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ABSTRACT Evidence is growing to support a functional
role for the prion protein (PrP) in copper metabolism. Copper
ions appear to bind to the protein in a highly conserved
octapeptide repeat region (sequence PHGGGWGQ) near the
N terminus. To delineate the site and mode of binding of
Cu(II) to the PrP, the copper-binding properties of peptides
of varying lengths corresponding to 2-, 3-, and 4-octarepeat
sequences have been probed by using various spectroscopic
techniques. A two-octarepeat peptide binds a single Cu(II) ion
with K4 ~ 6 uM whereas a four-octarepeat peptide coopera-
tively binds four Cu(II) ions. Circular dichroism spectra
indicate a distinctive structuring of the octarepeat region on
Cu(II) binding. Visible absorption, visible circular dichroism,
and electron spin resonance spectra suggest that the coordi-
nation sphere of the copper is identical for 2, 3, or 4 octare-
peats, consisting of a square-planar geometry with three
nitrogen ligands and one oxygen ligand. Consistent with the
pH dependence of Cu(Il) binding, proton NMR spectroscopy
indicates that the histidine residues in each octarepeat are
coordinated to the Cu(Il) ion. Our working model for the
structure of the complex shows the histidine residues in
successive octarepeats bridged between two copper ions, with
both the Ne2 and N&1 imidazole nitrogen of each histidine
residue coordinated and the remaining coordination sites
occupied by a backbone amide nitrogen and a water molecule.
This arrangement accounts for the cooperative nature of
complex formation and for the apparent evolutionary require-
ment for four octarepeats in the PrP.

Prion diseases are a novel class of neurodegenerative diseases,
including scrapie in sheep, bovine spongiform encephalopathy
in cattle, and Creutzfeldt-Jacob disease in humans (1). A new
variant form of Creutzfeldt-Jacob disease has been reported
that is thought to be caused by the ingestion of infected beef
(2, 3). A variety of biochemical, biophysical, cell biologic, and
transgenetic experiments have indicated that the critical patho-
genic event in prion disease is the misfolding of a benign
cellular prion protein (PrPC) to form the infectious disease-
causing isoform, the scrapie isoform of PrP (4-7).

Until recently, little has been known about the normal
function of PrP¢ in the brain. There is now a body of evidence
to indicate a role for PrPC in copper metabolism. Mice
deficient in PrP€ showed a >10-fold reduction of copper in a
microsomal fraction from brain relative to wild-type mice and
a reduction in activity of Cu/Zn superoxide dismutase (8). It
also has been shown that cerebellar cells from mice deficient
in PrP€ are more sensitive to copper toxicity and oxidative
stress (9).
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Mature Syrian hamster PrP€ is a glycoprotein containing
two N-linked carbohydrates and one disulfide bridge. Post-
translational processing results in the cleavage of a 22-residue
leader sequence and the C-terminal tail after the attachment
of a glycosylphosphatidylinositol anchor to serine 231. The
solution structures of the mouse prion protein fragment,
PrP(121-231) (10, 11), and of Syrian hamster PrP(90-231)
(12) have been reported. The sequence of PrP(90-231) cor-
responds to the protease-resistant core of the scrapie isoform
of PrP (PrP27-30), which can mediate prion disease.

The secondary structure of the full length Syrian hamster
PrP(29-231) has been determined, and the dynamic properties
of the protein backbone have been measured (13). The sec-
ondary structural elements of the full length apo PrP(29-231)
are identical to those of PrP(90-231). The N-terminal half of
the apoprotein, residues 29-124, is unstructured, with consid-
erable backbone flexibility (13). Residues 51-91 contain an
unusual glycine-rich repeat every eight residues; this sequence
is termed the octarepeat region. Residues 60-91 consist of four
octarepeat sequences (PHGGGWGQ)4, and residues 51-59
have a homologous sequence but lack the histidine residue
(PQGGGTWGAQ). The octarepeat region is among the most
conserved parts of PrP in mammals (14), and analogous
sequences are present in other prion proteins: for example, the
seven hexameric repeats found in chicken PrP (14). Some cases
of prion disease have been linked to the presence of additional
octarepeat sequences (15).

