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Abstract: Human prion protein (hPrP)
fragments encompassing the 91-120
region, namely hPrP92-100 (SP1),
hPrP106-113 (SP2), hPrP91-120 (LP1),
and hPrP91-114 (LP2), were consid-
ered for delineation of the Cu"-binding
site(s). NMR and EPR spectroscopy

and ratified by ESI mass spectrometry
at low and high metal:peptide ratios.
While room-temperature NMR spec-
troscopy data were consistent with the
binding site centered on Hisl11 being
approximately fourfold stronger than
that centered on His96, low-tempera-

ture EPR spectroscopy results yielded
evidence for the opposite trend. This
disagreement, which has also occurred
in the literature, was clarified by tem-
perature-dependent molecular dynam-
ics runs that demonstrated Met112 ap-
proaching the metal at room tempera-

results obtained from LP1 or LP2 were
compared with those obtained from
SP1 and SP2. The coexistence of two
binding sites, one centered at His96
and the other at His111, was evidenced
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ture, a process that is expected to stabi-
lize the Hislll-centered binding site
through hydrophobic shielding of the
metal coordination sphere.

Introduction

The prion protein, PrP€, is generally agreed to normally
play a functional role in copper transport, sequestration, or
antioxidant activity.!! PrP¢ may undergo a conformational
transformation to a protease-resistant isoform, known as
PrP5, which is prone to aggregation. PrP* is the putative in-
fectious agent of transmissible spongiform encephalopathies
(TSE) or prion diseases.”) These diseases have been linked
to an imbalance of metal homeostasis in the brain and hy-
potheses have been made for an association with the loss of
copper binding from PrP on conversion into PrP%.** The
two prion isoforms are identical in primary structure, but
they differ in secondary-structure elements® and possess
considerably different physicochemical properties.*'” PrP¢
is a proteinase-K-sensitive a-helical monomer,'"¥ while
PrP% is an assembled multimer that is resistant to proteinase
digestion and has an increased amount of f structure.!"”

The ability of the prion protein to bind Cu" in vitro, as
well as in vivo, is well documented and widely suggested to
play a relevant role in copper homeostasis or in copper-
based enzymatic activity.!*2!]
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Initial studies focusing on the octarepeat region (ORR) of
the protein of human origin (hPrP60-91) suggested that
there might be as many as four cooperative Cu"-binding
sites on PrP<.* The direct link between copper and prion
disease was challenged by the observation that transgenic
mice expressing a truncated version of PrP with the ORR
removed are still susceptible to prion infection.””! However,
studies of different PrP fragments have suggested that the
protein could strongly bind a fifth Cu" atom outside the
ORRI121 and that the affinity of this site towards Cu!
may increase upon ORR deletion.®® The location of this
fifth site and the exact structure of bound Cu" is still a
matter of debate. Three sites, each associated with a histi-
dine residue, namely His96,1%%!1 His111,” and a His residue
in the C-terminal globular domain,*” have been suggested.
The occurrence of a Cu'-binding site within the unstruc-
tured region between the N-terminal domain and the struc-
tured C-terminal domain is potentially relevant in the light
of the role suggested for this region in amyloid formation
and infectivity in TSE.'* The need for delineation of Cu'-
binding equilibria within this region is further ratified by the
recent observations that 1) Cu" catalyzes proteolytic cleav-
age of PrP¢ before residue 90, instead of the normal break-
down at around residue 111, and 2) the generated 19 kDa
PrP fragment may seed the polymerization of wild-type
PrP€.Bl While Cu" binding in the repeat region is reasona-
bly well characterized, different and often conflicting con-
clusions have been obtained from studies on the residues of-
fering Cu"-binding site(s) in the human PrP92-126 frag-
ment:

1. EPR spectroscopy suggests His96 to be the unique locus
for metal coordination.””

2. EXAFS data indicate His111, Met112, and His96 to be
binding residues.”!

3. CD spectroscopy suggests the binding of Cu" to His96
and His111 simultaneously or independently from each
other P4

4. Potentiometric and spectroscopic studies on Cu" frag-
ments containing His111 have been performed and re-
vealed the existence of 3N™! or 3N1S"? complexes that
are dominant at physiological pH values.

Herein, potentiometric and spectroscopic features of Cu"
complexes with hPrP fragments encompassing the 91-120
region at pH 6.5 have been used to delineate the Cu"-bind-
ing sites located in this region. A diverse affinity of these
sites was demonstrated by comparison with shorter hPrP
fragments comprising either His96 or His111 as Cu"-anchor-
ing sites. The considered short fragments, hPrP92-100 and
hPrP106-113, have already been reported to represent the
minimal binding motif able to coordinate the metal.l”) The
paramagnetic effects of Cu" upon the NMR parameters
have been particularly considered in obtaining geometrical
restraints in molecular dynamics simulations that yield the
3D solution structures of the metal complexes.
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Results

Potentiometric titrations: The protonation constants of mo-
noprotic hPrP92-100 (short peptide 1, SP1) are reported in
Table 1S in the Supporting Information; those of hPrP106—
113 (short peptide 2, SP2) have been reported elsewhere.*!!
Copper succeeds in displacing protons from both peptides
from approximately pH 4. This yields diversely protonated
complex species depending on the pH value, as shown by
species-distribution diagrams (Figure 1S in the Supporting
Information). The species which forms at the lowest pH
value is CuL, with the His imidazole moiety as the unique
binding group (L=ligand). Two amide protons are then dis-
placed from the complex in a quick sequence, to form the
CuH_,L complex, which dominates at physiological pH
values. In the alkaline pH range, this complex undergoes
two additional deprotonation steps, therby leading to the
formation of CuH_;L. (from a third amide nitrogen atom)
and CuH_,L (most likely from a metal-bound second imida-
zole nitrogen atom).

