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Copper(Il) Interaction with Prion Peptide Fragments Encompassing
Histidine Residues Within and Outside the Octarepeat Domain: Speciation,
Stability Constants and Binding Details
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Daniele Sanna,'"! Giovanni Micera,'*! Enrico Rizzarelli,*'! and Imre S6vago*'?!

Abstract: A 31-mer polypeptide, which
encompasses residues 84-114 of human
prion protein HuPrP(84-114) and con-
tains three histidyl residues, namely
one from the octarepeat (His85) and
two histidyl residues from outside the
octarepeat region (His96 and His111),
and its mutants with two histidyl resi-
dues HuPrP(84-114)His85Ala, HuPrP-
(84-114) His96Ala, HuPrP(84-114)-
Hisl11Ala and HuPrP(91-115) have
been synthesised and their Cu?** com-
plexes studied by potentiometric and
spectroscopic (UV/Vis, CD, EPR, ESI-
MS) techniques. The results revealed a
high Cu’**-binding affinity of all pep-
tides, and the spectroscopic studies
made it possible to clarify the coordi-
nation mode of the peptides in the dif-
ferent complex species. The imidazole
nitrogen donor atoms of histidyl resi-

dues are the exclusive metal-binding
sites below pHS5.5, and they have a
preference for macrochelate structure
formation. The deprotonation and
metal-ion coordination of amide func-
tions take place by increasing the pH;
all of the histidines can be considered
to be independent metal-binding sites
in these species. As a consequence, di-
and trinuclear complexes can be pres-
ent even in equimolar samples of the
metal ion and peptides, but the ratios
of polynuclear species do not exceed
the statistically expected ones; this ex-
cludes the possibility of cooperative
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Cu** binding. The species with a
(Nim,N,N)-binding mode are favoured
around pH 7, and their stability is en-
hanced by the macrochelation from an-
other histidyl residue in the mononu-
clear complexes. The independence of
the histidyl sites results in the existence
of coordination isomers and the prefer-
ence for metal binding follows the
order of: His111 >His96 > His85. De-
protonation and metal-ion coordination
of the third amide functions were de-
tected in slightly alkaline solutions at
each of the metal-binding sites; all had
a  (NjuN,N,N)-coordination = mode.
Spectroscopic measurements also made
it clear that the four lysyl amino
groups of the peptides are not metal-
binding sites in any cases.
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Prion diseases are a group of neurodegenerative pathologies
that include Creutzfeldt—Jakob disease in humans, scrapie in
sheep, and bovine spongiform encephalopathy in cattle.l"”
They represent a peculiar case in biology due to the now
widely accepted “protein only” hypothesis, which is based
on the conformational conversion of the normal protein,
PrPS, to the disease-related isoform PrP3.F!

Mammalian PrP¢ is a 209-residue polypeptide that is
anchored to the cell membrane through a glycosylphospha-
tidylinositol moiety. It comprises a flexible and a disordered
N-terminal domain, and a globular, mainly a-helical C-ter-
minal domain.” This glycoprotein is most abundant in the
central nervous and immune systems, but it is also expressed
in other biological compartments.’l The physiological func-
tion of PrP has not been identified unambiguously yet,®l
but increasing evidence indicates that it is a copper-binding
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protein.*?! Residues 60-91 of the PrP° protein comprise
four tandem repeats with the consensus sequence
PHGGGWGAQ. It is this region, known as the octapeptide
repeats, that was first discovered to bind Cu?*,'*! and,
since then, considerable work has been devoted to identify
the number of binding sites, their affinities and the coordi-
nation environment for both the octapeptide repeats and
the full-length prion protein.”'>*! Until recently, the ac-
cepted model of Cu** binding to the full-length prion pro-
tein, at pH 7.4, invoked six Cu** ions bound at different
sites: one metal ion can be accommodated in each of the
four octapeptide repeats, and the remaining ions coordinate
at two copper-ion sites that involve the His96 and His111
residues; each of these involves a single histidine imidazole
and amide nitrogen atoms from nearby amino acid residues.
However, new results indicate that at unsaturated Cu®* oc-
cupancy, copper coordination by the octapeptide repeats is
different from the saturated occupancy state. Furthermore,
it has been shown that the model described above provides
an incomplete description of Cu®** binding in the prion pro-
tein. For instance, it has been demonstrated that a peptide
representing the four octapeptide repeats displays multiple
modes of Cu?* binding at pH 7.4.72% Most of the data indi-
cate that the affinity of PrP for Cu’" is in the low micromo-
lar range,'#1>2%211 but higher affinity values, that is, in the
femtomolar range, have also been reported.l'?