As early as 1992, it was suggested that the octarepeat region
of the prion protein, rich in histidine residues, may have a role
in binding transition metal ions (16). In fact, a copper-
containing affinity column was essential for the purification of
full length PrP€ (17). Studies of peptide fragments correspond-
ing to the octarepeat region using x-ray fluorescence indicated
Cu(II) binding with a K4 of 6.7 uM (18). The full length protein
has a similar affinity for Cu(II), (Kq = 14 uM) (19). However,
there is disagreement in the literature as to the number of
Cu(II) ions that bind PrP€ with high affinity, with stoichiom-
etries varying between 1.8 and 5.6 = 0.4 (8, 19). In addition,
there is little understanding of the structural nature of the
copper complex. It is likely that PrPC has a role in copper
metabolism, and it is the aim of our work to investigate the
manner in which the prion protein binds Cu(II).

MATERIALS AND METHODS

Preparation of Proteins and Peptides. Peptides were syn-
thesized by using fluorenylmethoxycarbonyl chemistry on a
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PerSeptive Biosystems (Framingham, MA) Pioneer peptide syn-
thesizer. After removal from the resin and deprotection, the
samples were purified by using reverse phase HPLC and were
characterized by using mass spectrometry and '"H NMR. All
peptides were blocked at the N terminus with an acetyl group and
at the C terminus with an amide. Recombinant Syrian hamster
PrP(29-231) and PrP(90-231) were expressed and purified as
described (13, 20). Peptide and protein concentrations were
determined by using the extinction coefficient at 280 nm, which
was calculated for the octarepeat peptides by using 5,609
M~ l-em™! multiplied by the number of tryptophan residues (21).
The pH was measured before and after each spectrum was
recorded.

Titration of Metal Ions. A number of different metal ions were
added to the octarepeat peptides by using aliquots from stock
aqueous solutions of CuSOy, NiCl,, ZnCl,, CoCl,, and CdCl,.
Some buffers affect Cu(II) binding to the prion peptides: it was
found that Tris buffer competes successfully for Cu(II). The
presence of 20 mM Tris buffer at pH 7.5 will completely remove
Cu(II) from PrP(51-75) as judged by the circular dichroism (CD)
spectrum. Phosphate, acetate, and N-ethylmorpholine buffers
were found not to interfere with the Cu(II) binding to the
octarepeats. Sodium azide 0.1% (used to inhibit proteolysis of the
full length protein) was found not to affect the CD spectrum of
Cu(II)[PrP(51-75)]. The addition of Cu(II) to the octarepeat
peptides greatly reduces the solubility of the peptides. Typically,
the octarepeat peptides were found to be soluble at S mM at pH
7.4; on addition of Cu(II), the peptides became insoluble, but the
precipitated material could be redissolved by lowering the con-
centration to <0.5 mM.

NMR Spectroscopy. 'H NMR experiments were carried out on
Bruker (Billerica, MA) AMX spectrometers at 500 MHz. Two-
dimensional nuclear Overhauser effect, total correlation, and
double quantum filtered correlated spectra were acquired in 90%
H,0/10% D,0 at 10°C by using the watergate method for solvent
suppression (22). Nuclear Overhauser effect spectra were ac-
quired with mixing times of 200 ms. Total correlation spectra
were obtained with a DIPSI2 spin lock period (23) of 60-ms
duration (7 kHz power).

CD. CD spectra were recorded at 22°C on an Aviv (Lakewood,
NJ) 61DS spectropolarimeter. Typically, a 0.1-cm path-length cell
was used for spectra recorded between 185 and 260 nm, with
sampling points every 0.5 nm. A 1-cm cell path length was used
for data between 290 and 760 nm, with a 1-nm sampling interval.

Absorption Spectroscopy (UV/Visible). UV /visible elec-
tronic absorption spectra were obtained with a Hewlett—
Packard 8453 spectrophotometer, using a 1-cm path length.

Electron Spin Resonance (ESR) Spectroscopy. X-band ESR
spectra (9.526 GHz) were measured at liquid nitrogen and liquid
helium temperatures by using a Bruker EMX spectrometer.

Binding Curves. Plots of Y vs. [free Cu?*], 1/Y vs. 1/[free
Cu?*], and a Scatchard plot Y/[free Cu?*] vs. Y were used to
analyze the binding of Cu(II) to the peptides, where Y = [bound
Cu(I)]/[total peptide (free + bound)]. [Bound Cu?"] was cal-
culated by using the intensity of CD bands at 570 or 222 nm.

RESULTS

Design of Peptides. Octarepeat peptides synthesized contain-
ing 2, 3, and 4 histidines included PrP(51-75) (2-His) PQGGG-
TWGQPHGGGWGQPHGGGWGQ, PrP(73-91) (2-His)
WGQPHGGGWGQPHGGGWGAQ, PrP(76-86) (2-His) PHG-
GGWGQPHG, PrP(66-91) (3-His) GOPHGGGWGQPHGG-
GWGQPHGGGWGAQ, and PrP(58-91) (4-His) GOPHGGGW-
GQPHGGGWGQPHGGGWGQPHGGGWGQ.