The hPrP91-120 (long peptide 1, LP1) and hPrP91-114
(long peptide 2, LP2) peptides behave as H;L acids, the pro-
tonation constants of which are summarized in Tables 2S
and 3S in the Supporting Information. Potentiometric titra-
tions yield evidence for the formation of nine Cu" species
(Figure 2S and Figure 3S in the Supporting Information).
Within the physiological pH range, the CuH,L and CuHL
complexes dominate.

UV/Vis and CD parameters: CD spectra of Cu"-SP1 and
Cu"-SP2*! show some typical absorptions: 1) a d—-d double
band in the visible region, 2) a negative band at around
310 nm, due to a charge-transfer transition from a deproton-
ated amido nitrogen atom to the copper atom, 3) a positive
band located at 250-260 nm, attributable to a w2 imidazole
to copper transition, and 4)a positive band at around
330 nm, attributable to a w1l imidazole to copper transition.

The UV/Vis absorption spectra are characterized by a
large band which becomes more and more intense at rising
pH values; at the same time, its maximum undergoes a regu-
lar blue shift. The wavelength of maximum absorption is
close to 800 nm at the most acidic pH values, as expected
for the Cu" hexa-aquo complex; it reaches 550 nm in alka-
line solution, a value compatible with a square planar or tet-
ragonally distorted octahedral complex with four nitrogen
donors coordinated in the plane and a possible additional in-
teraction in the axial position.

The CD spectra of Cu"™-LP1 and Cu"-LP2 suggest an
{Nimia,2N7} donor set in CuH,L (d-d bands at 605 and
522 nm) and an additional amide coordination in CuHL spe-
cies (bands at 580 and 511 nm) which results in an
{Nimia-3N7} coordination mode.**! The data for Cu'-LP1
and for Cu™-LP2 are similar to each other, with the longer
peptide forming species that are distinctly more stable, most
likely due to protection of the metal-ion-binding site by the
hydrophobic tail.
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NMR measurements: The NMR experiments on Cu”-SP1
were exclusively performed at pH 6.5 where the 3N CuH_,L
complex dominates. Upon copper addition, a selective and
conspicuous broadening was observed for His proton reso-
nances (Figure 4S in the Supporting Information), where the
aromatic His signals have completely vanished in the pres-
ence of the paramagnetic ion. 'H-">C HSQC alpha cross-
peaks affected during Cu" titration were identified by com-
paring their intensities (/) with those of the same cross-
peaks (I,) observed in the absence of the paramagnetic ion.
The largest broadening was monitored for the His96 correla-
tion (Figure 1 A), which completely disappears in the pres-
ence of 0.1 Cu" equivalents. Among the other correlations,
the most affected are the ones belonging to Thr95, Ser97,
and GIn98 at all of the metal concentrations used. Fig-
ure 1 A additionally shows that an increase in copper con-
centration determines larger broadening of all cross-peaks,
with a conserved trend during the metal titration, which sug-
gests a preserved copper coordination whatever the metal:li-
gand ratio.
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Figure 1. I/I, profiles of the 'H-C HSQCNMR signals of: A
left) 4.5 mm SP1 at pH 6.5 in the presence of 0.02 (m), 0.05 (2), and 0.1
(0) Cu" equivalents; A right) 4.5 mm SP2 at pH 6.5 in the presence of 0.1
(m), 0.2 (4), and 0.4 (0) Cu" equivalents; B) 4.5 mm LP2 at pH 6.5 in the
presence of 0.1 (m) and 0.4 (0) Cu" equivalents.
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The paramagnetic relaxation rate contributions, Ry, of
several protons are shown in Table 1. Excluding His96 pro-
tons, the most affected nuclei are the Gly93, Gly94, Thr95,
Ser97, and GIn98 Ha protons, which exhibit similar values
of Ry, in the range of 2.70-2.90s™'. These concomitant ef-
fects on residues either preceding or following His96 suggest
that two different binding modes are allowed, with Cu" de-
protonating and binding either the His96 and Thr95 or
Ser97 and GIn98 amide nitrogen atoms.

When adding Cu" to SP2 at pH 6.5 (Figure 5S in the Sup-
porting Information), the His aromatic protons are the first
to be affected, as is usual for Cu" anchoring at the imidazole
ring.[*%! In the same way as with SP1, the 'H-"*C HSQC
experiments allowed the detection of the most affected
alpha correlations (Figure 1A). Involvement of Hisl11 in
metal binding was confirmed, as its correlation was com-
pletely washed out by 0.4 Cu" equivalents. In addition, the
decrease in the intensity of the Met112 and Alall3 cross-
peaks, at all of the investigated metal concentrations, sug-
gests the proximity of these residues to the metal center.

Broadening of "*C resonances was also analyzed, which
revealed that the Met112 and Alall3 Ca (Figure 2A) and
His111 and Metl112 carbonyl atoms (Figure 2B) are the
most affected ones; these results strongly indicate the in-
volvement of the Met112 and Alal13 amide nitrogen atoms
in metal binding. Furthermore, the absence of any detecta-
ble effects on the Met109 and Met112 methyl carbon atoms
(Figure 2C) excludes any direct metal binding to the sulfur
atoms.