Peptides that represent the octapeptide repeats, however,
cannot be considered to be a complete model for Cu®* bind-
ing to the prion protein. Copper(II)-binding sites within the
N terminus, but outside the octapeptide repeats have also
been indicated; these involve His96 and His111.['21%2730) 1¢
has also been suggested that this further Cu®*-binding site
has a higher affinity for Cu’* than the octameric repeat
region.'>?” The literature data on the complex-forming abil-
ity of histidyl residues outside the octarepeat domain are
rather contradictory. Among them, His96 and His111 are in
the unordered region of the protein. An EPR study suggest-
ed that only His96 is the locus for Cu®* coordination,!"®'")
while EXAFS, CD, EPR, and NMR spectroscopy studies
implicated His111, Met109/112, and His96 to be the coordi-
nating amino acids.*"* A more recent study reconsidered
previously published data and indicated that Cu** indepen-
dently binds to residues His96 or His111.”) A thermody-
namic and structural study has been performed on the Cu’*
complexes of HuPrP(106-126). However, an N-terminal free
peptide was used in this study, and the results revealed a
preference at the coordination of the N terminus that is not
possible under biological conditions."

Most recent publications from our laboratories have con-
tributed towards a better understanding of the metal-bind-
ing ability of histidyl residues outside the octarepeat
domain.?*3**! Copper(IT) complexes of tetra-, penta- and
nonapeptide fragments of HuPrP including His96, His111
and His187 residues have been studied by the combined ap-
plications of potentiometric and the most common spectro-
scopic techniques, including UV/Vis, CD, EPR, and NMR
spectroscopy. Histidyl imidazole N-donor atoms were found
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to be the primary Cu’* binding sites in all peptides, and the
preference for the formation of 3N- and 4N-complexes that
contain an additional two or three deprotonated amide func-
tions was suggested around the physiological pH range. The
difference in the sizes of the fused chelate rings resulted in
the enhanced metal-binding affinity of the peptide frag-
ments, including His96 or Hisl11 (six-membered chelate)
compared to that of a single octarepeat monomer (seven-
membered chelate). It is thus clear that for a full under-
standing of Cu?* binding to the prion protein, the relative
affinity of these sites needs to be investigated. Unfortunate-
ly, the full-length prion protein is poorly soluble above
pH 6,/°% and the concentration range that is needed to
obtain reliable Cu**-affinity constants by potentiometric ti-
trations is higher than the commonly used um concentra-
tions. On the other hand, it also should be considered that
the preference for binding to the histidyl residue outside the
octarepeat domain was determined only for short fragments.
Thus, to study the involvement of multiple histidine-Cu**
coordination, soluble polypeptide fragments of prion N-ter-
minus-encompassing histidine residues, within and outside
the octarepeat domain, are the best candidates to obtain the
speciation at different pH values, and various metal-to-pro-
tein ratios, as well as reliable affinity constants for the Cu®*
species. In this context, we report here the synthesis and the
stability constants of the Cu** complexes with the 31-mer
polypeptide that encompasses the residues 84-114 of human
PrP, that is, HuPrP(84-114); this peptide contains three his-
tidine residues, namely one from the octarepeat (His85),
and two histidine residues from outside the octarepeat
region (His96 and His111). To obtain a detailed description
of the peptides’ protonation constants and their Cu**-com-
plex speciations, a series of potentiometric measurements in
the pH 3-11 range and at different metal-to-ligand ratios
have been carried out. These were coupled with the ESI-MS
measurements, which aided the interpretation of the equili-
bria data by confirming the stoichiometry of the metal com-
plex formed. In addition, we used UV/Vis and EPR spec-
troscopy to get complementary information about the
number of coordinated nitrogen atoms as well as the geome-
try of the Cu®>* complexes; CD spectra helped us to differ-
entiate between the different types of nitrogen atoms that
participate in metal coordination. The comparison of the
equilibrium and spectroscopic data between the HuPrP (84—
114) with its mutants HuPrP(84-114)His85Ala, HuPrP(84-
114)His96Ala, HuPrP(84-114)His111Ala and HuPrP(91-
115) made it possible to evaluate the metal-binding affinity
of the three-histidine-containing peptide HuPrP(84-114)
and its two-histidine mutants, which makes a much more re-
liable model to understand the metal-binding ability of the
native protein.

