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Abstract: The doppel protein (Dpl) is
the first homologue of the prion pro-
tein (PrPC) to be discovered; it is over-
expressed in transgenic mice that lack
the prion gene, resulting in neurotoxici-
ty. The whole prion protein is able to
inhibit Dpl neurotoxicity, and its N-ter-
minal domain is the determinant part
of the protein function. This region
represents the main copper(II) binding
site of PrPC. Dpl is able to bind at least
one copper ion, and the specific metal-
binding site has been identified as the
histidine residue at the beginning of
the third helical region. However, a re-
liable characterization of copper(II) co-
ordination features has not been re-
ported. In a previous paper, we studied
the copper(II) interaction with a pep-
tide that encompasses only the loop
region potentially involved in metal
binding. Nevertheless, we did not find
a complete match between the EPR
spectroscopic parameters of the cop-
per(II) complexes formed with the syn-
thesized peptide and those reported for
the copper(II) binding sites of the
whole protein. Herein, the synthesis of
the human Dpl peptide fragment hDpl-ACHTUNGTRENNUNG(122–139) (Ac-KPDNKLHQQVLWR-

ACHTUNGTRENNUNGLACHTUNGTRENNUNGV ACHTUNGTRENNUNGQEL-NH2) and its copper(II) com-
plex species are reported. This peptide
encompasses the third a helix and part
of the loop linking the second and the
third helix of human doppel protein.
The single-point-mutated peptide,
hDpl ACHTUNGTRENNUNG(122–139)D124N, in which aspar-
tate 124 replaces an asparagine residue,
was also synthesized. This peptide was
used to highlight the role of the car-
boxylate group on both the conforma-
tion preference of the Dpl fragment
and its copper(II) coordination fea-
tures. NMR spectroscopic measure-
ments show that the hDpl ACHTUNGTRENNUNG(122–139)
peptide fragment is in the prevailing a-
helix conformation. It is localized
within the 127–137 amino acid residue
region that represents a reliable confor-
mational mimic of the related protein
domain. A comparison with the single-
point-mutated hDpl ACHTUNGTRENNUNG(122–139)D124N
reveals the significant role played by
the aspartic residue in addressing the
peptide conformation towards a helical
structure. It is further confirmed by

CD measurements. Potentiometric ti-
trations were carried out in aqueous
solutions to obtain the stability con-
stant values of the species formed by
copper(II) with the hDpl peptides.
Spectroscopic studies (EPR, NMR,
CD, UV/Vis) were performed to char-
acterize the coordination environments
of the different metal complexes. The
EPR parameters of the copper(II)
complexes with hDpl ACHTUNGTRENNUNG(122–139) match
those of the previously reported cop-
per(II) binding sites of the whole hDpl.
Addition of the copper(II) ion to the
peptide fragment does not alter the
helical conformation of hDpl ACHTUNGTRENNUNG(122–139),
as shown by CD spectra in the far-UV
region. The aspartate-driven preorgan-
ized secondary structure is not signifi-
cantly modified by the involvement of
Asp124 in the copper(II) complex spe-
cies that form in the physiological pH
range. To elaborate on the potential
role of copper ACHTUNGTRENNUNG(II) in the recently re-
ported interaction between the PrPC

and Dpl, the affinity of the copper(II)
complexes towards the prion N termi-
nus domain and the binding site of Dpl
was reported.
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Introduction

The doppel protein is mainly expressed in the reproductive
system, more specifically in Sertoli cells and spermatozoa,
and only in a minimal amount in the central nervous
system.[1,2] The exact biological function is still unclear, but
its deregulation causes male sterility.[3] The protein is en-
coded by a gene located 16–20 kb downstream from that of
the prion protein (PrPC), and is usually abbreviated to Dpl
(downstream prion protein-like).[4,5] Interestingly, an N-ter-
minal truncated form of PrPC is the most prominent prion
species in the testes, which suggests that the C-terminal
domain of prion and Dpl might have a similar biological
function within the reproductive system.[6]

Dpl and the structured domain of PrPC share only about
25 % in the identity of their primary sequences; despite this,
they show a very similar three-dimensional structure com-
posed of three a helices and two short b strands.[7] However,
Dpl has an additional disulfide bridge and does not contain
the tandem repeat region and hydrophobic core that are
present in PrPC of different species. Dpl does not seem to be
directly involved in prion disease, but it is neurotoxic when
overexpressed in the brain of mice deprived of PrPC.[2,8–10] It
is interesting to point out that Dpl toxicity effects are very
similar to those determined by PrPC lacking the N-terminal
domain, and in both cases its toxicity is inhibited by the full-
length PrPC protein when PrPc is either endogenously ex-
pressed or exogenously applied.[9–13] In this respect, the PrPC

N-terminal region appears to be necessary for this function,
even if contrasting results have been reported.[12–14] Doppel
was initially identified as a prion-like protein due to its
structural and biochemical similarities to prion protein
(PrPC), but emerging evidence now suggests that the func-
tion of prion proteins is more antagonistic to doppel than
synergistic, though a plausible molecular mechanism for
their biological antagonism is lacking. The formation of a
multimeric complex between Dpl and PrPC has been hy-
pothesized,[12] and interaction or direct competition with a
common ligand partner or a cofactor, such as a metal ion,
have also been suggested.[15]

Many lines of evidence indicate that PrPC is a copper-
binding protein in vivo, and its biological role might be
strictly connected with copper homeostasis.[16,17] The N-ter-
minal domain of prion protein, with its octarepeats and hy-
drophobic domain, is thought to be the main copper-binding
domain, and it can bind up to five or six metal ions.[18] De-
spite the absence of an analogous copper(II)-binding PrPC

region, Dpl binds at least one metal equivalent.[19–21] The
specific copper(II) binding site has been localized at histi-
dine residues 131 and 128 in the mouse and human sequen-
ces, respectively, within the loop included between the
second and the third helical region.[19,20] CD spectra have
shown an enhancement of the a-helical content of whole
human doppel (hDpl) protein after copper addition,[20]

whereas the metal ion did not modify the CD spectra of
mouse doppel (mDpl) protein.[19] Equilibrium dialysis and
fluorescence-quenching analysis have been carried out to es-
timate the affinity constant values of the copper(II)–mDpl
complexes.[19] EPR spectroscopic parameters have been at-
tributed to different copper(II) binding sites in hDpl as a
function of pH.[20]

To associate the different coordination environments with
the single copper(II) complex species, we recently reported
a detailed study on the copper(II) interactions with both
hDpl ACHTUNGTRENNUNG(122–130) (Ac-KPDNKLHQQ-NH2), a peptide encom-
passing the loop region potentially involved in copper(II)
binding, and its single-point-mutated peptide in which the
aspartate residue has been substituted by an asparagine.[22]