The paramagnetic contributions measured on SP2 protons
(Table 1) confirm that the Met112 and Alall3 amide nitro-
gen atoms belong to the Cu" coordination sphere, because
the corresponding Ha R, values are the largest ones.

NMR spectra of LP1 were measured at pH 6.5 in order to
gain information about the dominant 3N CuH,L complexes.
Similar results were obtained with LP2, thus supporting the
view that the hydrophobic hPrP115-120 tail is not involved
in the direct metal-ion coordination.”**! The addition of
copper caused selective proton line broadening on His aro-
matic and {3 protons (Figure 6S in the Supporting Informa-
tion). The exclusive disappearance of both the His96 and
Hisl111 signals implies their involvement in the metal-ion
binding, consistent with the initial anchoring of Cu" by the
imidazole nitrogen atoms.

The 'H-"C HSQC results, shown in Figure 1B, reveal the
most affected regions in LP2 (and LP1) to be located in the
immediate neighborhood of the two His residues: the alpha
correlations of His96 and His111 completely disappear in
the presence of 0.1 Cu" equivalents, while those of Ser97,
Trp99, Met109, Met112, and Alall3 are almost washed out
after the addition of 0.4 metal equivalents. The conserved
paramagnetic effects at both copper concentrations indicate
the formation of a unique metal-coordination pathway, even
in the presence of small amounts of the paramagnetic ion.

The paramagnetic enhancements of proton spin-lattice re-
laxation rates, R,, (Figure 3 A), disclose that, besides the ex-
tremely broadened His96 and His111 signals, the most af-
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Table 1. Paramagnetic relaxation rate contributions, R,, and calculated Cu"-H distances for 4.5 mm SP1 and
SP2 in the presence of 0.1 and 0.2 Cu" equivalents, respectively, at pH 6.5 and T=298 K.

Cu"™-SP2 complexes at the

same temperature. These EPR

SP1 SP2 spectra (Figure4B and C)

H Rip [s] 7 [nm] H Ry [s] 7 [nm] could be simulated by consider-

Gly92 o 1.78 0.68+£0.01 Lys106 o 0.83 0.99+0.005 ing Cu" bound by three nitro-
Z (])?g 83;18882 gen atoms in nearly tetragonal

Gly93 a 279 032+£008"  Thr107 « 0.80 100+000s Sites (Table2). In agreement
B 0.90 0.98+0005 Wwith Cu™ bound by N, and

Y 111 0930005 2N~ donors,F"¥# analysis of

Gly%4 a 2.75 0.32+0.080 Asnl08 a 1.31 0.89+0.005 the section of the Fourier
Thr95 a 2.85 0.3240.08" Met109"/ E ;ii PO Transform (FT) sensitive to the
v 211 0.6240.02 Met1120" B 2.47 nitrogen-number parity of the

Y 2.32 experimental EPR spectrum

€ 175 and the corresponding section

Serd7 ¢ ;Z(l) ggiggim Lys110 ix 1?2 gggigggg of the FT of the simulated spec-
P ‘ ’ ' 8{ 504 o0sa+0001 trum®! ratifies the occurrence

GIn9s a 272 0.32£0.08" Alall3 a 3.14 0324008% of an odd number of nitrogen
B 2.03 0.63+£0.02 B 2.15 0.74+£0.005 atoms in the coordination

i 1.81 0.67+0.01 sphere. Furthermore, the g, and

Trp99 gl ;‘2‘3 8;(3)i8885 A values for the Cu"-SP1 and
0 201 0.60+0.02 Cu"-SP2 complexes are in the

Asn100 a 0.75 0.88-£0.005 range of equatorial coordina-
p 0.35 1.03+0.005 tion of three nitrogen ligands

[a] Imposed for k. calculation (see the text for details). [b] Met109 and Met112 were not unequivocally as-

signed.

fected protons belong to Thr95, Ser97, GIn98, Metl109,
Lys110, Met112, and Alal13. When these values are com-
pared with those reported in Table 1, an almost identical
trend can be observed, which apparently suggests that the
two distinct copper-binding regions, one located at His96
and the other at His111, are preserved in LP1. This behavior
is reminiscent of a reported CD study,*” where the CD
spectrum of the Cu" complex with hPrP91-115 was ob-
served to formally arise from a linear combination of the
separate CD spectra of the Cu" complexes with the His96 —
Ala hPrP91-115 and Hisl11—Ala hPrP91-115 PrP ana-
logues, each containing a single Cu" site.

Direct involvement of the methionine sulfur in Cu" bind-
ing was excluded by 1) the absence of large paramagnetic ef-
fects on the methyl groups of either Met109 or Met112 and
2) the effectiveness of copper binding in peptide fragments
where nLeu is substitute for Met (Figure 3B). Some indirect
effect derived from the methionine residue can, however, be
observed as the Met—nLeu substitution results in a homo-
geneous distribution of meaningful R,, values between the
two His regions (Figure 3B), while larger effects are moni-
tored in the proximity of His111, rather than around His96,
in the original peptide.

EPR measurements: EPR spectroscopy of Cu" complexes
with the investigated peptides was performed on samples
containing 0.4 equivalents of Cu", conditions similar to
those of the NMR experiments. The 120 K EPR spectra of
the Cu" complex with LP1 (Figure 4 A) can be simulated by
linearly combining the EPR spectra of the two Cu"-SP1 and
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and one oxygen ligand (3N,10)
according to the Peisach-Blum-
berg plot.! The possibility of
equatorial coordination of a
sulfur ligand from Met109 or Met112, in the case of Cu"-
SP2, can be ruled out. The EPR spectrum of the complex
gives a g value of >2.2, which excludes the presence of a
sulfur atom in the first coordination sphere of the copper.