Results and Discussion

Protonation of the ligands: Protonation constants of the
peptide fragments of human prion protein have been deter-
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mined by potentiometric titrations, and the data are includ-
ed in Table 1. All peptides include the amino acids between
91 and 114, in which four lysyl residues are located at the
Lys101, Lys104, Lys106 and Lys110 positions. In addition,
the molecules contain two or three histidyl residues, namely
His85, His96 and Hisl1l for HuPrP(84-114), His96 and
His111 for HuPrP(84-114)His85Ala and HuPrP(91-115),
His85 and Hislll for HuPrP(84-114)His96Ala and His85
and His96 for HuPrP(84-114)His111Ala.

In agreement with the primary sequence, seven or six pK
values can be calculated for the peptides, and these values
are also listed in Table 1. Even the overall stability constants
of the protonated species from [HL]* to [H,L]’* show high
similarity between the values, but this is especially clear
from the stepwise pK values. From the previous studies on
small peptide fragments®™* it is evident that the high pK
values (in the range from 9.26 to 10.68) can be assigned to
the deprotonation of the lysyl ammonium groups. The aver-
age values for these deprotonation reactions are between
10.05 and 10.09, and this range is comparable to the error in
the data. Deprotonations of the four lysyl residues take
place in overlapping processes, and none of the pK(Lys, )
values can be assigned to any specific amino acids in the se-
quence. The same parallel deprotonation of the lysyl side
chains was reported to occur in the smaller nonapeptide
fragments HuPrP(106-114), which contain only two lysyl
residues.’

Deprotonations of the protonated imidazolium side
chains take place in the pH range from 5 to 7, with the aver-
age values changing from 6.18 to 6.28. The small differences
in the pK values of the five ligands suggest that the deproto-
nation of the imidazolium groups also completely overlaps.
As a consequence, the stepwise constants cannot be assigned
to specific histidyl residues and all data can only be consid-
ered to be simple macroscopic thermodynamic parameters.
A detailed pH-NMR titration of the peptides by using vari-
ous 2D NMR spectroscopy techniques might provide some
information on the individual protonation sites of the li-
gands. This work is in progress in our laboratories, and the
results will be presented in a forthcoming publication.
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Equilibria analysis of the Cu?** complexes: The stability con-
stants of the Cu’" complexes of all peptides have been de-
termined by potentiometric titrations by using three differ-
ent metal-to-ligand ratios (M/L 3:1, 2:1, and 1:1) for all of
the investigated PrP fragments. In the Cu**—HuPrP(84-114)
system, the precipitation of copper(II) hydroxide was never
observed at any M/L ratios or pH values; this suggests the
formation of mono-, bi-, and trinuclear complexes. In the
case of the mutants that contain only two histidyl residues,
precipitation of copper(II) hydroxide occurred in the 3:1
M/L ratio samples above pH 6.5, and it would not dissolve
even at high pH values. These observations indicate that the
number of Cu?* ions that are bonded by the peptides is
equal to the number of histidyl residues that are present in
the molecules. The stability constants of 34 different species
can be calculated in the Cu?t-HuPrP(84-114) system (see
Table 2), but it requires the use of the HYPERQUAD com-
puter program.”®! All possible spectroscopic techniques that
can be applied for paramagnetic Cu’>* complexes, including
UV/Vis, CD and EPR spectroscopy and MS, were used to
check and/or modify the computational models. Selective
line-broadening of 'HNMR spectra of Cu’" complexes
have been frequently used to indicate the location of metal-
binding sites.’”) In our case, however, due to the presence of
coordination isomers at all ratios and all pH values, the ap-
plication of this technique was not possible. All spectroscop-
ic data (discussed below) suggest that the imidazole residues
of the peptides behave as independent metal-binding sites,
and the coordination modes of the short peptide fragments
reported for the octarepeat monomer,* for HuPrP(94-
97),5 and for HuPrP(106-114)"" can be used as the starting
points for the development of the computational model.
The best fitting of the potentiometric data was obtained by
invoking the species listed in Table 2, and the corresponding
speciation curves at two different metal-to-ligand ratios are
plotted in Figure 1. The solid lines in Figure 1 show the con-
centrations of individual species, while the overall concen-
trations of mono-, di-, and trinuclear complexes are indicat-
ed by dotted lines. The reproducibility of the models report-
ed in Table 2 was checked by parallel titrations of the sys-