A comparison of the EPR spectroscopic parameters ob-
tained for these copper(II) complexes with those reported
for the whole hDpl provided a partial description of the
copper(II) coordination environments of the different com-
plex species formed by changing the pH values. Thus, being
aware that the histidine, acts as anchor site for copper(II)
and is located at the beginning of the third a-helical region,
we herein extend our previous investigation to the longer
peptide fragment hDpl ACHTUNGTRENNUNG(122–139) (Ac-KPDNKLHQQVL ACHTUNGTRENNUNGW-ACHTUNGTRENNUNGRLVQEL-NH2) as a better mimic molecule of the hDpl
binding domain. This new peptide encompasses sequence
122–139, which contains both the third a helix and part of
the loop that links the second and the third helix of hDpl
(Figure 1).
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Figure 1. Schematic view of the doppel protein secondary structure and
the primary sequences of hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–139)D124N.
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NMR spectroscopy measurements were carried out to de-
termine the conformational features of the hDpl ACHTUNGTRENNUNG(122–139)
peptide fragment, whereas a combined potentiometric and
spectroscopic approach (EPR, CD, UV/Vis) was used to
obtain the affinity constants, the species distribution as a
function of pH, and the coordination environments of cop-
per(II) complexes. NMR and CD spectroscopic measure-
ments of the copper(II) complexes were also performed to
shed light onto the conformational changes induced by cop-
per(II) addition on the secondary structure of the hDpl frag-
ment. Analogously to our previous paper,[22] we have also
synthesized a single-point-mutated peptide, hDpl ACHTUNGTRENNUNG(122–
139)D124N, in which the aspartate amino acid has been sub-
stituted by an asparagine residue, to unveil the role of the
carboxylate group on the copper(II) coordination features.
The role of the preorganized system present in hDpl ACHTUNGTRENNUNG(122–
139) was obtained by comparing its thermodynamic and
spectroscopic data with those of the shorter and unstruc-
tured hDpl ACHTUNGTRENNUNG(122–130).

Results and Discussion

Determining the secondary structures of hDpl ACHTUNGTRENNUNG(122–139) and
hDpl ACHTUNGTRENNUNG(122–139)D124N by using NMR and CD spectroscopy:
Proton chemical shifts, 3J ACHTUNGTRENNUNG(HN,Ha) scalar coupling, and Dd/
DT at pH 4.0 for hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–139)D124N
have been submitted to the Biological Magnetic Resonance
Data Bank (BMRB). The chemical shift of hDpl ACHTUNGTRENNUNG(122–139)
and hDpl ACHTUNGTRENNUNG(122–139)D124N are reported in Table 1S and 2S,
respectively (see the Supporting Information). The NOE
connectivity diagrams for hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–
139)D124N are reported in Figure 2.

The NOE diagrams show strong differences between the
investigated peptides; in particular, a typical pattern of heli-
coidal secondary-structure NOEs is observed for hDpl ACHTUNGTRENNUNG(122–
139). This behavior was confirmed by the temperature coef-
ficients of the backbone amide protons. In fact, temperature
gradients showed different trends for the two molecules: in
the wild-type peptide, the temperature coefficients had
lower values than those observed for the same residues in
the mutant.

A total of 308 NOEs (142 interresidues, 166 intraresidues)
were obtained for hDpl ACHTUNGTRENNUNG(122–139) from the NOESY 250 ms
spectrum; these NOEs, together with 15 3J ACHTUNGTRENNUNG(HN,Ha) scalar
coupling constants resulted in 252 meaningful distance con-
straints and 94 angle constraints, which were used for the
structure calculations. 194 ROEs (26 interresidues, 168 intra-
residues, ROESY mixing time: 150 ms), 17 3J ACHTUNGTRENNUNG(NH,Ha) cou-
pling constants, 96 meaningful distance constraints, and 96
angle constraints were obtained and used in the structure
determination of hDpl ACHTUNGTRENNUNG(122–139)D124N.

All the constraints were used to generate a total of 100
structures, and among them the 20 with the lowest target
function were selected and energy minimized. The obtained
structures satisfied the NMR spectroscopic constraints, with
no NOE violations greater than 0.2 �. In Figure 3, the su-

perimposition of the 20 minimized structures is reported for
hDpl ACHTUNGTRENNUNG(122–139) and hDplACHTUNGTRENNUNG(122–139)D124N whereas in Fig-
ure 1S in the Supporting Information the corresponding con-
formers are shown. Average backbone dihedral angles are
listed in Table 3S, and hydrogen bond distances and angles
are in Table 4S.

The hDpl ACHTUNGTRENNUNG(122–139) peptide fragment exhibits an exten-
sive defined helical region, with a root-mean-square devia-
tion (RMSD) from the mean structure of 0.42 � for the
L127–Q137 region, and disordered N- and C-terminal tails.
The main structured part is an a helix that spans residues
Q130–Q137, with mean values of f and y angles of �64 and
�398, respectively; the structure is stabilized by three (i, i+

Figure 2. Sequential and medium-range NOE connectivities observed in
aqueous solution at pH 4.0 for A) hDpl ACHTUNGTRENNUNG(122–139) and B) hDpl ACHTUNGTRENNUNG(122–
139)D124N.

Figure 3. Superposition of the 20 lowest energy CYANA conformers of
A) hDplACHTUNGTRENNUNG(122–139) and B) hDpl ACHTUNGTRENNUNG(122–139)D124N in H2O. The structures
were minimized in vacuo and aligned according to the minimal RMSD of
the backbone atom residues. Only the polypeptide backbone is shown
(top: N terminus, bottom; C terminus).
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4) hydrogen bonds. Residues L127–Q129 exhibit typical
310 helix f and y angles in 40 % of the minimized structures.

Not all of the calculated structures of hDpl ACHTUNGTRENNUNG(122–
139)D124N converge to a defined conformation even if a
discrete superimposition was found for the backbone region
Q129–L135 (RMSD= 0.70 �); the results are those expect-
ed considering the low number of recorded NOE and ROE
effects.

A complete NMR spectroscopic analysis was also per-
formed in water at pH 5.5 for both peptides prior to cop-
per(II) titrations. The recorded NMR spectroscopy parame-
ters and structure calculation data confirmed the results ob-
tained at dissolution pH; this reinforces the assumption of a
helical conformation in the L127–Q137 region in the hDpl-ACHTUNGTRENNUNG(122–139) case.

The NMR spectroscopic analysis demonstrates that se-
quence 127–137 of the hDpl ACHTUNGTRENNUNG(122–139) peptide effectively
maintains its helical nature even if it is excised from the
whole hDpl protein. Actually, a comparison of the chemical
shifts measured for the a-amino acid residues of the hDpl-ACHTUNGTRENNUNG(122–139) peptide fragment with those reported for the
same sequence of the full-length protein reveals some differ-
ences in terms of helical conformation percentage.[7] Howev-
er, these differences can be easily explained by considering
that sequence 122–139 in the
protein is also subjected to
long-range interactions deter-
mined by its tertiary structure.
In any case, the NMR spectros-
copy results indicate that the
hDpl ACHTUNGTRENNUNG(122–139) peptide frag-
ment represents a suitable
model for the study of copper-ACHTUNGTRENNUNG(II) interactions within the a-
3 helix of the full-length protein
(Figure 4).