ESI-MS measurements: The ESI mass spectra, acquired in
positive-ion mode at an LP2:Cu" ratio of 1:0.4 (Figure 5),
show that the signal of the free peptide at m/z 663.0 is ac-
companied by a new peak at m/z 679.0, accounted for by a
1:1 association, such that NMR data, obtained at the same
concentration ratios, can be suitably interpreted in terms of
1:1 complexes only. The coexistence of the two Cu'-binding
sites is further supported by ESI mass spectra recorded at
higher concentrations of Cu", that is, at an LP2:Cu" ratio of
1:1.25. Together with the already mentioned peaks, a new
peak at m/z 694 becomes detectable, thereby providing evi-
dence for a complex where two Cu" ions are bound by the
same peptide molecule.

Discussion

The potentiometric and spectroscopic results for Cu"-SP1,
Cu"-SP2, and Cu"-LP2 indicate that the complex having
the metal bound to the His imidazole and two amide nitro-
gen atoms is the main species in the pH range 6.2-7.5, with
the highest predominance at pH 6.5-6.8. pH 6.5 was there-
fore selected for NMR experiments.

The measured paramagnetic relaxation rates allow the
calculation of the Cu"-proton distances to be used in molec-

Chem. Eur. J. 2007, 13, 1991 -2001
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Figure 2. ®C NMR spectra of 4.5 mm SP2 at pH 6.5 and 7=298 K before

(lower trace) and after (upper trace) the addition of 0.2 Cu" equivalents.
A) a region; B) carbonyl region; C) aliphatic region.

ular dynamics simulations for obtaining a three-dimensional
structure. In fact, R, is defined by Equation (1), where f
and b refer to the free and metal-bound states, respectively,
p is a fractional population of the peptide, R,; and R, are
the spin-lattice relaxation rates in the two environments,
and k' (the inverse of the off-rate kinetic constant) is the
residence time of the peptide in the metal coordination
sphere.

)4
Rip, = Rigps—pPiRys = Rlebk“_l (1)

R, is the structure-sensitive term as accounted for by the
Solomon equation describing the dipole-dipole nuclear-
spin—electron-spin interaction.® The evaluation of the con-
tribution of the exchange residence time allows the Ry,
value to be obtained from measured Ry, values and the
knowledge of the motional correlation time allows distances
from the metal ion to be calculated by using the Solomon
equation. In all calculations, values of t.=0.5 ns for SP1 and
7.=0.6 ns for SP2 were used, as calculated from the Stokes
equation applied to the free peptides in solution.
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Figure 3. Comparison between the R;, values of the LP2 fragment and
those of: A) SP1 and SP2 and B) Met109 —nLeu,Met112—nLeu LP2 an-
alogue (only alpha protons are considered). All the values were calculat-
ed in the presence of 0.1 Cu" equivalents.

A)

hPrP,

91-114

B)
hPrP

106-113

hPrP,

92-100

245 265 285 305 325 345 365 385
Magnetic Field (mT)

Figure 4. A) X-band EPR spectrum of the LP2 copper complex paired
with the linear combination of experimental EPR spectra of the SP2 and
SP1 copper complexes (15 and 85%, respectively). B) EPR spectra of
SP2 and SP1 copper complexes paired with the simulations that gave the
best fit (parameters reported in Table 2). n=9.670 GHz, modulation fre-
quency =100 KHz, modulation amplitude=0.5 mT. All experiments were
done with 4.5mm peptide in the presence of 0.4 Cu" equivalents at
pH6.5.
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Table 2. EPR parameters for the 4.5 mm Cu"-SP1 and Cu"-SP2 com-
plexes in presence of 0.4 Cu" equivalents at pH 6.5

g™ ] AP [mT)] A [mT] ANy, [mT]
SP1 2.06 222 0.6 18.9 1.40
SP2 2.05 223 1.5 18.0 1.45

[a] Error in g values is +0.005. [b] Error in A values is +£0.2 mT.

C) 100

96

ordinate the paramagnetic ion through the N6 atom. The in-
volvement of the same imidazolic nitrogen atom was report-
ed for Ni"! complexes formed at high pH values with prion
fragments containing either His96 or His111.[*)

The exchange rate calculated for the imidazole ring is not
likely to apply to backbone protons since binding is expect-
ed to occur as a multistep pro-
cess that starts with the en-
trance of the anchoring site into

the metal coordination
sph [45,46,52] .

phere. An estimate of
the k™ (backbone) value

could be obtained by consider-

B) 100

96

ing that binding to deprotonat-
ed amide nitrogen atoms be-
longing to a “X” generic resi-
due (either towards the N- or
C- terminal part) results in a
Cu"-Ha distance for the resi-

A) 100

96 s

7.0 B
o0y s e3s <75

Pew

due “X” ranging from 0.25-
0.40 nm. The theoretical values
of Ry, consistent with these dis-
tances were therefore calculat-
ed from the Solomon equation
and inserted into Equation (1)

0
660 664 668 672 676 680 684

m/z

688

Figure 5. ESI mass spectra of A) 164 um LP2 and after the addition of B) 0.4 and C) 1.25 Cu" equivalents at

pH6.8.