Table 1. Protonation constants for the peptide fragments of prion protein (7=298 K, /=0.2 moldm KCl, standard deviations are in parentheses).

Species HuPrP(84-114) HuPrP(91-115) HuPrP(84-114)His85Ala HuPrP(84-114)His96Ala HuPrP(84-114)His111Ala
[HL]* 10.68(3) 10.68(2) 10.65(2) 10.65(2) 10.66(3)
[H,L]P* 20.96(2) 20.95(3) 21.06(3) 21.01(2) 20.96(2)
[H,L]P* 30.94(2) 30.93(3) 31.04(2) 30.99(2) 30.95(2)
[HLJ** 4022(1) 40.19(2) 40.35(2) 4032(2) 4030(2)
[H,LJ* 46.99(2) 46.76(2) 46.94(2) 46.87(3) 46.97(3)
[HL]** 53.18(3) 52.54(2) 52.72(2) 52.64(2) 52.85(2)
[HL]'* 58.82(2) - - - -
pK(Lys,) 10.68 10.68 10.65 10.65 10.66
PK(Lys,) 10.28 1027 10.41 10.36 10.30
PK(Lyss) 9.98 9.98 9.98 9.98 9.99
PK(Lysy) 9.28 9.26 931 933 935
pK(His,) 6.77 6.57 6.59 6.55 6.67
pK(His,) 6.19 578 5.78 577 5.88
pK(His;) 5.64 - - - -
PR(LYS)averae 10.06 10.05 10.09 10.08 10.08
PK(HIS)ayerage 6.20 6.18 6.19 6.16 6.28
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Table 2. Stability constants for the Cu?* complexes of peptide fragments of prion protein (7=298 K, I=0.2 moldm* KCl, standard deviations are in pa-

rentheses).

Species HuPrP(84-114) HuPrP(91-115)

HuPrP(84-114)His85Ala

HuPrP(84-114)His96Ala HuPrP(84-114)His111Ala

mononuclear complexes

[CuH L+ 57.51(3) - -
[CuH,L]"* 52.20(4) 50.78(3) 50.48(5)
[CuH,L]** 46.69(3) 45.02(4) 44.90(4)
[CuH,L]* 40.13(4) 39.10(5) 38.97(4)
[CuH,L]** 33.44(2) 32.81(3) 32.84(3)
[CuHLP* 25.45(2) 25.05(2) 25.30(2)
[CuL]** 16.24(3) 15.79(2) 16.04(2)
[CuH_,L]* 6.50(3) 5.81(3) 6.08(2)
[CuH ,L] —3.92(4) —4.58(4) —4.25(4)
[CuH_;L]~ —14.62(6) —15.20(7) —14.88(6)
[CuH_,L]*” —25.65(10) - -
dinuclear complexes