The CD spectra of hDpl ACHTUNGTRENNUNG(122–
139) show a maximum around
l=192 nm, a minimum at l=

210 nm, a shoulder around l=

220 and a positive band cen-
tered around l=250 nm (Fig-
ure 5A). The band shape is sim-
ilar to that observed for other
peptides with a substantial a-
helical content;[23] the deconvo-
lution of the spectra, carried
out by using the CDNN soft-
ware,[24] gives a high a-helical
content (roughly 90 %) at pH
values of between 4 and 10. The wide band centered around
l=250 nm can be attributed to the indole group of the tryp-
tophan residue by taking into account the contribution of ar-
omatic side-chains to the near-UV CD spectra.[25] The pres-
ence of a signal in this region is a further indication of the
presence of structured conformations because the intensity
of this transition is tuned by the electronic environment de-

termined by the rest of the molecule, CD bands produced
by flexible conformations give rise to very small signals.[26]

Unlike hDpl ACHTUNGTRENNUNG(122–139), the CD spectrum of its mutated ana-
logue at pH 4 is dominated by a strong negative band at l=

199 nm, which is typical of a random coil conformation (Fig-
ure 5C). The deconvolution of the spectra by using the
CDNN software[24] confirms the high random coil content in

Figure 4. Superposition of the whole hDpl structure (red/yellow; as re-
ported in the PDB (ID 1LG4))[7] and a representative hDpl ACHTUNGTRENNUNG(122–139)
conformer (blue); backbone atoms of residues from Leu127 to Gln137
were superimposed (RMSD 1.4 �).

Figure 5. CD spectra of A) hDpl ACHTUNGTRENNUNG(122–139), B) Cu–hDpl ACHTUNGTRENNUNG(122–139), C) hDpl ACHTUNGTRENNUNG(122–139)D124N, and D) Cu–hDpl-ACHTUNGTRENNUNG(122–139)D124N recorded in H2O at pH 4 (c), 7 (b), and 9 (d). [L]=5 � 10�6 mol dm�3, M/L molar
ratio 1:1.
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the pH range investigated. These results are also in keeping
with the NMR spectroscopy data.

The influence of copper(II) on hDpl ACHTUNGTRENNUNG(122–139) and hDpl-ACHTUNGTRENNUNG(122–139)D124N conformation : The interaction between
copper(II) and hDpl ACHTUNGTRENNUNG(122–139) does not significantly affect
the essential spectral features (Figure 5B). Only a slight in-
crease in the intensity of the positive peak at l= 192 nm is
observed at basic pH values; the other two bands at l= 210
and 250 nm are almost unaffected by the presence of cop-
per(II). These data suggest that addition of copper ions does
not affect the secondary structure of peptide, although the
contribution of metal-induced charge-transfer bands cannot
be excluded. In contrast, the addition of copper(II) to hDpl-ACHTUNGTRENNUNG(122–139)D124N induces significant changes in the CD
spectra at pH values greater than 6 (Figure 5D). A clear de-
crease in the minimum intensity along with a redshift to-
wards l=203 nm was observed, accompanied by an en-
hancement of the negative ellipticity around l=220 nm.
The difference spectra, obtained by subtracting the parent
ligand CD spectra from those obtained after copper(II) ad-
dition, suggest an increase in turn conformation driven by
copper(II) complex formation (data not shown). Similar
structuring effects within the polypeptide backbone have
been reported for the shorter doppel peptide fragments pre-
viously studied and have been explained by taking into ac-
count the involvement of the deprotonated amide nitrogen
atoms in the copper(II) binding.[22]

Previously reported copper(II) binding sites of whole
doppel protein and hDpl ACHTUNGTRENNUNG(122–139)copper(II) complexes :
The pKlh values of hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–
139)D124N, obtained by means of potentiometric measure-
ments, are reported in Table 1. The two protonation equili-
bria of the aspartic and glutamic acid residues in hDpl ACHTUNGTRENNUNG(122–
139) overlap significantly; the comparison with the pKlh

value of glutamic acid residue of hDpl ACHTUNGTRENNUNG(122–139)D124N sug-
gests that the lowest pKlh value belongs to the aspartic acid
residue. This hypothesis is in agreement with the general
finding that aspartic b-carboxylic groups are more acidic
than glutamic g-carboxylic groups.[27,28] The pKlh values of
the imidazole side-chain are identical in the two peptides,
and both correspond well with those of other histidine-con-
taining ligands.[29] The other pKlh values of hDpl ACHTUNGTRENNUNG(122–139)
and hDpl ACHTUNGTRENNUNG(122–139)D124N are due to the deprotonation of
the two lysine residues. It is worth noting that the difference
between the pKlh values of the lysine residues in hDpl ACHTUNGTRENNUNG(122–
139) (DpKlh = 0.78) is larger than that observed in hDpl-ACHTUNGTRENNUNG(122–139)D124N (DpKlh =0.33) and its shorter Dpl peptide
fragment 122–130 (DpKlh =0.56[22]). If the relatively low pKlh

value of the aspartate carboxylic group is also taken into ac-
count, an electrostatic interaction between the aspartic car-
boxyl group and amino group of lysine residues that might
cause or be related to the structured conformation of hDpl-ACHTUNGTRENNUNG(122–139) can be hypothesized, in comparison with the
random coil conformation of hDpl ACHTUNGTRENNUNG(122–139)D124N.

The investigated doppel peptide fragments contain a
single histidine anchoring site for copper ions, and even if
high metal-to-ligand molar ratios were used, only mononu-
clear copper(II) complexes were found. As previously ob-
served for the shorter peptide fragment,[22] peptide hDpl-ACHTUNGTRENNUNG(122–139) starts to coordinate at pH values lower than the
single-point-mutated analogue (see Figure 6).

The first metal complex formed by hDpl ACHTUNGTRENNUNG(122–139) is
[CuLH2]

2+ : the equilibrium reaction Cu2+ +H2LQCuLH2
2+

has a logK value of 4.11, which is higher than that reported
for copper(II) bound to only one imidazole nitrogen
atom;[29] this indicates the additional involvement of the as-
partic carboxylate group in the copper(II) coordination en-
vironment. UV/Vis parameters are listed in Table 2; the lmax

(705 nm) and e (50 mol dm�3 cm�1) values support this coor-
dination mode. The EPR spectroscopy parameters (Table 2)
are very similar to those obtained for the copper(II) com-
plex with the shorter peptide hDpl ACHTUNGTRENNUNG(122–130) and the whole
protein at acidic pH values (D1: gk= 2.320 and Ak=163 �
10�4 cm�1;[20] see ref. [20] for more infrmation).