As stated and applied elsewhere,’") the R, value mea-
sured for the His He proton can be immediately considered
for evaluating k™, the off-rate for the imidazole ring from
the metal coordination sphere, since the He proton is at a
fixed distance (0.31 nm) from the paramagnetic center. The
exchange rates calculated in this way at different peptide:-
metal ratios are reported in Table 3 and they can immedi-
ately be used for ascertaining which imidazole nitrogen
atom is bound to Cu', since the Cu'-His-H® distance de-
pends on Cu" binding at the N§ (r=0.50 nm) or at Ne
atoms (r=0.31 nm).®Y It follows that both SP1 and SP2 co-

Table 3. Paramagnetic relaxation contributions, Ry, [s™'], exchange rate
values, k. [ms™'], and copper distances, r [nm], for imidazole protons of
the Cu'-SP2 and Cu"-SP1 complexes at T=298 K.

+0.05 Cu" equiv +0.1 Cu" equiv +0.2 Cu" equiv
SP2
Rlp r Kot Rlp r Kot Rlp r Kof
He His 19 0.31 038 31 031 032 52 031  0.27
HO His 14 0.46 24 0.46 39 0.47
SP1
Rlp r Kot Rlp r Kof Rlp r Kot
He His 68 0.31 1.6 n.d® n.d.
Hd His 32 0.45 n.d.l n.d.

[a] The resonances are so broad that measurement of the relaxation rates
is prevented.
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700

704 to obtain k. values in the
range of 54-61s' for SP1 and
15-16s7! for SP2; these are, as
expected, somehow slower than
those calculated for the imida-
zole anchoring site.

The two limit values of k.;*® allowed us to determine two
different Ry, values for the remaining protons which yielded
very similar metal-proton distances (Table 1), consistent
with the r° dependence of the R;, value that minimizes the
error for relatively distant protons. As expected, the ob-
tained results show that the slower the paramagnetic contri-
bution (R,,), the smaller the errors in the calculated distan-
ces.

The Cu"-binding site centered at His96: As for Cu"-SP1,
the NMR results (Figure 4S in the Supporting Information
and Figure 1 A) clearly identify His96 as the Cu"-anchoring
site but do not allow the unequivocal assignment of the two
nitrogen donor atoms present in the metal coordination
sphere: residues preceding as well as following His96 are
similarly affected, such that the contemporaneous formation
of two 3N copper complexes, both involving the His96 imi-
dazole nitrogen atom but having diverse deprotonated
amide nitrogen donors, can be suggested.

The calculated copper—proton distances (Table 1) and the
direct N6—Cu" bond were used as the only restraints in the
molecular modeling of Cu"-SP1; the simulated annealing
protocol was applied to yield the structures of the metal
complex.

The obtained structures of Cu"-SP1 (Figure 6) show that
the NMR restraints are consistent with two different but
equally probable Cu"-binding modes: the paramagnetic ion

696

Chem. Eur. J. 2007, 13, 1991 -2001


www.chemeurj.org

Cu" Binding of the Human Prion Protein

Figure 6. Superimposition of the first ten structures of the Cu"-SP1 complex obtained from the DYANA simu-
lation. The root mean square deviation (RMSD) value (taken on residues 94-98) is (0.10£0.04) A for the
backbone atoms and (0.39+0.14) A for the heavy atoms. The figure was created with MOLMOL 2K.1.0. The
two binding region are shown. A) The distances from the Thr95 and His96 amide nitrogen atoms and the
His96 imidazole nitrogen atom to Cu" are reported. B) The distances from the Ser97 and GIn98 amide nitro-

gen atoms and the His96 imidazole nitrogen atom to Cu" are reported.

is bound to the His96 imidazole nitrogen atom and to either
1) the His96 and Thr95 deprotonated amide nitrogen atoms
which are respectively 0.20 and 0.25 nm apart (Figure 6 A)
or 2)the Ser97 and GIn98 deprotonated amide nitrogen
atoms which are respectively 0.20 and 0.28 nm apart (Fig-
ure 6B).

Generally, deprotonation and coordination of amide ni-
trogen atoms occurs in the N-terminal direction™ because
of the formation of a more favored six-membered {Nj;q,N"}
chelate ring. However, the coexistence of a species involving
residues in the opposite direction (Ser97 and GIn98), al-
though yielding the less favored seven-membered {N;;q,N"}
chelate ring, is somehow stabilized by electrostatic interac-
tions between the metal ion and the functional groups of the
GIn98 and Trp99 side chains; moreover, consideration of the
R, values reported in Table 1 shows that the Trp99 aromatic
protons are among the most affected ones. This is consistent
with the Trp99 indole ring approaching the metal ion closer
than the GIn98 side chains (Figure 7) and providing a sol-
vent-shielding hydrophobic environment that enhances the
stability of the association. The occurrence of amide depro-
tonation towards the C terminus has never been proposed
previously: EPR and CD data on peptide fragments encom-
passing His96 indicate the formation of stable 3N Cu" com-
plexes”¥! and the coordination of amide nitrogen atoms in
the N-terminal direction was suggested.

To support the coexistence of the two binding modes, a
comparison was made between the binding abilities of two
peptides: Ac-Gly-Gly-His,* in which Cu" may coordinate
amide nitrogens only toward the N terminus after anchoring
at the His residue, and prion octarepeat Ac-Pro-His-Gly-
Gly-Gly-Trp-Gly-GIn-NH,"! which coordinates towards the
C terminus. The competition plot clearly indicates that
1) both ligands bind with the same affinity and 2) above pH
6, coordination towards the C terminus may be even more
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effective than that towards the
N terminus (Figure 7S in the
Supporting Information). Thus,
alternative binding is very
likely and it strongly depends
on the side chains of the resi-
dues vicinal to the metal-ion-
binding site.