Addition of Cu(Il) to the Octarepeat Peptides. The CD
spectrum of PrP(51-75) in the absence of Cu(II) had a strong
negative band at 200 nm and a weak positive band at 225 nm.
As CuSOy was titrated into the peptide solution at pH 7.4, the
band at 200 nm decreased in intensity, and a new band
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appeared at 222 nm, reaching a maximum negative per-residue
ellipticity of 3,000 deg cm?>dmol~!. After the addition of 1
mole-equivalent of Cu(II), further additions of Cu(II) had no
effect on the CD spectrum. There was a clear isodichroic point
at 212 nm. The octarepeat peptide containing four His resi-
dues, PrP(58-91), behaved similarly, but the intensity of the
band at 222 nm reached a maximum only after 4 mole-
equivalents of Cu(II) were added (Fig. 14). The maximum
negative per-residue ellipticity for Cus[PrP(58-91)] was 6,850
deg cm*dmol~! at 222 nm, and the maximum positive ellip-
ticity at 204 nm was 3,400 deg cm>dmol~".

On addition of Cu(II) to each peptide, a visible absorption
band appeared at 625 nm, with an extinction coefficient of ~40
M~ l-ecm™! for PrP(51-75), pH 7.4, 1 mole-equivalent Cu(II).
An intrinsic ellipticity is associated with this absorption band,
centered at 625 nm, with a positive band at 570 nm and a
negative band at 670 nm (Fig. 1B). An additional positive band
at 340 nm behaved similarly to the band at 570 nm.

The intensity of the CD band at 570 nm is plotted vs. Cu(1I)
concentration for octarepeat peptides of different lengths
containing 2-, 3-, and 4-His residues in Fig. 24. The maximum
positive molar ellipticity at 570 nm was 3,220 deg cm?dmol !
for the 2-His peptide and 12,400 deg cm>dmol~! for the 4-His
peptide, ~4X larger. For the 2-His peptides, the intensity
increased with [Cu?*] almost linearly between 0 and 1 mole-
equivalent Cu(II) added; further additions of Cu(II) had no
effect on the intensity. For the peptide containing three
histidines, PrP(66-91), the 570-nm maximum reached a pla-
teau after 3 mole-equivalents of Cu(II) were added whereas,
for the four-octarepeat peptide PrP(58-91), the stoichiometry
was clearly 4 Cu:1 peptide. A plot of Y = {[bound Cu(II)]/
[total peptide (free + bound)]} vs. [free Cu?*] and a double-
reciprocal plot [1/Y vs. 1/(free Cu?*)] for binding of Cu(II) to
PrP(51-75) at 0.034 mM peptide concentration indicated a K4
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Fic. 1. (4) UV CD spectrum (180-260 nm) of PrP(58-91) (0.032
mM, pH 7.5, no buffer) with the addition of Cu(II) in increments of
0.33 mole-equivalents of CuSO4 from 0 (light blue) up to 7 mole-
equivalents (orange). (B) Visible CD spectrum (300-750 nm) of
PrP(58-91) (0.033 mM, pH 7.5, no buffer) with the addition of Cu(II)
in increments of 1.0 mole-equivalent of CuSO4 from 0 (light blue) up
to 6 mole-equivalents (orange). The curves for 1, 3, and 7 mole-
equivalents are represented as single points at 570 nm.
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FiG. 2. (A4) Cu(Il) binding curves: molar ellipticity at 570 nm with
increasing amounts of Cu(Il), pH 7.5. @, 2-His peptide, PrP(51-75)
(0.34 mM). @, 3-His peptide, PrP(66-91) (0.021 mM). A, 4-His peptide,
PrP(58-91) (0.033 mM). (B) pH dependence of the ellipticity at 570
nm for PrP(58-91). The pH dependence curve has been fitted to the
following equation: Agohs = {Agacia[HT]" + Aepase[H'] Kz }/
[H]™ + K3}, where n = Hill coefficient and K, = acid dissociation
constant for the transition. The midpoint of the transition is pH 6.7.

