealed
that the structure and the coordination of the copper binding
sites of human PrP are highly conserved between pH 6.5 and
pH 7.4, indicating that the reported pH dependence of Cu(II)
binding becomes significant at lower pH values. Although
chicken PrP has a considerably different copper binding region,
the hexarepeat motifs display a homologue Cu(II) coordination
at sub-stoichiometric copper concentrations. In contrast, a re-
duced copper binding ability is proposed for chicken PrP in the
fully cation-saturated state, supporting the hypothesis that
human and chicken prion proteins are involved in different
physiological functions.

MATERIALS AND METHODS

Peptide Synthesis and Purification—Synthetic peptides representing
various fragments of the repeat region of human and chicken prion
proteins were synthesized with a Biotronik ECOSN P solid phase au-
tomated peptide synthesizer (Eppendorf, Hamburg, Germany) using
the Fmoc (9-fluorenyl-methoxycarbonyl) method. After elution from the
resin and deprotection, the crude peptides were further purified by
reverse phase high performance liquid chromatography and assayed for
mass and purity (� 98%) by matrix-assisted laser desorption ionization
time of flight (MALDI-TOF) analysis, amino acid analyses, and analy-
tical high performance liquid chromatography. To mimic the peptides
within the full-length PrP, all peptides were blocked by N-acetyl and
amide groups at the N terminus and the C terminus, respectively.

Preparation of Cu(II) Complexes of Synthetic Peptides—For the x-ray
absorption spectroscopy measurements, peptide-Cu(II) complexes were
prepared by adding an appropriate amount of CuCl2 stock aqueous
solution to the synthetic peptides (7.4 nM) in 10 mM MES buffer, pH 6.5.
The copper concentration was kept sub-stoichiometric to ensure that all
Cu(II) ions were complexed with the ligand. The final solutions were
centrifuged, transferred to polyimide foil-covered sample holders of
1-mm thickness, and placed into liquid nitrogen immediately before the
measurement. The number of Cu(II) ions that were coordinated to the
peptides was analyzed by linear flight MALDI-TOF mass spectrometry
using a sinapic acid matrix and a Bruker Autoflex mass spectrometer.
Subsequent to the incubation with Cu(II), the corresponding samples
were reacted with a 5-fold molar excess of diethyl pyrocarbonate at
room temperature for 30 min to flag the histidine residues that were not

bound to Cu(II) ions (41). The peptide concentrations were determined
using extinction coefficients at 280 nm, which were calculated using
5690 M�1 cm�1 multiplied by the number of Trp residues and 1280 M�1

cm�1 multiplied by the number of Tyr residues, respectively (42).
X-ray Absorption Spectroscopy and Data Analysis—X-ray absorption

spectroscopy data were recorded at the European Molecular Biology
Laboratory beam line X32 (Deutsches Elektronen Synchrotron (DESY),
HASYLAB). The DORIS (double Ring Store) storage ring was operated
at 4.5 GeV with ring currents in the range of 90–145 mA. A Si(111)
double monochromator was used to align the wavelength at the copper
K-edge accordingly. The samples were mounted in a two-stage Displex
cryostat and kept at �30 K during the measurement. The x-ray absorp-
tion spectra of the Cu(II)-peptide complexes were recorded in the flo-
rescence mode using a Canberra 13-element solid state detector over
the energy range from 8.765 to 9.655 eV. To obtain comparable statis-
tics, a minimum of 10 scans were collected and averaged for each
sample. For data reduction, the EXPROG program package was applied
(43). The extracted experimental extended x-ray absorption fine struc-
ture (EXAFS) signals were analyzed using the refinement program
EXCURV 9.20 (44). This approach allows an ab initio calculation of the
backscattering functions for the involved ions using the Hedin-Lund-
qvist complex potentials in the muffin-tin approximation. The initial
model is then subjected to a constrained refinement process. All struc-
tural parameters that define the geometry of the Cu(II) cluster, includ-
ing the distances of ligands, the Debye-Waller factors for each shell, the
Fermi energy, and the angular parameters associated with the imida-
zole group, were optimized to fit the experimental data. During the
calculations, the internal geometry of the imidazole rings was kept fixed
(constrained refinement). Their position relative to the Cu(II) atom is at
this stage already well defined by the position of the first shell nitrogen
atom and two angular parameters. For further experimental and data
analysis details see Binsted et al. (44).