The Cu"-binding site centered
at His111: In the case of Cu'-
SP2, the selective effects moni-
tored on Hisl11, Metl112, and
Alal13, shown in Figures 1 A
and 2, indicate that Cu" anchor-
ing at His111 is followed by de-
protonation of amide nitrogen
atoms towards the C terminus
of the peptide.

Such coordination is likely to
be stabilized by the Met side
chain through hydrophobic pro-
tection resulting from electrostatic interaction of the sulfur
atom with a metal-bound water molecule. As a matter of
fact, energy minimization of the structures obtained from
paramagnetic constraints, followed by a molecular dynamics
simulation, determines a considerable approach of the
Met112 side chain towards the metal, up to a distance of
0.34 nm (Figure 7). The absence of significant effects on the
¢ and y Met resonances in the C NMR spectra (Fig-
ure 2C), the measured Met He and Hy R, values (Table 1),
and all other spectroscopic measurements exclude the for-
mation of a direct Cu—S bond, in disagreement with what
has been recently reported for the Cu~hPrP106-114 com-
plex.[?

In a previous report,*® the formation of a macrochelate
involving the terminal NH, group and the His111 amide and
imidazolic nitrogen atoms was suggested. The availability of
the N-terminal group makes the investigated model com-
pletely different from other ones and forces copper coordi-
nation towards the N terminus. Moreover, previous poten-
tiometric and spectroscopic studies performed on Cu'-
hPrP106-113M and Cu"-hPrP106-114"7 were found to be
consistent with a dominant 3N complex at physiological pH
values, with two deprotonated amide nitrogen atoms bound
to the metal. From the His111 anchoring site, the most logi-
cal (and thus suggested) coordination direction was towards
the N terminus, but there was no direct evidence. On the
other hand, Figure 2B shows that the most affected carbonyl
resonances of SP2, upon Cu" addition, are those of His111
and Met112, while almost no effects were monitored on the
Met109 and Lys110 resonances; this indicates that the latter
residues were at greater distances from the paramagnetic
ion. Therefore, the broadening effects detected for the
His111 and Met112 carbonyl groups might be considered as
strong evidence for the direct involvement of the Metl112
and Alall3 amide nitrogen atoms in metal binding.
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Metl12

Meil09

Alall3

Hisll11

Figure 7. Top) Superimposition of the first four structures of the Cu"-SP1
complex obtained from the DYANA simulation. The RMSD value
(taken on residues 96-99) is (0.05+0.03) A for the backbone atoms and
(0.34£020) A for the heavy atoms. Cu' (green) is bound to the Ser97
and GIn98 amide nitrogen atoms and the His96 imidazole nitrogen atom.
The GIn98 and Trp99 side chains are shown. Bottom) Cu"-SP2 structure
obtained from 25 ps molecular dynamics calculations showing the Cu'—
SMet distances (dotted lines): Cu"-S (Met112) is 0.34 nm and Cu"-S
(Met109) is 1.1 nm. The figure was created with MOLMOL 2K.1.0.

Cu"-binding affinities of the sites centered at His96 and
His111: Finally, a comparison may be attempted of the affin-
ities towards Cu" of the binding sites provided by His96 in
SP1 and by His111 in SP2. The obtained exchange rates, re-
ported in Table 3, indicate a different copper affinity at the
two His sites, with the His111 binding domain being three—
four times stronger than the His96 one. This conclusion is
also supported by the competition diagram shown in
Figure 8, where the “binding abilities” of the peptides are
compared. In the presence of equimolar amounts of copper
and of the two ligands, SP2 is able to bind more metal ions
(60 %, approximately) than SP1.
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Figure 8. Competition plot between Cu''-SP2 and Cu"-SP1 complexes.

Cu" binding in peptides encompassing both His96 and
His111: The present EPR and NMR spectroscopy data, as
well as previous EPRP” and CD studies,*” strongly suggest
that the Cu-binding sites observed in SP1 and SP2 are pre-
served in peptides encompassing the whole region contain-
ing both His96 and His111 (LP1 or LP2). These latter pep-
tides, in fact, bind Cu" at one or the other of the His sites,
at least as long as the concentration of peptide exceeds that
of Cu™. Such a conclusion is strongly supported by the po-
tentiometric titrations performed for the 1:1 molar ratios
clearly demonstrating the predominance of the equimolar
complexes (Figure 2S and 3S in the Supporting Information)
and it is definitively verified by the ESI mass spectra indi-
cating the presence of 1:1 Cu"™-LP1 species only. ESI-MS ex-
periments also demonstrate the coexistence of the two bind-
ing sites in the peptide with two Cu" ions bound when Cu"
is in excess. Thus, the EPR, CD and NMR spectroscopy
data collected for Cu"™-LP1 or Cu"-LP2 should be, and they
are, reproduced by linear combination of the same data col-
lected for Cu"-SP1 and Cu"-SP2.

As a matter of fact, the 120 K EPR spectra of Cu" bound
by SP1, SP2, and LP1 (taken at the same ligand:Cu" ratio)
are very similar to each other and all are consistent with an
almost tetragonal coordination sphere around Cu" made by
one oxygen and three nitrogen atoms. The linear combina-
tion that most satisfactorily reproduces the EPR spectrum
of Cu"-LP1 is made by approximately 85% of the EPR
spectrum for Cu"™-SP1 and approximately 15% of that for
Cu"-SP2. These findings might be taken to suggest that the
site located at His96 has a stronger binding affinity for Cu"
than the site located at His111, but this is in disagreement
with the present NMR spectroscopy data and previous CD
experiments,! where the linear combination that most pre-
cisely reproduces the CD spectra of Cu-hPrP91-115 is
made up from approximately 72% of the Hisl1l site and
approximately 28 % from the His96 site.""