The absence of an analogous copper complex species for
hDpl ACHTUNGTRENNUNG(122–139)D124N (see Figure 6, bottom) again indicates
the involvement of the aspartate carboxylic group in the
native hDpl ACHTUNGTRENNUNG(122–139) binding to copper(II). However,
NMR spectroscopic measurements of both peptides after
copper(II) addition have been carried out, and provide fur-
ther evidence of the copper(II) coordination mode. Diffu-
sion NMR spectroscopy experiments were recorded at
pH 5.5 in the absence and presence of the metal ion to ex-
ploit the stoichiometry of copper(II) complexes and the
amino acid residues involved in the binding. The translation-
al diffusion coefficient, Dtrans, measured on the peptides gave
values of 2.05�0.05 �10�10 and 1.96�0.05 �10�10 m2 s�1 for
hDpl ACHTUNGTRENNUNG(122–139) and hDplACHTUNGTRENNUNG(122–139)D124N, respectively;
both correspond to a calculated average molecular size of
about 2400 Da.[30] Dtrans assumed similar average values
when different aliquots of Cu2+ were added to the samples,

Table 1. Stability constant values (logb) of proton and copper(II) com-
plexes of hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–139)D124N (T =298 K, KNO3 =

0.1 mol dm�3).[a]

Species hDpl ACHTUNGTRENNUNG(122–139)[b] Species hDpl ACHTUNGTRENNUNG(122–139)D124N[b]

LH5
3+ 32.81(3)

LH4
2+ 30.12(2) LH4

3+ 29.77(3)
LH3

+ 27.19(2) LH3
2+ 26.94(2)

LH2 20.94(2) LH2
+ 20.65(2)

LH�1 10.86(3) LH 10.49(2)
pK ACHTUNGTRENNUNG(Asp) 2.69
pK ACHTUNGTRENNUNG(Glu) 2.93 pK ACHTUNGTRENNUNG(Glu) 2.83
pK ACHTUNGTRENNUNG(His) 6.25 pK ACHTUNGTRENNUNG(His) 6.29
pK ACHTUNGTRENNUNG(Lys1) 10.08 pK ACHTUNGTRENNUNG(Lys1) 10.16
pK ACHTUNGTRENNUNG(Lys2) 10.86 pK ACHTUNGTRENNUNG(Lys2) 10.49ACHTUNGTRENNUNG[CuLH2]

2+ 25.05(8)ACHTUNGTRENNUNG[CuLH]+ 19.61(4) ACHTUNGTRENNUNG[CuLH]2+ 17.83(4)ACHTUNGTRENNUNG[CuL] 12.04(8) ACHTUNGTRENNUNG[CuL]+ 11.33(2)ACHTUNGTRENNUNG[CuLH�1]
�1 4.87(5) ACHTUNGTRENNUNG[CuLH�1] 3.01(4)ACHTUNGTRENNUNG[CuLH�2]
�2 �4.54(8) ACHTUNGTRENNUNG[CuLH�2]

�1 �6.98(5)ACHTUNGTRENNUNG[CuLH�3]
�3 �14.41(6) ACHTUNGTRENNUNG[CuLH�3]

�2 �17.84(5)

[a] pKlh = log blh�log bl(h�1). [b] s in parentheses.
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which leads to the conclusion that no peptide–peptide aggre-
gation occurs in the investigated ratios of hDpl ACHTUNGTRENNUNG(122–139)
and hDpl ACHTUNGTRENNUNG(122–139)D124N to copper(II). The addition of
CuSO4 to hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–139)D124N caused
differential broadening of the resonances. The affected resi-
dues were identified by comparing their intensities (I) with
those of the same peak (I0) observed in the absence of
Cu2+ ; I/I0 ratios of nonoverlapping protons are reported in
Figure 7 as a function of the peptide sequence. In particular,
we found that Asp124 and His128 b-proton resonances in
hDpl ACHTUNGTRENNUNG(122–139) completely vanished in the presence of
0.3 equivalents of the paramagnetic ion. His128 Hb signals
were also substantially affected by the Cu2+ addition to
hDpl ACHTUNGTRENNUNG(122–139)D124N. In both cases, the aromatic His128
Hd showed the same trend as Hb, whereas the He behavior
could not be monitored because each peak was overlapped
with the proper HN resonance.

On the whole, the data obtained for the [CuLH2]
2+

strongly support a 1N3O set of donor atoms (NIm, COO�

Asp, 2 H2O) in the analogous copper(II) complex with the
whole doppel protein at acidic pH (the D1 species previous-
ly reported[20]). It is interesting to note that hDpl ACHTUNGTRENNUNG(122–139)
forms the [CuLH2]

2+ complex species in a lower amount
than the shorter, unordered peptide hDpl ACHTUNGTRENNUNG(122–130). In fact,
this complex species is the prevailing one only up to pH 5.2.

In striking contrast to the hDpl ACHTUNGTRENNUNG(122–130) peptide,
[CuLH]+ is the major species in the pH range of 5.5 to 7.4.
The pKlh value (pKlh =5.44) is related to the deprotonation
of an amide nitrogen atom with the two lysine amino groups
still protonated ([CuLH]+ = [CuLH�1(H2)]+). The logb

value observed for [CuLH]+ of hDpl ACHTUNGTRENNUNG(122–139) is 1.8 log
units higher than the corresponding copper(II) complex
with hDpl ACHTUNGTRENNUNG(122–139)D124N, a difference caused by the in-

volvement of the carboxylate
group in the copper(II) coordi-
nation and also in the [CuLH]+

complex species. Therefore,
copper(II) is bound to one im-ACHTUNGTRENNUNGidACHTUNGTRENNUNGazole and one amide nitrogen
atom, and an oxygen atom from
the carboxylate group of the as-
partic residue; this coordination
environment might also be fa-
vored by the preorganized
structure of hDpl ACHTUNGTRENNUNG(122–139). Ac-
cordingly, the logb value of
[CuLH]2+ for hDpl ACHTUNGTRENNUNG(122–
139)D124N is similar to that re-
ported for the shorter peptide
fragments[22] that analogously
showed a random coil confor-
mation. The UV/Vis and CD
spectroscopy parameters con-
firm a 2N2O (NIm, N�, 2 H2O)
in-plane coordination mode.
The presence of a band at l=

345 nm and a shoulder around

Figure 6. Species distribution diagram for CuII complexes of hDpl ACHTUNGTRENNUNG(122–
139) (top) and hDpl ACHTUNGTRENNUNG(122–139)D124N ligands (bottom) in aqueous solu-
tion. a) [CuLH2]; b) [CuLH]; c) [CuL]; d) [CuLH�1]; e) [CuLH�2];
f) [CuLH�3]. Charges are omitted for clarity. [L]= 1�10�3 mol dm�3, M/L
molar ratio 1:1.

Table 2. Spectroscopic parameters of copper(II) complexes of hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–139)D124N.
[Cu] = [L] =1�10�3 mol dm�3.