of ~6 puM. The intensities of signals from the three- and
four-octarepeat peptides appeared to increase cooperatively
with increasing amounts of Cu(II). Scatchard plots gave strong
positive deviation for both peptides, indicating a positive
cooperativity. For PrP(58-91), 3.3 copper ions bound coop-
eratively, and, for PrP(66-91), 2.4 Cu(II) bound cooperatively.
No cooperativity is seen for any of the 2-His containing
peptides. Metal binding to the octarepeat peptides was highly
specific for Cu(II). The addition of 10 mole-equivalents of
Ni(II), Co(II), Zn(II), or Cd(II) to 0.04 mM solutions of
PrP(51-75) at pH 7.4 caused no changes in the far-UV CD
spectra.

pH Dependence of the Copper—Peptide Interaction. The CD
and absorption spectra of the octarepeat peptides in the
presence of Cu(II) were strongly pH-dependent. The CD band
at 222 nm was not observed below pH 6; above pH 6, the
intensity of the negative ellipticity increased cooperatively,
reaching a maximum at pH 7.8 and above. The absorption
spectrum of PrP(51-75) below pH 6 in the presence of 1
mole-equivalent of Cu(II) showed only a broad weak band at
800 nm, characteristic of CuSOy in water. As the pH was raised
from 6 to 7.4 the band at 800 nm disappeared and a band at
625 nm increased in intensity. As the pH was raised still
further, the absorption band at 625 nm shifted to a slightly
lower wavelength, with the maximum absorption shifting to
580 nm at pH 9. The pH dependence of the CD band at 570
nm for PrP(58-91) is shown in Fig. 2B. The midpoint of the pH
dependence of the signal at 570 nm was 6.7, with a Hill
coefficient of 2.2. For the 2-His peptide PrP(51-75), the
midpoint was 7.0, with a Hill coefficient of 1.0.

ESR. The environment of Cu(II) in the complex with the
prion peptides can be deduced from the ESR spectrum. Fig. 3
shows ESR spectra of PrP(58-91) with 1, 2, and 3 mole-
equivalents of Cu(II) added at pH 7.4. The three ESR spectra
are essentially identical, with g, of 2.05 * 0.005 and gj of 2.26;
the hyperfine splitting a is 184 gauss. Fig. 3 also shows the ESR
spectrum of PrP(73-91) with 0.8 mole-equivalents of Cu(II)
added at pH 7.4; this spectrum is very similar to that of the
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Fic. 3. X-band ESR spectra of 1, 2, and 3 mole-equivalents of
Cu(II) added to PrP(58-91). A spectrum of 0.8 mole-equivalents of
Cu(II) added to PrP(73-91) also is shown. Samples were buffered with
10 mM N-ethylmorpholine HCI, and spectra were acquired at 5 K.

Cu(II) complex with PrP(58-91), with g, of 2.05 and a slightly
smaller gy of 2.25. The hyperfine splitting a; is 186 gauss.
Spectra at pH 6.6 and 7.7 were identical to those at pH 7.4.
X-band ESRs (9.536 Hz) at liquid helium and nitrogen tem-
peratures were unsuccessful in resolving ligand super-
hyperfine splitting.

Proton NMR. The effects of Cu(Il) on the 'H NMR
spectrum of a number of peptides [PrP(51-75), PrP(73-91),
PrP(76-86), and PrP(58-91)] were studied to determine the
nature of the copper binding sites. A combination of two-
dimensional total correlation spectroscopy, double quantum
filtered correlated spectroscopy, and nuclear Overhauser ef-
fect spectroscopy was used to assign the 'H resonances in the
absence of Cu(II). The addition of small amounts of CuSO4 to
PrP(51-75) caused differential broadening of resonances,
which provided an indication of the location of copper binding
in the peptides. The effects of Cu(Il) addition on the 'H NMR
spectrum of PrP(76-86) are shown in Fig. 4. There was a
general increase in the linewidth of all resonances with in-
creasing Cu(II) concentration. The Hel, H62, HB, and Ha
resonances of both His residues were broadened significantly
more than other resonances. For example, the two well re-
solved Hel His resonances were broadened from an ~3-Hz
line width (at half height) to 13 Hz after the addition of 0.0066
mole-equivalents of Cu(II). The addition of the same amount
of Cu(II) caused the linewidths of the Gln and Trp resonances
to be increased by only ~1 Hz; for example, the Trp Hel
resonance increased from 4.7 Hz to 5.5 Hz. The resonances of
the two His Ha were overlapped, so it was not possible to
determine whether the observed broadening arose from one or
both of these resonances. The backbone amide resonances of
the two histidines were broadened slightly more than other NH
resonances (~2 Hz). After the addition of 0.15 mole-
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Fic. 4. 'H NMR stack plot showing the effects of addition of
Cu(II) to PrP(76-86) (0.5 mM in 90/10% H>0O/D-0, pH 7.4, and 10
mM phosphate buffer at 10°C). The CuSO4 was added in aliquots of
0.0033 mole-equivalents up to 0.02 mole-equivalents. The spectral
width for each panel is 150 Hz.
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equivalents Cu(II), the Hel and H62 resonances were so broad
that they were indistinguishable from the baseline whereas
other resonances remained relatively sharp. There was no
significant broadening of the Gly Ha resonances in any of the
PrP peptides containing two His residues. Resonances as-
signed to proline were relatively unaffected by Cu(II) addition
(Fig. 4). By contrast, similar additions of Cu(II) up to 1.5
mole-equivalents to the 4-His peptide, PrP(58-91), resulted in
a general broadening of the entire spectrum, with little dif-
ferential effect on particular resonances.