[Cu,H;L) 44.28(10) - -
[Cu,H,L]** 38.21(8) 36.56(8) 35.71(7)
[Cu,HL]* 31.77(7) 30.55(7) 30.00(7)
[Cu,L]*+ 24.95(4) 24.31(4) 24.07(4)
[Cu,H_LPP* 17.35(3) 17.02(3) 16.78(4)
[Cu,H_,LJ** 9.17(4) 8.90(4) 8.89(4)
[Cu,H LT 0.17(5) —0.65(6) —0.63(5)
[Cu,H_,L] —9.72(6) —10.63(6) —10.57(7)
[Cu,H sL]™ —19.97(6) —21.07(7) —20.99(6)
[Cu,H_(L]* —30.59(8) -31.71(9) —31.66(10)
[Cu,H L]~ —41.66(10) - -
trinuclear complexes

[CusL]** 28.78(10) - -
[Cu;H_LP* 22.36(8) - -
[CusH ,L]** 15.59(7) - -
[CusH L 8.50(5) - -
[CusH_ L]+ 0.40(6) - -
[Cu;H SL]* —8.25(7) - -
[CusH (L] —17.55(8) - -
[Cu;H L] —27.51(9) - -
[CusH LT —37.89(10) - -
[CusH ,L] —48.54(12) - -
[CusH_(L]* —59.45(14) - -

50.58(4) 51.40(3)
45.03(5) 45.90(3)
39.14(5) 39.65(3)
32.44(3) 32.67(3)
24.47(3) 24.20(3)
14.93(4) 14.59(4)
4.96(4) 4.68(4)
—5.63(5) ~5.60(5)
~16.35(6) ~16.23(8)
—27.43(12) —27.32(10)
35.62(8) 36.95(6)
30.01(6) 30.56(7)
23.68(5) 23.92(4)
16.15(4) 16.06(4)
7.41(5) 6.93(5)
~1.98(7) —2.53(7)
—12.00(7) —12.59(7)
—22.22(8) —22.86(8)
—32.82(8) —33.53(10)
—43.63(14) —44.66(15)

tems, and by computer evaluations of the data, and more
importantly, these models and the corresponding speciation
curves are in a good agreement with the spectroscopic meas-
urements.

Before discussing the structural characterisation of the
various species, some general comments related to the equi-
libria parameters should be considered. It is evident from
Table 2 that both mono- and polynuclear species can exist in
different protonation stages, mainly caused by the presence
of the four lysyl residues in all peptides. Spectroscopic data,
in agreement with the previous results on the short frag-
ments, definitely prove that the amino groups of the lysines
are not metal-binding sites at any pH values, and their de-
protonation reaction takes place in the same pH range as re-
ported for the free ligands (above pH 9). As a consequence,
the overall stoichiometries of all species that exist below
pH 9 contain four ammonium groups from lysines and their
proton contents have to be taken into account to understand
the binding modes of various species, that is, [CuH,L]**
exists as the major species at pH 7 in equimolar solutions
corresponds to [CuH_,LH,]**. Moreover, the deprotonation
reactions at high pH values almost exclusively belong to the
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deprotonation of lysyl ammonium groups (e.g., [CuHL]** to
[CuH_,L]") and these reactions are not accompanied by any
spectral changes, with the exceptions of the peptides that
contain His85 from the octarepeat domain of the protein. In
this case, the deprotonations of four amide functions were
suggested at high pH (species [CuH_,L]*").B¥! All these re-
actions, namely lysyl ammonium and especially the fourth
amide deprotonations, take place under strongly alkaline
conditions and their biological significance is probably negli-
gible.