The NMR spectra of Cu"™-LP1 (or LP2), recorded at
600 MHz, do not contain separate signals for the His96 and
His111 He protons. However, the measured He R;, value
(21s7") is consistent with k™ =0.96 ms~!, faster than that
calculated for Cu-SP2 (k.,+™=0.32ms™!) but slower than
that calculated for Cu"-SP1 (k,™=1.6 ms™!). While again
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ratifying that the two binding sites delineated for the
“short” fragments are maintained in the “long” peptide,
these findings apparently suggest that the binding sites locat-
ed at His111 and His96 are differently populated in LP1. In
particular, Figure 3 A suggests that the binding site located
at His96 is much less occupied than that located at His111.
In fact, in the presence of 0.1 Cu" equivalents, residues in
the proximity of His96 in LP1 display R;, values about three
times smaller than those of the same residues in SP1. In
order to evaluate the contributions of the two complexes,
the k,;* rates calculated for Cu"-SP2 (k,*=16s7!) and for
Cu"-SP1 (k,*=57s™") were hypothesized to hold also in
Cu" complexes with LP1. These values were inserted in
Equation (1) and the corresponding molar fractions (p,)
were calculated from the R;, values: p,=0.08 and p,=0.02
were found for Cu"™-SP2 and Cu"-SP1, respectively, thereby
indicating that the binding site located at His111 gives a
larger contribution (80 %) than that located at His96 (20 % ).
This result is in disagreement with the low-temperature
EPR spectroscopy data but is consistent with SP2 displaying
a stronger affinity than SP1 and agrees with the reported
CD experiments at room temperature.*”

Unfortunately, the coexistence of Cu" complexes where
the metal ion is bound at different sites prevents the deter-
mination of copper—proton distances from the measured Ry,
value, which is a value averaged over the two available
copper-binding sites. However, the molecular dynamics cal-
culations performed at variable temperatures on Cu"-SP2
may provide a valuable clue for explaining the disagreement
between the low-temperature EPR spectroscopy data and
the room-temperature CD and NMR spectroscopy data.
The calculations show that at 120 K the Met112 side chain is
relatively far from Cu", such that no stabilization of the
binding site located at His111 can be provided. The Cu"-S
(Met112) distance, monitored every ps along the whole MD
trajectory (Figure 9), levels off at 0.54 nm. At this tempera-
ture, the fact that binding at His96 can offer two different
ways of coordination may result in a larger statistical weight
for this site over that provided by His111. At 300 K, the
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Figure 9. Cu"-S (Met112) distances monitored during 25 ps MD simula-
tion of the Cu"-SP2 complex at T=120K (gray line) and T=300K
(black line).
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Met112 side chain approaches the metal, with the Cu™-
distance ranging from 0.30-0.40 nm during the MD trajecto-
ry (Figure 9). The stabilization provided by the Met hydro-
phobic side chain approaching the metal may explain why
the site located at His111 becomes much more populated
than the other one at room temperature.

In conclusion, the hPrP region immediately outside the
octarepeat region offers two independent Cu'-binding sites.
In both, Cu" first anchors at the imidazole nitrogen atom
and successively deprotonates, at pH 6.5, two amide nitro-
gen atoms. The hydrophobic protection furnished by the
Met112 side chain makes the binding site centered at
His111 two-threefold stronger than that centered at His96
at room temperature. This stronger affinity does not in any
way prevent entrance of Cu” to the other site, so that more
than one species simultaneously exists in solution and the
species are in fast exchange with each other. Comparison
with shorter fragments demonstrates that the structures of
the binding modes are maintained.

Experimental Section

Details of the methods used to synthesize, purify, and characterize the in-
vestigated peptides are given in the Supporting Information.

Potentiometric measurements: Stability constants both for proton and
Cu" complexes were calculated from 3 or 4 titrations carried out over the
range pH 3-11 at 25°C with a total volume of 1.5 mL. The purities and
exact concentrations of the solutions of ligands were determined by the
Gran method.”” NaOH was added from a 0.250-mL micrometer syringe,
which was calibrated by both weight titration and the titration of stan-
dard materials. The metal-ion concentration was 1x10 M and the metal/
ligand ratio was 1:1. The pH-metric titrations were performed at 25°C in
0.1m KCI on a MOLSPIN pH-meter system with a Russel CMAW 711
semicombined electrode calibrated in hydrogen concentrations by using
standard HCI®" or on an Orion EA 940 pH meter (resolution 0.1 mV, ac-
curacy 0.2mV) equipped with a combined glass electrode (Metrohm
EA125) and a Hamilton MicroLab M motor burette (resolution 0.1 pL,
accuracy 0.2 uL) equipped with a Hamilton syringe (delivery volume
250 puL). Constant-speed magnetic stirring was applied throughout. The
temperature of the titration cell was kept at 298.2 K by use of a Haake
F3C circulation thermostat. UPP grade nitrogen, previously saturated
with H,O (0.1m KNOj;, 298.2 K), was blown over the test solution in
order to maintain an inert atmosphere. The SUPERQUAD program was
used for stability-constant calculations.”! Standard deviations were com-
puted by SUPERQUAD and refer to random errors only. They are, how-
ever, a good indication of the importance of a particular species in the
equilibrium.