Full Length PrP(29-231). It proved difficult to study the
effect of copper addition on the full length prion protein.
Although apo PrP(29-231) remained in solution even at quite
high concentrations (1 mM) at pH 5.5, raising the pH to 7.4,
a pH at which Cu(II) is fully bound to the peptides, caused the
protein to precipitate. Binding of Cu(II), as demonstrated by
the appearance of the characteristic CD bands centered at 625
nm [as seen in the peptide-Cu(II) complexes] was observed by
gradually raising the pH of a Cu(II)-protein solution at pH 5.3.
The addition of only 4 molar equivalents of Cu(II) did not give
detectable visible CD bands at pH 6.5; additional Cu(II) (10
mole-equivalents) was necessary for these bands to be ob-
served. Fig. 5 shows the visible region of the CD spectra for
PrP(29-231) at pH 5.3, 6.2, and 6.5 after the addition of 25
mole-equivalents Cu(II). The CD bands and the pH depen-
dence are very similar to those observed for the octarepeat
peptides (Fig. 1B). The molar extinction coefficient at 570 nm
of 2,200 deg cm?*dmol~! (at pH 6.5) is very similar to that
observed for the PrP(58-91) peptide at a comparable pH.
Raising the pH above pH 6.7 resulted in loss of signal because
of precipitation of the protein.

DISCUSSION

Stoichiometry and Binding Affinity. The published litera-
ture on Cu(II) binding to PrPC (17-19) confirms the specificity
of the PrP-Cu(II) interaction. Earlier work showed that full
length PrP€ but not N-terminally truncated PrPC-11 could be
purified on a copper affinity column (17) and that the oct-
arepeat region [PrP(58-91)] was the focal point of Cu(II)
binding (18). Building on these results, we have studied the
binding of Cu(II) to a number of PrP fragments in the
octarepeat region, using a variety of spectroscopic techniques.
It is clear from the copper binding saturation curves, which
monitor the CD band at 570 nm, that the octarepeat peptides
containing two His residues all saturate with Cu(II) after 1
mole-equivalent is added. Our measured Ky for the complex of
Cu(II) with PrP(51-75) of ~6 uM is in good agreement with
fluorescence and equilibrium dialysis studies that indicate a K4
between 6.7 and 14 uM (18, 19).

The octarepeat peptides PrP(51-75), PrP(73-91), and
PrP(76—-86) all contain two histidine residues and all bind a
single Cu(II) ion. On this basis, one might have expected the
PrP(58-91), which contains four histidines, to bind two Cu(II)
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FiG. 5. CD spectrum (300-750 nm) of full length PrP(29-231)
after the addition of 25 mole-equivalents of Cu(II) at pH 5.3, 6.2, and
6.5 in N-ethylmorpholine buffer.
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ions. However, the binding curves indicate that four Cu(II)
ions are bound tightly at a peptide concentration of 0.03 mM
and pH 7.4 whereas the 3-His-containing peptide, PrP(66-91),
binds three Cu(II) ions.

The stoichiometry of Cu(II) binding to the full length PrP is
unclear from the literature. Equilibrium dialysis studies indi-
cate saturation of PrP(29-231) by Cu(II) after the addition of
~1.8 Cu(II) (19) whereas others have reported saturation after
5.6 (£0.4) mole-equivalents of Cu(II) (8) were added to the
N-terminal domain. The key factor in these different obser-
vations appears to be the pH. The equilibrium dialysis study
was performed at pH 6.2, a pH at which our studies indicate
that the octarepeat peptides have less than optimal Cu(II)
binding. We suggest that four Cu(II) ions bind tightly to the
octarepeat region of PrP at pH 7.4 and that protonation of one
or more imidazoles at pHs between 6.0 and 7.4 decreases the
number of effective Cu(II) binding sites. There may be other
binding sites elsewhere in the protein, particularly in the
regions that are unstructured in the apoprotein between
residues 90-125. No obvious Cu(II) coordination sites are
apparent in the structured domain of the protein from the
positions of potential Cu(II) binding ligands in the solution
structure (10, 12). The high levels of Cu(II) required to
observe the visible CD spectrum characteristic of complex
formation in the full length protein may be attributable to the
necessity for studying PrP(29-231) at pHs below the optimum
for Cu(II) binding. Competition from nonspecific Cu(II) bind-
ing sites elsewhere on the protein at these pHs also may play
a role.