RESULTS

We have applied x-ray absorption spectroscopy, in particular
EXAFS techniques, to analyze in detail the Cu(II) binding
geometry and coordination for mammalian and chicken PrP.
Our intention was to obtain three-dimensional information to
unravel the functional differences of �ChPrP-(24–249) and
�HuPrP-(23–231) that are potentially associated with the N-
terminal copper binding region. Because of the extremely low
solubility of the full-length prion proteins at pH 6.5, in parti-
cular in complex with Cu(II), we have analyzed synthetic pep-
tides resembling 1–4 tandem copies of the avian hexarepeat
and the human octarepeat, respectively (Table I). To mimic
these sequences within the full-length proteins, all peptides
were blocked at the N terminus by N-acetyl and at the C
terminus by amide groups. The copper concentration was kept
slightly sub-stoichiometric because of a limitation of x-ray ab-
sorption spectroscopy, which requires full saturation of the
observable Cu(II) by the ligand to avoid heterogenic spectra
caused by free metal ions.

The obtained x-ray absorption near-end structure pattern
showed a high similarity for all ChPrP and HuPrP peptide
Cu(II) complexes (Fig. 1). The almost identical edge energies of
8990 eV resemble the electronic transitions characteristic of
Cu(II) ions (45), indicating an identical Cu(II) oxidation state at
pH 6.5. The shapes of the copper K-edges of human and chicken
complexes appeared to be almost superimposable. However, a

TABLE I
Cu(II)-complexes of synthetic peptides derived from �ChPrP-(24–249) and �HuPrP-(23–231) used for x-ray absorption spectroscopy analysis
Cu(II)-complexes were prepared as described in the experimental section. The Cu(II) saturation was experimentally determined by MALDI-TOF

mass spectroscopy.

Peptide Peptide sequence Cu(II) sites Cu(II)/PrP Cu(II)/repeat

ChPrP-(53–58) Ac-PHNPGY-NH2 1 0.5 0.5
ChPrP-(53–64) Ac-(PHNPGY)2-NH2 2 1.5 0.75
ChPrP-(53–70) Ac-(PHNPGY)3-NH2 3 1.5 0.5
ChPrP-(53–76) Ac-(PHNPGY)4-NH2 4 2.0 0.5
HuPrP-(60–67) Ac-PHGGGWGQ-NH2 1 0.5 0.5
HuPrP-(60–83) Ac-(PHGGGWGQ)3-NH2 3 1.5 0.5
HuPrP-(60–91) Ac-(PHGGGWGQ)4-NH2 4 2.0 0.5
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more detailed analysis of the main edge peaks and the first
oscillations (9040–9080 eV) revealed distinct differences,
which can be assigned to structural changes in the absorber
environment of the coordinated Cu(II) ions. The spectra ob-
tained for the chicken complexes are characterized by a split
maximum at the edge followed by a slightly humped curve
progression (Fig. 1, traces d–g). Corresponding spectra of the
human Cu(II) peptide complexes containing three and four
octarepeats exhibited identical features, although the intensi-
ties were reduced significantly (Fig. 1, traces b–c). In contrast,
the spectrum obtained for the Cu(II)-HuPrP-(60–67) complex
showed a single maximum at the copper K-edge and a rather
broad, plain oscillation in the 9040–9080 eV region (Fig. 1,
trace a).

A visual analysis of the extracted experimental k3-weighted
EXAFS spectra and their corresponding Fourier transforma-
tions confirmed the existence of three groups of Cu(II) com-
plexes (Figs. 2 and 3). The different shapes of the domina-
ting low frequency signal at 4.5 Å�1 in the EXAFS spectra, the
different amplitudes of the outer shell peaks at 3.0 and 4.2 Å in
the Fourier transforms, and the characteristic unsteady side of
the EXAFS peak at 6.5 Å�1 (Figs. 2A and 3A) strongly indicate
the presence of histidine ligands in the primary coordination
sphere of the copper ions (24, 45, 46).