Species UV/Vis CD EPR[a]

l

[nm]
e

[mol dm�3 cm�1]
l

[nm]
De

[mol dm�3 cm�1]
gk AkACHTUNGTRENNUNG[104 cm�1]

L= hDpl ACHTUNGTRENNUNG(122–139)ACHTUNGTRENNUNG[CuLH2]
2+ 705 50 360, 718 �0.016, +0.028 2.320(2) 165(3)ACHTUNGTRENNUNG[CuLH]+ 650 70 303 sh, 350, 478,

550, 723
+0.165, �0.110, �0.112,
+0.084, �0.112

2.275(2) 175(3)ACHTUNGTRENNUNG[CuL] – – – – 2.264(3) 182(5)ACHTUNGTRENNUNG[CuLH�1]
�1 525 115 321, 365, 490, 627 +0.850, �0.090, �0.846,

+0.578
2.192(2) 197(3)ACHTUNGTRENNUNG[CuLH2]

�2 525 115 322, 370, 490, 630 +0.978, �0.090, �1.080,
+0.732

2.191(2) 197(3)ACHTUNGTRENNUNG[CuLH3]
�3 525 115 323, 370, 492, 628 +0170, �0.060, �1.035,

+0.764
2.181(2) 198(3)

L= hDpl ACHTUNGTRENNUNG(122–139)D124NACHTUNGTRENNUNG[CuLH]2+ – – 300 sh, 347, 418,
535, 630

+0.180, �0.112, �0.040,
+0.122, �0.096

– –ACHTUNGTRENNUNG[CuL]+ 605 75 302 sh, 353, 478,
546, 723

+0.200, �0.176, �0.160,
+0.168, �0.112

2.227(2) 172(2)ACHTUNGTRENNUNG[CuLH�1] 525 105 323, 370, 490, 629 +0.922, �0.064, �0.958,
+0.653

2.190(2) 196(3)ACHTUNGTRENNUNG[CuLH�2]
�1ACHTUNGTRENNUNG[CuLH�3]
�2

525 110 323, 365, 490, 627 �0.950, �0.037, �0.930,
+0.662

2.190(2) 196(3)

[a] For EPR spectroscopy data, experimental errors are reported in parentheses.
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l=290–310 nm in the CD spectrum provides unambiguous
proof of the contemporary existence of Cu�N(imidazole)
and Cu�N ACHTUNGTRENNUNG(amide) bonds in this species, whereas the rela-
tively high e value reflects a distorted coordination environ-
ment. The EPR parameters (gk= 2.275 and Ak=175 �
10�4 cm�1) obtained at pH 7 (Figure 8A) suggest an apical
disposition of the carboxylate group. In fact, the hyperfine
constant value confirms a slight distortion of the coordina-
tion plane in comparison to a classic six-membered chelate
ring involving imidazole and amide nitrogen donor atoms.[29]

It is interesting to note that the EPR spectroscopic pa-
rameters found for the [CuLH]+ complex with hDpl ACHTUNGTRENNUNG(122–
139), which were not determined for shorter hDpl ACHTUNGTRENNUNG(122–130),
are similar to those reported for the copper(II) complex spe-
cies with the whole protein in the pH range of 5 to 6 (D2:[20]

gk=2.280 and Ak= 174 � 10�4 cm�1[20]). The [CuLH]2+ com-
plex of hDpl ACHTUNGTRENNUNG(122–139)D124N only forms in small quantities
and consequently its spectral parameters cannot be deter-

mined, but this difference with
respect to hDpl ACHTUNGTRENNUNG(122–139) is fur-
ther proof of the involvement
of the carboxylate group in cop-
per(II) binding. Evidently, this
coordination mode (NIm, N�,
COO�, 2 H2O) is favored by the
a-helical conformation of hDpl-ACHTUNGTRENNUNG(122–139).

Further deprotonation of an
amide nitrogen atom occurs
during the formation of the
minor species [CuL], which cor-
responds to [CuLH�2(H2)]. Due
to its low concentration, we re-
sorted to difference spectra ob-
tained at pH 7 and 8 to deter-
mine the EPR spectroscopic pa-
rameters for this species (gk=

2.264 and Ak=182 �10�4 cm�1;
see Figure 8A). These values
are consistent with a 3N1O
(one imidazole and two amide
nitrogen atoms) coordination
environment. It is worth noting
that the EPR parameters of this
minor complex species are simi-
lar to those attributed to a
second copper binding site with
low affinity in the whole pro-
tein (D4:[20] gk= 2.260 and Ak=

187 � 10�4 cm�1[20]).
Conversely, [CuL]+ is the

prevailing complex with hDpl-ACHTUNGTRENNUNG(122–139)D124N in the pH
range of 7 to 8. The spectro-
scopic parameters clearly indi-
cate a 3N1O coordination envi-
ronment with one imidazole

and two amide nitrogen atoms coordinated to the metal ion;
the lysine residues remain protonated, and the [CuL]+ cor-
responds to [CuLH�2(H2)]+ . The EPR parameters obtained
for this complex species (Figure 8B) are very similar both to
those obtained for the analogous complex with shorter pep-
tide fragments hDpl ACHTUNGTRENNUNG(122–130) and hDpl ACHTUNGTRENNUNG(122–139)D124N.[22]

Upon increasing the pH, a further deprotonation of an
amide nitrogen of hDpl ACHTUNGTRENNUNG(122–139) results in the formation of
[CuLH�1]

� , which is the prevailing metal complex at pH
values higher than 7.4 (Kd =1.3 �10�5 mol dm�3). It is inter-
esting to note that the pKlh values of the successive amide
deprotonation steps do not follow the expected trend of a
cooperative process.[31] The blueshift of the UV/Vis lmax and
the increase of the N�!CuII charge-transfer band at l=

310 nm in the CD spectra clearly indicate a NIm, 3N� coordi-
nation mode; the two lysyl e-amino groups are still proton-
ated, thus [CuLH�1]

� corresponds to [CuLH�3(H2)]� . The
analogous copper(II) complex with mutated peptide hDpl-

Figure 7. I/I0 profiles of the 1H signals of A) hDpl ACHTUNGTRENNUNG(122–139) and B) hDpl ACHTUNGTRENNUNG(122–139)D124N at 1� 10�3 mol dm�3

and pH 5.5 in the presence of 0.05 (*), 0.1 (&) and 0.3 equivalents (~) of CuII.
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ACHTUNGTRENNUNG(122–139)D124N displays the same spectroscopic parame-
ters; this confirms that the carboxylate group is no longer
directly involved in the metal binding. The Hamiltonian pa-
rameters of [CuLH�1]

� are identical to those reported for
the shorter peptide fragments,[22] and are similar to those of
the main copper complex species reported for the hDpl pro-
tein in the pH range 7–8 (D3:[20] gk= 2.205 and Ak=197 �
10�4 cm�1[20]). This overlap of EPR spectroscopy data sug-
gests that the coordination mode of the copper(II) bound to
the whole protein involves the same four nitrogen atoms
(one imidazole and three amide nitrogen atoms) experi-
enced by the metal ion in the complex with the peptide
model. The thermodynamic data indicate that the amide de-
protonation takes place towards the N-terminal region of
the peptide, so to involve the residues His, Leu, and Lys in
copper(II) binding. The His and Leu residues are located at
the beginning of the a-helix region in the peptide as well as
in the whole protein, whereas the Lys residue is part of the
loop region. This finding might explain why the a-helix is
not abolished upon copper(II) coordination and why the
corresponding complex species with the shorter hDpl ACHTUNGTRENNUNG(122–
130) displayed similar spectroscopic parameters to those ob-

tained for the structured hDpl ACHTUNGTRENNUNG(122–139). Upon increasing
the pH, two other deprotonation processes occur. However,
the lack of any spectral changes above pH 9 indicates the in-
volvement of the two lysyl ammonium group so that both
[CuLH�2]

2� and [CuLH�3]
3� have the same (NIm, 3N�) bind-

ing mode of the [CuLH�1]
� complex species.