pH as an Important Variable. The binding of Cu(II), both
to the octarepeat peptides and to the full length protein, is
strongly pH-dependent. Below pH 6, copper does not bind
tightly to the PrP peptides; raising the pH to 6.7 resulted in half
the copper sites being bound. A pH dependence centered at 6.7
suggests the involvement of histidine in the coordination of the
Cu(Il); this was confirmed by the NMR data. The Hill
coefficient of 2.2 observed for binding of Cu(Il) to the
four-histidine peptide PrP(58-91) reflects the sharp cooper-
ative transition between fully bound copper at pH 7.4 and
above and no copper binding below pH 6. The binding of
Cu(II) to PrP(29-231) has been studied by using tryptophan
fluorescence emission and also was found to be pH-dependent
(19). However, the center of the transition reported was
approximately one pH unit lower than we observed with the
octarepeat peptides. This discrepancy probably arose in part
from the low solubility of PrP(29-231) at pH >6.5. The study
also may have been complicated by the pH dependence of the
Trp fluorescence emission itself, irrespective of the presence of
Cu(II).

Conformation Change in the Presence of Cu(Il). All of the
octarepeat peptides are unstructured in solution in the absence
of Cu(II), as expected in view of the highly unstructured nature
of this region of apo PrP(29-231) (13). Changes in the far-UV
CD spectrum on addition of Cu(II) indicate the formation of
structure with a reduction in the negative ellipticity at 200 nm
characteristic of unstructured peptides, an increase in a neg-
ative CD band at 222 nm, and the development of a positive
band at 204 nm. These changes in the CD spectrum are
indicative of structure formation but are not consistent with
a-helix or B-sheet conformation; they are more characteristic
of turns and structured loops. Raman spectroscopic studies on
octarepeat peptides suggest copper-dependent a-helix forma-
tion (24); our CD results are clearly not consistent with this. A
published CD study of the binding of Cu(II) to the octarepeat
peptides (18) failed to discern an increase in structure on
addition of Cu(II). We suggest that these results are inconsis-
tent with ours because of the use of Tris buffer in the previous
study. Our studies (data not shown) indicated that Tris com-
petes successfully with the octarepeat peptides for copper at
pH 7.4.
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Ligands involved in Cu(II) Coordination. Cu(II) can adopt
a range of coordination geometries in proteins and peptides
and will coordinate to nitrogen, oxygen, or sulfur ligands. The
ESR spectra of the PrP peptides are typical for the type II class
of Cu(Il) protein complexes with tetragonal coordination
geometry, either square-planar or square-planar with weak
axial ligands. The g and a values can give insights into the type
of ligands involved. A g of 2.26 and an aj of 184 gauss are most
typical of a three-nitrogen and one-oxygen [3N, 10] coordi-
nation site, although a [4N] or [2N, 20] coordination geometry
cannot be ruled out (25). For example, the Gly-His-Lys
tri-peptide forms a [3N, 10] square-planar Cu(II) complex
(26) (with a weak axial ligand), and the ESR spectrum (27) is
very similar to that observed for Cu-PrP. The ESR spectra with
increasing mole-equivalents of Cu(II) added to PrP(58-91)
have a single set of identical g factors and hyperfine splitting;
we therefore conclude that all four of the Cu(II) sites within
the Cuy[PrP(58-91)] complex have identical coordination
geometry.