Cu(II) Site Geometry in the Human Octarepeat Complexes at
pH 6.5—As observed for the x-ray absorption near-end struc-
ture pattern, the EXAFS spectrum of Cu(II) HuPrP-(60–67)
also differs from the spectra obtained for Cu(II) HuPrP-(60–83)
and Cu(II) HuPrP-(60–91). This difference is evidenced by
small peaks observed in the low frequency region of the corre-
sponding difference spectra, which contain signals caused by
the nearest neighbor interactions (Fig. 4, traces a-b and a-c).
However, the spectra of the human Cu(II) peptide complexes
containing three and four octarepeat copies are almost super-
imposable, suggesting a comparable Cu(II) coordination for the
octarepeat peptides.

For an initial calculation, the experimental EXAFS spectrum
of the Cu(II) HuPrP-(60–67) complex was fitted on the basis of
the already known coordination of Cu(II) in complex with mam-
malian PrP octarepeats at pH 7.4 (11, 35). As a result, the
initial models were composed of one to four imidazole groups as
well as an appropriate moiety of oxygen/nitrogen ligands to
match the typical coordination numbers of Cu(II) ranging from
four to six. Based on maximum agreement, constrained refine-
ment indicated that the first coordination shell of Cu(II) in
complex with HuPrP-(60–67) at pH 6.5 is formed by one nitro-
gen atom assigned to an imidazole group and three other light

single-bonded nitrogen or oxygen atoms (Fig. 2 and Table II).
The consistent distance values of 1.97 � 0.01 Å are as expected
for a Cu(II)-nitrogen coordination (47). Further refinement of
the oxygen/nitrogen magnitude is prevented by the high simi-
larity of the nitrogen and oxygen backscattering amplitude as

FIG. 1. Normalized copper K-edge x-ray absorption spectra of
Cu(II) bound to selected synthetic peptides of �HuPrP-(23–231)
and �ChPrP-(24–249). Displayed traces correspond to the following
complexes: a, Cu(II) HuPrP-(60–67); b, Cu(II) HuPrP-(60–83); c, Cu(II)
HuPrP-(60–91); d, Cu(II) ChPrP-(53–58); e, Cu(II) ChPrP-(53–64); f,
Cu(II) ChPrP-(53–70); g, Cu(II) ChPrP-(53–76).

FIG. 2. EXAFS spectra (A) and their Fourier transforms (B) of
Cu(II) in complex with synthetic peptides derived from
�HuPrP-(23–231). The experimental data (black lines) and the model
for the backscattering contributions of the nearest atoms obtained by
EXCURV 9.20 analysis (red lines) are depicted. �, EXAFS amplitude; k,
photoelectron wavenumber; r�, metal-ligand distance corrected for first
shell phase shifts; FT, Fourier transform amplitude. For abbreviations
of the Cu(II) octarepeat complexes, see the Fig. 1 legend.

FIG. 3. EXAFS spectra (A) and their Fourier transforms (B) of
Cu(II) in complex with synthetic peptides derived from
�ChPrP-(24–249). The experimental data (black lines) and the model
for the backscattering contributions of the nearest atoms obtained by
EXCURV 9.20 analysis (red lines) are shown. �, EXAFS amplitude; k,
photoelectron wavenumber; r�, metal-ligand distance corrected for first
shell phase shifts; FT, Fourier transform amplitude. For abbreviations
of the Cu(II) hexarepeat complexes see the Fig. 1 legend.