Copper(II) binding affinity—Comparison of different re-
gions of PrPC with the binding site domain of hDpl : It is
worth noting that a strong interaction between PrPC and
Dpl has recently been demonstrated;[32] this also indicates
that, unlike full-length PrPC, the N-terminally deleted PrPC

is incapable of rescuing Dpl-induced degeneration.[12,13] Fur-
thermore, it has been shown by surface plasmon resonance
measurements that the N-terminal-truncated isoform of
PrPC binds to Dpl with less efficacy.[32] Similarly, another
recent paper[33] not only reported that Dpl-induced cytotox-
icity was antagonized by the presence of full-length wild-
type PrP, but also showed that the N-terminal fragment of
PrPC was responsible for the protective activity; it is worth
noting that this effect increased in the presence of copper
ions. In fact, this region encompasses the octarepeat domain
that has been shown to bind copper(II).[18] These studies and
our results suggest that the competition between the PrPC

and Dpl proteins for this metal ion could arise from the
same causes as the molecular events underlying PrP-mediat-
ed rescue of Dpl neurotoxicity. The distribution diagrams re-
ported in Figures 9 and 10 were used to compare the metal
binding affinity of the hDpl ACHTUNGTRENNUNG(122–139) with that of the pep-
tide encompassing a single octarepeat (PrPC 60–67)[34] and
the whole tetraoctarepeat domain (PrPC 60–91)[35] of the
prion.

Figure 9A clearly shows that hDpl ACHTUNGTRENNUNG(122–139) is able to
bind a single copper(II) ion more tightly than an octarepeat
peptide. This behavior is more evident in the acidic pH
range; upon increasing the pH, the copper(II) is distributed
among the prion octarepeat species, [CuL’H-2] (L’=octare-
peat peptide), and the two hDpl ACHTUNGTRENNUNG(122–139) complexes that
together represent about a double amount of copper(II)
complex species at pH 7.4. In the presence of an excess of
the hDpl peptide fragment, the competition results are more
favorable towards doppel than prion (Figure 9B). On the
contrary, the tetraoctarepeat peptide is a stronger ligand for
the metal ion than hDpl ACHTUNGTRENNUNG(122–139) (Figure 10A). Upon in-
creasing the ratio of hDpl/tetraoctarepeat (Figure 10B), the
distribution diagram shows the preference of copper(II) for
doppel in comparison to prion over an acidic pH range. In
addition, being aware of the notion that the copper-binding
sites within the a-helical domain of a cellular prion protein
have precedent from studies of PrPC,[36, 37] the comparison
was extended to the affinity of copper(II) to the Dpl third
helix and the PrPC second helix. Figure 11 shows the distri-
bution diagram obtained for copper(II) complexes with Dpl-ACHTUNGTRENNUNG(122–139) and the peptide fragment PrPC ACHTUNGTRENNUNG(184–188) blocked
at the C and N terminus, which has been shown to be a reli-
able model for the interaction between metals and the helix
II domain of prion.[38] The diagram shows that at acidic pH

Figure 8. Frozen-solution EPR spectra at 150 K and different pH values
of A) Cu–hDpl ACHTUNGTRENNUNG(122–139); B) Cu–hDpl ACHTUNGTRENNUNG(122–139)D124N. ([L]= [Cu2+]=

1� 10�3 mol dm�3).
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values, hDpl ACHTUNGTRENNUNG(122–139) binds copper(II) more tightly than
PrPC ACHTUNGTRENNUNG(184–188), whereas at physiological pH the affinity is
inverted and 60 % of the copper is bound to PrPC ACHTUNGTRENNUNG(184–188).

Conclusion

hDpl ACHTUNGTRENNUNG(122–139), which encompasses the third helix of
doppel, mimics in a complete way the interaction of cop-
per(II) with the whole protein. In fact, the EPR parameters
previously attributed to different copper(II) binding sites of
hDpl[20] are nearly the same as those obtained for the metal
complexes with hDpl ACHTUNGTRENNUNG(122–139). Our results permit us to de-
scribe the binding ability of doppel in terms of a single spe-
cies with a given stability constant, and show the maximum
percentage of formation at different pH values and in spe-
cific coordination environments. This finding is different
from that displayed by the shorter peptide fragment previ-
ously investigated,[22] and it stresses the role played by the
conformational properties of the protein domain on cop-
per(II) binding. The helical structure of the Dpl peptide
fragment is preserved in the copper(II) complexes, as shown
by the CD and NMR spectroscopy data reported herein.
Furthermore, comparison of hDpl ACHTUNGTRENNUNG(122–139) secondary struc-

ture with that of the single-point-mutated hDpl ACHTUNGTRENNUNG(122–
139)D124N gave evidence for the significant role of the as-
partic residue on the helical conformation of the peptide.
Asp124 not only drives the peptide conformation, but also
stabilizes the macrochelate formation in metal complexes
[CuLH2]

2+ and [CuLH]+ , which are the prevailing species
formed at pH values of up to 7. Upon increasing the pH,
the predominant complex species is [CuLH�1]

� , and its EPR
parameters correspond to those of the main copper(II) com-
plex species reported for the whole protein.[20]

A plausible mechanism of doppel-mediated neurodegen-
eration has been recently proposed;[32] in the same study, a
strong interaction between PrPC and Dpl was demonstrated,
which indicates an intriguing, plausible molecular mecha-
nism for their biological antagonism. Interestingly, addition
of copper increases the antagonizing effect of the N-termi-
nal region of PrPC.[33] Our results show that the different af-
finities of doppel and prion for copper is tuned by pH
values. The favored binding of copper(II) with hDpl ACHTUNGTRENNUNG(122–
139) in the acidic pH range can be attributed to the aspartic
acid binding that is present in the copper(II) coordination
environment of [CuLH2]

2+ and [CuLH]+ . On increasing the
pH, amide deprotonation occurs and the difference between
the stability constants of the metal-ion complexes of the oc-
tarepeat peptide and those displayed by the copper(II) com-

Figure 9. Species distribution diagram for the CuII–hDpl ACHTUNGTRENNUNG(122–139) (L,
c) and CuII–PrPCACHTUNGTRENNUNG(60–67) (L’, b ; data from ref. [34]) complexes
formed at Cu/L/L’ molar ratios of 1:1:1 (A) and 1:10:1 (B).