The slow electron spin relaxation of the paramagnetic Cu(II)
resulted in marked broadening of proton NMR resonances
linked to the paramagnetic centers by through-bond (contact)
or through-space (pseudocontact) interactions. The low levels
of Cu(Il) used in the 'H NMR study should enable the
observation of significant differential broadening of the res-
onances of protons close to the copper binding site, as long as
the exchange rate of the copper is rapid. The "H NMR spectra
of the 2-His peptides suggest that the imidazole groups of both
histidines are involved in coordination of the Cu(II) and that
the tryptophan and glutamine side chains also present in each
octarepeat do not directly coordinate the metal. The only other
possible ligands from the peptide are backbone amide or
carbonyl groups. The Ha resonances of the Gln, Trp, and Gly
also were relatively unaffected by copper addition, indicating
that potential ligands from these residues do not coordinate to
the Cu(II). However, the overlapping His Ha resonances were
broadened, suggesting that at least one His backbone amide
coordinates to the Cu(II) ion. The relative lack of broadening
of the His NH resonance is probably attributable to the fact
that binding of the Cu(II) to the amide nitrogen displaces the
amide proton and thus the His NH signals observed are for the
copper-free form of the peptide. The exchange rate of the
Cu(II) bonded to PrP(58-91) at low levels of Cu(II) was clearly
slower than that observed for the two-His peptides. Differen-
tial broadening of the His resonances was not observed;
instead, a general broadening of the proton resonances in the
peptide takes place, complicating the determination of the
copper-binding sites.

An absorption band at 625 nm with an extinction coefficient
of 40 M~1-cm™! is typical for a Cu(II) d-d transition (28). The
wavelength of the maximum (Amax) can be used as an indication
of the number of nitrogen ligands bound to the Cu(II) ion.
Increasing numbers of peptide nitrogens ionized for the Cu(II)
complex with acetyl-Gly-Gly-His results in a decrease in Amax
from 765 nm for 1N to 540 nm for 4N (29). The 3N 1:2 complex
of Cu(Il) with two acetyl-Gly-His molecules is identical in
ligand type to that proposed for the Cu-prion complex (2 His
N plus 1 peptide N) and gives an identical Apyax of 625 nm and
a comparable extinction coefficient of 57 M~ lem™! (29).

The binding of imidazole groups and backbone amide
nitrogens is common in other histidine-containing Cu(II)
complexes. Studies with acetyl-Gly-Gly-His-Gly-Gly and other
His-containing peptides show that only the backbone amide of
the histidine itself or of residues immediately N-terminal to it
are normally involved in coordination to the copper (30). This
is consistent with our NMR results for the PrP peptides,
indicating the possible involvement of the His amide in copper
coordination but not any other amide nitrogens (the residue
immediately preceding the His is Pro, which cannot be dep-
rotonated to form a ligand). It has been suggested that
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backbone carbonyl groups could coordinate the Cu(II) (19).
Carbonyl coordination can occur in copper—peptide complex-
es—for example, Cu(Gly-Gly)—but only at a pH < 4; at
physiological pH, backbone amide coordination dominates
(31). Other examples of amide coordination are seen in the
Cu(II) complexes of Gly-Gly-His (32) and Gly-His-Lys (26).

Structure of Copper Complexes with Peptides of Different
Lengths. We duduce from the spectroscopic measurements
that the Cu(Il) complex formed by the 2-His octarepeat
peptides [PrP(51-75), PrP(73-91), Prp(76-86)] is square planar,
with one Cu coordinating a nitrogen in each of the imidazole
rings and with an additional nitrogen ligand from the backbone
amide of the more C-terminal His residue. The final ligand to
make the copper complex four-coordinate could be a water
molecule, as illustrated in Fig. 64. We consider that coordi-
nation of the backbone amide of the more N-terminal His
residue to the Cu(II) ion is unlikely from conformational and
steric considerations.

The ESR, CD, and visible absorption spectra for the
PrP(58-91) peptide in the presence of Cu(Il) are strikingly
similar to those of the 2-His containing peptides, and a single
set of bands is observed at all Cu:peptide ratios. This implies
that the copper coordination sphere is the same for octarepeat
peptides of different lengths, that the four copper sites within
the Cuy[PrP(58-91)] complex are identical, and that a 4-fold
locally symmetric structure is formed. Copper binding to
PrP(58-91) is cooperative (Fig. 2), which implies that the
copper binding sites are not isolated from each other but
interact in a specific way.