FIG. 4. Difference spectra of the experimental EXAFS data.
Displayed traces correspond to the Cu(II) complexes of synthetic pep-
tides derived from �HuPrP-(23–231) (traces a-b and a-c) and �ChPrP-
(24–249) (traces d-e, d-f, and d-g). Furthermore, the difference spectra
of the human and chicken monorepeats (trace a-d) and tetrarepeats
(trace c-g) are displayed. �, EXAFS amplitude; k, photoelectron wave-
number. For abbreviations of the Cu(II) peptide complexes see Fig. 1.
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well as phase functions. The optimal R-factor of 0.28 increased
significantly if the coordination number was modified further,
suggesting a four-atom copper coordination for the single oc-
tarepeat peptide.

Utilizing the parameters calculated for the monorepeat, a
comparable but slightly different tetragonal Cu(II) coordina-
tion was proposed by fitting the EXAFS signals of the Cu(II)
HuPrP-(60–83) and Cu(II) HuPrP-(60–91) complexes inde-
pendently. The data obtained from these complexes, which
contain a higher number of octarepeat copies, support the
coordination of two imidazole groups to a single Cu(II) ion.
Thereby, the amount of oxygen/nitrogen ligands is reduced
without affecting the coordination number (Fig. 2). The refined
distance values are summarized in Table II and are in the
expected range. The marginal variation of the corresponding
R-factors is caused by minor differences in the signal-to-noise
ratios of the detected spectra.

In addition, the assumption of an additional Cu(II) coordi-
nation by a remote oxygen ligand (e.g. from a water molecule)
did not result in a significant decrease of the associated R-
factors for all human octarepeat Cu(II) complexes (see supple-
mental data in the on-line version of this article). The excep-
tionally high Debye-Waller factors obtained for these scenarios
indicate that such coordination is unlikely. However, it cannot
be fully rejected.

Cu(II) Site Geometry in the Chicken Hexarepeat Complexes at
pH 6.5—In contrast to the human Cu(II)-complexes, the de-
tailed analysis of the EXAFS difference spectra of Cu(II)
ChPrP-(53–58), Cu(II) ChPrP-(53–64), Cu(II) ChPrP-(53–70),
and Cu(II) ChPrP-(53–76) suggested an almost identical Cu(II)
coordination sphere among the chicken repeat complexes at pH
6.5 (Fig. 4, traces d-e, d-f, and d-g). On the other hand, com-
parison with spectra of the human mono-octarepeat and tetra-
octarepeat Cu(II) complexes showed significant differences in
the low frequency region, where the imidazole groups mainly
contribute (Fig. 4, traces a-d, c-g). The increased amplitude of
the outer shell peaks observed in the corresponding Fourier
transform spectra are, most probably, connected with changes
in the magnitude and orientation of coordinated histidine side
chains (46).

The EXAFS data of the Cu(II) ChPrP-(53–58) complex were
initially fitted using the geometric parameters previously de-
termined for the human mono-octarepeat as a starting model.
The best results were again obtained considering a tetragonal
assembly of ligands at a distance of 1.98 � 0.01 Å. For this
configuration, the R-factor improved significantly after re-
placing one light oxygen/nitrogen atom from the first shell by
contributions of an additional imidazole group. Therefore, the
postulated coordination sphere contains two imidazole groups

and two light oxygen/nitrogen atoms (Fig. 3 and Table II).
Considering the experimental standard deviations, this model
is appropriate for all Cu(II) chicken hexarepeat complexes.
Consequently, almost identical Cu(II) binding geometry and
coordination were expected for all chicken hexarepeats. Again,
the coordination of an additional remote axial oxygen ligand
appears to be rather unlikely, although it cannot be fully ex-
cluded for chicken complexes at pH 6.5 as well (see supplemen-
tal data in the on-line version of this article).