Figure 10. Species distribution diagram for the CuII–hDpl ACHTUNGTRENNUNG(122–139) (L,
c) and CuII–PrPCACHTUNGTRENNUNG(60–91) (L’, b ; data from ref. [35]) complexes
formed at Cu/L/L’ molar ratios of 1:1:1 (A) and 1:10:1 (B).
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plexes of the doppel peptide decreases. The Asp residue
also plays a favorable role over the acidic pH range when
the stability of copper(II) complexes with doppel is com-
pared with metal complexes of the tetraoctarepeat peptide.
At physiological pH values, the tetraoctarepeat forms a
macrochelate 4N complex (4NIm of the four histidine resi-
dues) that is more stable than the 3N complex(NIm, 2N� of
the deprotonated amides) formed by the a-helical domain
of doppel. We are tempted to speculate that the different
coordination environments of the various copper(II) species
can influence the orientation of the amino acid residues re-
sponsible of the interaction between doppel and prion pro-
teins and that this interaction can change as function of pH
values.

Experimental Section

Materials : All N-fluorenylmethoxycarbonyl (Fmoc)-protected amino-
acids and 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetra-
fluoroborate (TBTU) were obtained from Novabiochem (Laufelfingen,
Switzerland). Fmoc-PAL-PEG resin, N,N-diisopropyl-ethylamine
(DIEA), N,N-dimethylformamide (DMF; peptide synthesis grade), and
20% piperidine in DMF were obtained from Applied Biosystems (Foster
City, CA, USA). N-hydroxybenzotriazole (HOBT), triisopropylsilane
(TIS), and trifluoroacetic acid (TFA) were purchased from Sigma–Al-
drich. All the other chemicals were of the highest available grade and
were used without further purification.

Peptide synthesis and purification : Peptides hDpl ACHTUNGTRENNUNG(122–139) and hDpl-ACHTUNGTRENNUNG(122–139)D124N were synthesized in the N-acetylated and C-amidated
form to avoid end-group effects and more properly mimic their protein-
fragment character. They were assembled by using the solid-phase pep-
tide synthesis strategy by using a Pioneer Peptide Synthesizer. All amino
acid residues were added according to the TBTU/HOBT/DIEA activa-
tion method for Fmoc chemistry on Fmoc-PAL-PEG resin (substitution:
0.22 mmol g�1, synthesis scale: 0.33 mmol, resin: 1.5 g). Other experimen-
tal details have already been reported.[22] The peptides were purified by
using preparative reversed-phase high-performance liquid chromatogra-
phy (rp-HPLC). Purification was performed by using a Varian Prep-

ACHTUNGTRENNUNGStar 200 model SD-1 chromatography
system equipped with a Prostar photo-
diode array detector with detection at
222 nm. The peptides were eluted with
solvent A (0.1 % TFA in H2O) and B
(0.1 % TFA in MeCN) on a Vydac C18

250 � 22 mm (300 � pore size, 10–
15 mm particle size) column at flow
rate of 10 mL min�1. Analytical rp-
HPLC analyses were performed by
using a Waters 1525 instrument,
equipped with a Waters 2996 photo-
diode array detector with detection at
l= 222 nm. The peptide samples were
analyzed by using gradient elution
with solvents A and B on a Vydac C18

250 � 4.6 mm (300 � pore size, 5 mm
particle size) column at a flow rate of
1 mL min�1. The peptides were eluted
according to the following protocol:
an isocratic gradient in 5 % B from 0
to 8 min, followed by a linear gradient
of 5 to 25 % B over 25 min, and finally
an isocratic gradient in 25 % B from
25 to 40 min. They were characterized
by means of ESI-MS.

hDpl ACHTUNGTRENNUNG(122–139) (Ac-KPDNKLHQQV ACHTUNGTRENNUNGL ACHTUNGTRENNUNGWRLVQEL-NH2): Yield=50 %,
Rt = ACHTUNGTRENNUNG35.60 min; ESI-MS: m/z calcd for C104H169N31O27: 2285.68; found:
1143.9 [M +2H]2+ , 762.9 ACHTUNGTRENNUNG[M+3H]3+.

hDpl ACHTUNGTRENNUNG(122–139)D124N (Ac-KPNNKLHQQVLWRLVQEL-NH2): Yield=

55%, Rt = 36.80 min; ESI-MS: m/z calcd for C104H170N32O26: 2284.69;
found: 1143.5 [M +2H]2+, 762.6 [M +3H]3+ .

Potentiometric and UV/Vis titrations : Potentiometric titrations were per-
formed by using a computer-controlled Metrohm digital pH meter
(model 654) and Hamilton digital dispenser (mod. 665). The titration cell
(2.5 mL) was thermostated at 298.0�0.2 K and all solutions were kept
under an argon atmosphere, which was bubbled through another solution
under the same conditions of ionic strength and temperature. A KOH so-
lution was added by using a Hamilton burette equipped with a 1 cm3 sy-
ringe. The combined microelectrode was calibrated on the pH=

�log[H+] scale by titrating HNO3 with CO2 free base. The ionic strength
of all solutions was adjusted to 0.1 mol dm�3 (KNO3). The concentrations
of HNO3 and KOH stock solutions were determined by titrations with
tris(hydroxy ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGyl)aminomethane and potassium hydrogen phthalate,
respectively. All solutions were prepared with double-distilled H2O. The
analytical concentrations of peptides were varied from 1� 10�3–3.5 �
10�3 mol dm�3. Different metal-to-ligand ratios (between 2.1:1 and 1:1)
were employed. Stability constants for proton complexes were calculated
from two or three peptide titrations carried out over the pH range of
2.3–11. Duplicate or triplicate titrations were performed to determine the
copper(II) complex stability constants in the pH range of 3–11. Other de-
tails were as previously reported.[39] All potentiometric data were han-
dled by using the HYPERQUAD program,[40] which minimizes the error-
square sum of the differences between measured and calculated electrode
potentials. Distribution diagrams were calculated by using the Hyss pro-
gram.[41] Errors in stability constant values are reported as the standard
deviation of three experiments. The formation reaction equilibria of the
lig ACHTUNGTRENNUNGands with protons and copper(II) ions are given in Equation (1):

mCuþ lLþ hHÐ CumLlHh ð1Þ

in which L are the peptides under study. The stability constant bmlh is de-
fined in Equation (2):

bmlh ¼ ½CumLlHh�=½Cu�m � ½L�l � ½H�h ð2Þ

Combined spectroscopic and potentiometric titrations were performed in
a 3 mL quartz cuvette with a 1 cm path length to get the spectrum in the