It is unlikely that a single imidazole binds each copper ion
because this would result in less stable complexes than are
observed. For example, acetyl-Gly-Gly-His-Gly-Gly binds
Cu(Il) with a K4 of 107* M (30), two orders of magnitude
weaker than the observed Cu-PrP binding affinity. A sche-
matic model that can explain all of the data is shown in Fig. 6B.
We suggest that the four histidines in successive octarepeats
form a bridged copper complex, with the Ne2 and Nél
imidazole nitrogens from each histidine coordinating two
adjacent copper ions. This is reminiscent of the structure of
CurZn, superoxide dismutase, in which the metal ions are 6.3
A apart, with the imidazolate ring of His63 serving as bridging
ligand (33). The crystal structure of the Cu(II) complex with
Gly-His-Lys (26) has the His N&1 imidazole nitrogen and the
His amide nitrogen forming a six-membered ring. We have,
therefore, modeled this type of geometry in the proposed
Cu-PrP structure. The coordination sphere for the 2-, 3-, and
4-His containing peptides is similar, with a square-planar
arrangement of 3N and 10. A molecular model constructed for
the Cu4[PrP(58-91)] complex showed that the four-copper
atom cluster could be accommodated without strain at the
corners of a distorted tetrahedron, with two imidazole groups
bound to each Cu(Il) ion at adjacent coordination sites. A

FIG. 6. (A) A plausible structure for the complex of Cu(II) with
PrP(76-86). (B) A plausible structure for the bridged complex of four
Cu(II) ions with PrP(58-91).
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model of the 3-His-containing peptide PrP(66-91) also can be
built without strain; in this case, the cluster of 3 Cu(II) ions
forms a planar triangular arrangement.

The model shown in Fig. 6B can provide an explanation for
the cooperativity of Cu(II) binding to PrP(58-91). Because the
chelation of a metal to the His N&1 nitrogen can lower the pK,
of the Ne2 NH and can make the nitrogen available for metal
chelation (34), we suggest that the chelation of the first Cu(II)
lowers the pK, of the second His ring proton enabling, the
chelation of the second Cu(II) to the same histidine residue.
After the first Cu(Il) coordinates two imidazoles, the next two
coppers need to trap only one imidazole to gain two ligands,
and the fourth site is entirely preorganized after the third
copper binds. In addition, the proximity of the Cu(II) may well
reduce the pK, of the backbone NH because of a chelate effect
(34). Thus, electronic and entropic considerations help to
explain the cooperative nature of the binding of the four Cu(II)
ions to PrP(58-91).

Copper Binding in the Prion Protein. Many previous struc-
tural studies of PrP have focused on the apoprotein and have
speculated on the role of the conformationally flexible regions.
Given the nature of the highly specific PrP:Cu(II) interaction,
it is incumbent on us to consider the holoprotein, containing
the appropriate number of Cu(II) ions bound, as the physio-
logically relevant structure. Previous studies (17, 19), together
with our current work, provide evidence that the binding sites
for Cu(II) to the peptides and to the full length protein are the
same. This implies that, although residues 29-124 of PrP are
highly flexible and unstructured in the absence of Cu(II) (13),
the octarepeat region of the holoprotein at physiological
Cu(Il) concentrations no longer can be considered to be
unstructured. If our model of Cu:PrP(58-91) (Fig. 6B) is
correct, we suggest that this region will be constrained by the
four Cu(II)-coordinating histidines into a rather compact
structure. The seven amino acids between each histidine are
likely to adopt specific but irregular loop structures. The four
glycines in each octarepeat could help to accommodate the
tight turns that we suspect are necessary to correctly position
the imidazoles for Cu(II) binding. As glycines lack a side chain,
this will reduce any problems of steric crowding that the cluster
of four copper ions might otherwise experience.

The large number of copper ions per PrP molecule and the
cooperative nature of the Cu(II) binding implies PrP has the
ability to exchange Cu(II) with other copper binding molecules
and suggests a role for PrP in Cu(Il) metabolism. PrPC€ is
located on the surface of the cell, fixed to the plasma mem-
brane by the glycosyl-phosphatidylinositol anchor at the C
terminus, leaving the apoprotein octarepeat domain free to
bind Cu(II). A physiologically important role for Cu(II) bind-
ing (9) is supported by studies showing lowered levels of Cu(II)
in subcellular fractions from the brains of PrP-deficient mice
(8). Proteins that bind to PrP“:Cu(Il) are candidates for a
copper sensing or transport function.

CONCLUSION

The accumulated evidence suggests that PrP has a functional
role in Cu(II) metabolism. Spectroscopic data presented here
suggest a bridged arrangement of coordinating histidine imi-
dazole nitrogens ligating four Cu(II) per PrP molecule. The
proposed coordination geometry involving four copper ions
accounts for the cooperative nature of complex formation and
the stoichiometry of copper binding. This cooperative binding
may well be a necessary part of the function of PrP and could
explain why PrP in the apoprotein (copper-free) form contains
a large unstructured domain with an unusual histidine-
containing octarepeat sequence, which is highly conserved
both in sequence and in number of repeats among mammalian
species.
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