DISCUSSION

Our results suggest that the structure of Cu(II) binding to
the selected human octarepeat peptides differs only in the
amount of involved histidine residues, depending on the num-
ber of repeat copies present within a single peptide. This is
indicated by the EXAFS data and by the qualitative analysis of
the corresponding x-ray absorption near-end structure pattern.
Moreover, the essential mode of copper binding to the octare-
peats of human PrPC at pH 6.5 was found to be highly con-
served regarding the already established models proposed for a
pH of 7.4 (27, 34, 35). This suggestion is initially supported by
the fundamental agreement of the simulated solution structure
of the Cu(II)-HuPrP-(60–67) complex (Fig. 5A) containing the
mono-octarepeat sequence with the crystallographic model of
the Cu(II)-HGGGW complex determined at physiological pH
conditions (11). Both structures consistently indicate an intra-
repeat Cu(II) motif that involves the equatorial coordination of
a single His residue as well as three nitrogen/oxygen ligands
provided by the peptide backbone. Taking into account the
sterical constraints caused by the planarity of the peptide
chain, the nitrogen/oxygen-atoms observed by EXAFS most
likely correspond to the ligands determined in the crystallo-
graphic structure (11). Consequently, the coordination pattern
of the Cu(II) ion was apparently not affected by the slightly
acidified conditions, indicating that the reported pH depend-
ence of copper binding to PrP (28, 30) becomes significant at pH
values below 6.5.

On the other hand, a conversion of the intra-repeat to an
inter-repeat Cu(II) site was supposed within the Cu(II) com-
plexes of human peptides containing three and four octare-
peats. Considering the sub-stoichiometric copper concentra-
tion, this observation is again consistent with a model of
cooperative Cu(II)-binding proposed at pH 7.4 (35). The com-
parable inter-repeat site geometry is featured by the direct
engagement of two His residues in equatorial positions,
whereas a tetragonal coordination sphere is most likely re-
tained (Fig. 5B). According to previous investigations, which
support the similarity of Cu(II) binding to peptides containing
four octarepeats as well as to PrPC, the observed inter-repeat

TABLE II
EXAFS refinement parameters of the best fitting structural models for Cu(II) ions in complex with

synthetic peptides derived from �ChPrP-(24–249) and �HuPrP-(23–231)
EXAFS spectra were analyzed using the EXCURV 9.20 program package (43). N, number of atoms; r, distance; 2� ²DW, Debye-Waller parameter;

� EF, shift of the Fermi energy with E0 � 8979 eV; R, R-factor; NHIS, number of His residues coordinated to Cu(II). Values in parenthesis represent
the 2� error level. For EXAFS refinement parameters of structural models assuming additional remote oxygen ligands, see the supplemental data
in the on-line version of this article.

Cu(II) complexes Ligands N r 2�²DW �EF Ra NHIS

Å Å2 eV %

ChPrP-(53–58) Cu-N/O 4 1.98(1) 0.005(2)b �8(1) 34.4 2.0(3)
ChPrP-(53–64) Cu-N/O 4 1.97(1) 0.008(2)b �8(1) 21.0 2.0(2)
ChPrP-(53–70) Cu-N/O 4 1.97(1) 0.007(1)b �8(1) 30.9 2.3(4)
ChPrP-(53–76) Cu-N/O 4 1.98(1) 0.007(3)b �8(2) 24.4 2.1(2)
HuPrP-(60–67) Cu-N/O 4 1.97(1) 0.008(2)b �9(1) 28.1 1.3(3)
HuPrP-(60–83) Cu-N/O 4 1.98(1) 0.006(1)b �9(2) 32.1 2.1(2)
HuPrP-(60–91) Cu-N/O 4 1.96(2) 0.009(3)b �8(1) 28.9 1.8(2)

a The R-factor reflects the goodness of the fit.
b Constrained to have the same value during refinement for similar atom types.
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coordination geometry is presumably also applicable to the
full-length prion protein (30, 33, 35).

Furthermore, we have to point out that the majority of stud-
ies report a penta-coordination of Cu(II) in the intra- as well as
in the inter-repeat geometry, considering the presence of an
additional axially bound solvent water molecule at a distance of
�2.4 Å (11, 35). Because of the relatively low contributions of
an outer shell ligand to the EXAFS signal, we cannot exclude a
penta-coordination geometry of the Cu(II) ions via solvent. In
fact, the presence of an additional remote water ligand does not
alter the proposed structural models significantly. However,
based on the present refinement data, the coordination of fur-
ther remote oxygen ligands appears to be rather unlikely.