Figure 11. Species distribution diagram for the CuII–hDpl ACHTUNGTRENNUNG(122–139) (L, c) and CuII–PrPC ACHTUNGTRENNUNG(184–188) (L’, b ;
data from ref. [38]) complexes formed at a molar ratio of 1:1:1.
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visible region at each pH value simultaneously. The optical spectra were
recorded by using an Agilent 8453 spectrophotometer. These experiments
were replicated at least three times for each peptide. Both spectroscopic
and potentiometric data were processed by using the HYPERQUAD
program.[40]

CD measurements : CD spectra of the peptides and their copper(II) com-
plexes were recorded by using a JASCO 810 spectropolarimeter at a scan
rate of 50 nm min�1 and a resolution of 0.1 nm. The pathlength was 1 cm,
in the l=190–800 nm range. The spectra were recorded as an average of
10 or 20 scans. The CD instrument was calibrated with ammonium(+)-
camphor-10-sulfonate. The deconvolution of the spectra were carried out
by using the Circular Dichroism Neural Network (CDNN) program by
using the complex spectrum database.[24]

EPR measurements : A Bruker Elexsys E500 CW-EPR spectrometer
driven by a PC running the Xepr program under the Linux operating
system and equipped with a Super X-band microwave bridge operating
at 9.3–9.5 GHz and a SHQE cavity was used throughout this work. All
frozen-solution EPR spectra of the copper(II) complexes were recorded
at 150 K by means of a variable-temperature apparatus. 63Cu ACHTUNGTRENNUNG(NO3)2

(0.05 mol dm�3) in dilute nitric acid was used as the source of copper(II)
to avoid overlapping spectra from the 65Cu isotope. Copper(II) com-
plexes in a concentration range of 4� 10�4–1� 10�3 mol dm�3 and at differ-
ent metal–ligand molar ratios were prepared in water by varying the pH
by the addition of NaOH. To obtain a good-quality glass upon freezing,
aqueous solutions containing a small amount of MeOH (not exceeding
10%) were used. The instrumental settings for EPR spectrum recording
were as follows: number of scans 1–5; microwave frequency 9.344–
9.376 GHz; modulation frequency 100 kHz; modulation amplitude 0.2–
0.6 mT; time constant 164–327 ms; sweep time 2.8 min; microwave power
20–40 mW; receiver gain 1� 104–2 � 105.

NMR spectroscopy measurements : All the experiments were carried out
at 500 MHz by using a Varian UNITY 500 spectrometer. Spectra were
processed by using the Varian VnmrJ and XEASY[42] software. Sample
solutions (about 1.2 mm) were prepared in H2O/D2O 90:10 (v/v) or neat
D2O. Deuterated D2O (99.9 % relative isotopic abundance) was pur-
chased from Cambridge Isotope Laboratories. NMR spectra for the
three-dimensional structure determination were collected at 300 K and
referenced to external TMS (d=0 ppm). The dependence of the amide
chemical shifts on the temperature was observed between 300 and 311 K.
One- (1D) and two-dimensional (2D) spectra were accumulated with a
spectral width of 5800 Hz. 2D experiments DQFCOSY,[43] TOCSY,[44]

ROESY,[45] and NOESY[46] were recorded in the phase-sensitive mode by
using the States–Haberkorn method. Water suppression was achieved by
using the DPFGSE sequence.[47] TOCSY, NOESY, and ROESY spectra
were acquired with mixing times of 70, 250, and 150 ms, respectively. Typ-
ically, 64 transients of 4 K data points were collected for each of the 256
increments; the data were zero-filled to 1 K in w1. Squared shifted sine-
bell functions were applied in both dimensions prior to Fourier transfor-
mation and baseline correction. NMR spectroscopy experiments for
hDpl ACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–139)D124N peptide structure determina-
tion were carried out at dissolution pH (i.e., 4.0 for hDpl ACHTUNGTRENNUNG(122–139) and
5.1 for hDpl ACHTUNGTRENNUNG(122–139)D124N). 1H resonance assignment was obtained by
using a standard protocol; the 1H assignment for both peptides was also
performed at pH 5.5. Proton chemical shifts, 3J ACHTUNGTRENNUNG(HN,Ha) scalar coupling,
and Dd/DT at dissolution and at pH 5.5 have been submitted to the
BMRB; these data can be found under accession numbers 16522 (hDpl-ACHTUNGTRENNUNG(122–139)) and 16511 (hDpl ACHTUNGTRENNUNG(122–139)D124N). To analyze the copper co-
ordination features of both peptides, the samples were titrated with dif-
ferent aliquots of a stock solution of CuSO4 (3.5 � 10�3 mol dm�3 in H2O/
D2O (90:10)) to give molar ratios of the paramagnetic metal relative to
peptide of 0.05, 0.1, 0.3, and 0.5 equiv. The pH value of the peptide solu-
tions was adjusted to 5.5 by using HCl and NaOH. For each point of the
copper titration, one-dimensional 1H NMR spectra were acquired
(300 K); the amide and side-chain protons affected during CuII titration
were identified by comparing their intensities (I) with those of the same
peak (I0) in the dataset of the metal-free samples. To obtain intensity pro-
files, the I/I0 ratios of the nonoverlapping peaks of hDpl ACHTUNGTRENNUNG(122–139) and
hDpl ACHTUNGTRENNUNG(122–139)D124N were plotted as a function of the peptide sequen-

ces. Pulse field gradient (PFG) diffusion measurements with the PG-
SLED (pulse gradient-stimulated echo longitudinal encode–decode) se-
quence[48] enabled us to obtain Dtrans, which is proportional to the decay
rate of the NMR signal attenuation as a function of gradient strength.[49]

Each diffusion data set contained a series of 13 one-dimensional 1H spec-
tra with gradient strength from 0.5 to 30 Gcm�1. Data processing for ob-
taining of the translational diffusion coefficient Dtrans were obtained by
DOSY package of the VNMRJ software.

Structure calculations : Experimental distance restraints for structure cal-
culations were derived from the cross-peak intensities in the NOESY and
ROESY spectra for hDplACHTUNGTRENNUNG(122–139) and hDpl ACHTUNGTRENNUNG(122–139)D124N, respec-
tively, because the NOESY experiments were scarcely informative for
hDpl ACHTUNGTRENNUNG(122–139). The cross-peaks were manually integrated by using the
XEASY software[42] and converted to upper distance constraints accord-
ing to an inverse sixth-power peak volume-to-distance relationship for
the backbone and to an inverse fourth-power function for side-chains, by
using the CALIBA module of the CYANA program.[50] Distance con-
straints together with the obtained scalar coupling constants were then
used by the GRIDSEARCH module, implemented in CYANA, to gener-
ate a set of allowable dihedral angles. Structure calculations, which used
the torsion angle dynamics protocol of CYANA, were then started from
100 randomized conformers. The 20 conformers with the lowest CYANA
target functions were further refined in vacuo by means of unrestrained
energy minimization by using the GROMOS 96[51] force field with the
program SPDB viewer.[52] Several cycles of steepest descent were repeat-
ed until the energy difference between two successive steps was less than
10�3 kJ mol�1. Structural analysis was performed by using the program
MOLMOL.[53]
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