CD measurements: Solutions were of similar concentrations to those
used in the potentiometric studies. Absorption spectra were recorded
either on a Beckman DU 650 or a Cary 50 (Varian) spectrophotometer,
at room temperature. CD spectra were recorded on a Jasco J-715 spectro-
polarimeter in the 800-235 nm range.

NMR spectroscopy: The peptides were dissolved in water containing
10% deuterium oxide ("H NMR) or in deuterium oxide (*C NMR). Sol-
utions were carefully deoxygenated. The pH value was adjusted with
either DCI or NaOD. The desired concentrations of metal ions were ob-
tained by adding aliquots of stock water solutions of Cu(NO,),, and the
pH value was again checked and eventually readjusted. NMR experi-
ments were carried out at 14.1 T at a controlled temperature (+0.1 K) on
a Bruker Avance 600 MHz spectrometer equipped with a Silicon Graph-
ics workstation. Suppression of the residual water signal was achieved
either by presaturation or by excitation sculpting,*” by using a selective

www.chemeurj.org — 1999


www.chemeurj.org

CHEMISTRY—

G. Valensin, H. Kozlowski et al.

A EUROPEAN JOURNAL

square pulse for 2 ms on water. Proton resonance assignments were ob-
tained by COSY, TOCSY, NOESY, and ROESY experiments. Carbon
resonance assignments were obtained by HSQC and HMBC experiments
carried out with standard pulse sequences. '"H-"*C HSQC alpha cross-
peaks affected during Cu" titration were identified by comparing their in-
tensities (/) with those of the same cross-peaks (/) observed in the ab-
sence of the paramagnetic ion. Proton spin-lattice relaxation rates (R, =
1/T,) were measured with the standard inversion-recovery pulse se-
quence; relaxation rates were calculated with regression analysis of the
initial recovery curves of the longitudinal magnetization components, a
process leading to errors in the range +3 %. While the simple inversion-
recovery experiment is suitable for the well-isolated peaks, the IR-
TOCSY sequence was used to calculate the relaxation rates of the over-
lapping '"H NMR signals.®) This was obtained by introducing a 'H 180°
pulse, followed by a variable delay in front of the TOCSY sequence. The
T, values were determined by a three-parameter fit of the peak intensi-
ties to Equation (2), where B is variable parameter that considers noni-
deal magnetization and which has a value smaller than one.

1(z(= L)[1-(1+B)exp(~=7/T})] @

The obtained results were compared with those obtained from the
normal IR sequence. Agreement was found within the error limits of
both experiments.

EPR spectroscopy: EPR spectroscopy experiments were performed on
solutions of similar concentrations to those used for the NMR spectros-
copy studies. CW-X-band (9.4 GHz) EPR measurements were carried
out with a Bruker E500 Elexsys series instrument by using a Bruker
ER 4122 SHQE cavity and a Bruker ER 4111 VT temperature-control
apparatus. The EPR spectra were simulated by using a simulation pro-
gram for rigid motion included in the COSMOS package which is based
on a general theory for the calculation of conventional CW-EPR spectra
under virtually all motional conditions.®"

Electron-spray-ionization mass spectrometry (ESI-MS): ESI-MS data
were collected on a Q-TOF microTM (Micromass, Waters Corporation,
Milford, MA) mass spectrometer. Peptides were dissolved in Milli-Q
water (164 mm) with the pH value adjusted by adding diluted NaOH so-
lution. The metal-complex samples were prepared by adding Cu(NO;), in
Milli-Q water (1.2 mm) at ligand:Cu" ratios of 1:1.25 and 1:0.4. The pH
values were comparable after the addition of Cu". Sample solutions were
injected into the spectrometer system at a flow rate of 5 uLmin'. Spec-
tra were acquired in positive-ion mode by applying the following experi-
mental conditions: capillary voltage 3.0 kV; cone potential 30 V; source
temperature 150°C. For the recording of mass spectra, TOF data were
acquired by accumulation of 10 multiple channel acquisition (MCA)
scans over mass ranges of m/z 300-3000.Data acquisition was optimized
to supply the highest possible resolution and the best signal-to-noise
ratio, even in the case of low-abundance signals. To simplify the peak as-
signments, the fragment annotations indicated in the text and in the fig-
ures correspond to the lowest mass peak of each isotopic cluster.

Molecular dynamics: All R,, values, obtained from NMR measurements,
were converted into distance constraints and used to build a pseudo po-
tential energy for a molecular dynamics calculation. In this procedure,
the potential energy is a function of the difference between the distance
constraints provided by the user and the corresponding distances found
in a given conformer (target function). No other potential energy terms
are present except the van der Waals repulsion. At the beginning of the
calculation an arbitrary number of different conformers is generated by
randomly varying torsional dihedral angles. The potential energy is then
minimized by a simulated annealing procedure in the torsion angle space,
in which the system is brought to high temperature to allow all possible
high-energy starting conformations and subsequently cooled down in
order to stabilize it in those potential energy minima that best satisfy the
imposed constraints. In particular, we performed the calculation with the
program DYANA [ by using 10000 steps and 300 random relative start-
ing positions of the peptides and Cu". The obtained structures were then
optimized through an energy minimization followed by a 30 ps restrained
molecular dynamics simulation at two different temperature values, 120
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and 300 K (5 ps to bring the system to the desidered temperature, fol-
lowed by 25 ps at a constant temperature), by using the program Hyper-
chem!® with the MM™ force field.
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