Despite the observation that Cu(II) also binds specifically to
the hexapeptide repeats (PHNPGY) located in the N-terminal
region of the chicken PrP (14), so far only minor attention has
been paid to analyzing these hexapeptide Cu(II) binding motifs
of avians. Therefore, no detailed structural models character-
izing the exact Cu(II) coordination have been proposed to date.
Most striking is the altered sequence of these hexarepeats
compared with human octarepeats. Because of the remarkably
high proportion of proline residues, a structure that is not
characteristic for random coil is proposed for the copper-free
form of the avian PrP repeats (31, 34). Based on sterical con-
straints, Pro residues are also known to act as “break-points” in
the coordination of donor centers of the peptide chain to metal
ions (49). In particular, the presence of Pro at position 4 in the
chicken hexapeptide excludes the involvement of a second am-
ide nitrogen in the Cu(II) coordination, as is observed for mam-
malian mono-octarepeats (11, 27, 34, 35). As a result, the
coordination of Cu(II) to the chicken hexapeptides is supposed
to follow a different specific pattern (34, 36).

Initially, these restraints are in agreement with our reported
results. A Cu(II) binding geometry close to the intra-repeat
motif of the human mono-octarepeat was not supported by our
investigations. On the contrary, all Cu(II) complexes of the
chicken hexarepeats consistently showed an almost identical
tetragonal Cu(II) coordination apparently involving two histi-
dine residues to bind one copper ion. Based on the similar x-ray
absorption near-end structure spectra, we suggest that this
Cu(II) coordination is almost comparable with the inter-repeat
binding site of the human peptides, considering the modifica-
tion that the required amide nitrogen atoms are most probably
provided by the adjacent asparagine residues. The coordination
of other ligands, including the phenolate oxygen atom of tyro-
sine, is unfavorable because of sterical constraints. The pro-
posed model for Cu(II) binding (Fig. 5C), which can be both
intramolecular and intermolecular in the full-length chicken
PrP, is also supported by circular dichroism experiments (34).

In conclusion, considering the pH of 6.5 as well as the sub-
stoichiometric copper concentrations, we propose almost iden-
tical coordination spheres for Cu(II) ions bound to human and
chicken prion peptides containing more than two repeat copies,

which is consistent with the model of Cu(II) sites proposed for
human PrPC at a pH of 7.4 (35). This remarkable result is most
likely depending on the available copper concentration. With
regard to human PrP, a cooperative Cu(II) binding process is
observed at pH 7.4 (11, 28, 34), which is reflected by the
formation of a high number of intra-repeat sites once the cop-
per content is increased up to full site occupancy (35). This
characteristic feature is potentially preserved together with
the overall ligand geometry in human PrP at pH 6.5. However,
intra-repeat Cu(II) binding modes are assumed to be prevented
in chicken PrP because of the additional proline residue within
the hexarepeat sequence. Consequently, the copper coordina-
tion is supposed to differ significantly between the fully cat-
ion-loaded human and chicken PrPs. This assumption is in
agreement with investigations performed at high copper con-
centrations, which reported a significantly reduced number of
copper ions bound to chicken PrP compared with human PrP
(31, 34).

The analysis of the prion copper binding sites provides a
structural basis for a putative pH-dependent molecular switch
that governs the uptake and release of Cu(II) within the pro-
posed copper metabolism (9–11). Our results evolved at a pH of
6.5, which is close to conditions in the endocytic compartments
of neuronal cells where the Cu(II) is potentially released, clos-
ing the gap between the detailed structural models determined
at pH 7.4 and the studies performed at pH 6.0 (48). In addition,
the reduced ability of copper binding suggested for the chicken
PrP at high Cu(II) concentrations in the environments of mem-
brane rafts is highly indicative of different physiological func-
tions of human and chicken prion proteins. Furthermore, the
absence of prion diseases in chicken, which are shown to be
closely associated with changes of the copper content within
the neuronal cells (15–17), appears to be related to the differ-
ences in the Cu(II) coordination between human and avian
prion proteins.
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