The most surprising observation from the speciation
curves is related to the concentration of dinuclear com-
plexes in equimolar solutions. Before the interpretation of
these data, it has to be emphasised that the same trends
were obtained for the mutants with two histidines, and the
dinuclear complexes are always present in an amount of 20
to 50% in equimolar solutions above pH 5.5-6. At first
sight, this suggests that the metal binding is strongly cooper-
ative as reported in the literature for the octarepeat
domain.”>*! A more realistic mathematical or statistical ap-
proach to the complex formation reactions rules out the ex-
istence of such cooperation within these peptides. Table 3

Chem. Eur. J. 2007, 13, 7129-7143
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Figure 1. Species distribution of the complexes formed in the Cu’—
HuPrP(84-114) system at a) 1:1 and b) 2.9:1 Cu’*-to-ligand ratios. The
complexes that were formed in less than 5% yield are omitted for clarity.
Cruprp@e 1y =1.0mm; 1: [CuHGL]**, 2: [CuHL]’*, 3: [CuH,L]**, 4:
[CuHLLJ*, 5: [CuH,L]**, 6: [CuHL]**, 7: [CuL]**, 8: [CuH_,L]*, 9:
[CuH_,L], 10: [Cu,H;L]"*, 11: [Cu,H,L]**, 12: [Cu,HL]’*, 13: [Cu,L]**,
14: [Cu,H_,LJ*, 15: [Cu,H_,L]**, 16: [Cu,H_;L]*, 17: [Cu,H_,L], 18:
[Cu,H ,L]", 19: [CusL]**, 20: [CuH_,L]*, 21: [Cu;H_,L]**, 22:
[CusH ,LPP*, 23: [CusH LJ**, 24: [CusH.,L]*, 25: [CusH (L], 26:
[CusH_,L]", 27: [CusH_¢L]*".

gives the percentage for the statistical distribution of the
metal ions and ligands in a system when the complex forma-
tion is complete, and the metal ion and ligand are present in
the same overall concentrations, but the ligand has three

Table 3. Statistical distribution of the ligand and metal ion among vari-
ous species in which the ligand has three independent metal binding sites
and the complex formation is complete.

Stoichiometry Ligand [%)] Metal ion [%]
1:1 (M/L) samples

mononuclear 44.4 44.4
dinuclear 222 444
trinuclear 3.7 11.1
free ligand 29.6 -
2:1 (M/L) samples

mononuclear 222 11.1
dinuclear 44.4 44.4
trinuclear 29.6 444
free ligand 3.7
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equivalent metal-binding sites. It is clear from Table 3 that
dinuclear complexes statistically are expected in a concen-
tration around 40%. This high concentration of the dinu-
clear species implies that there is no cooperation synergy in
the complex-formation processes; on the contrary, it corre-
sponds to the statistical distribution of the metal ions among
the individual binding sites. Of course, the data in Table 3
are valid only if all of the binding sites are equivalent. In
the case of prion fragments, this is not true, because in pre-
vious studies® ¥ we already demonstrated the increased
metal-binding affinity of peptide fragments that contain
His96 or His111 over that of the octarepeat monomers (e.g.,
His85). However, by using the stability constants reported
for these fragments, the statistical distribution weighted by
the different thermodynamic stabilities of the different bind-
ing sites can be calculated, and it is plotted in Figure 2. The
comparison of the total concentrations of mono-, di-, and
trinuclear complexes in Figures 1a and 2 makes it possible
to evaluate the equivalency of binding sites, and also the ex-
istence of cooperation or antagonism in the metal binding.
It is evident from these plots that the major tendency for
the distribution of Cu** among the various mono- and poly-
nuclear species is similar both for the measured (Figure 1a),
and for the statistically expected speciation (Figure 2a). On

091 ol
0.8
0.7

0.6 Mononuclear complexes

05{ N ie-

0.4 | X -,

Molar fraction of copper(Il)

03 ,
02 ’

0.1 s

0.9 4

0.8 5

0.7 Binuclear .

061 complexes/

0.5 4
0.4 4

0.3 4 -/
Mononuclear , 7 ./ \>
0.2 - complexea/ /

v

Molar fraction of copper(Il)

0.1 e

pH

Figure 2. Expected distribution of mono- and polynuclear complexes of
HuPrP(84-114) based on the stability constants of the 1-His peptide frag-
ments at a) 1:1 and b) 2.9:1 Cu**-to-ligand ratios. No cooperative bond-
ing was assumed.
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the other hand, it is also evident from these figures that the
total amounts of mono- and dinuclear species are different
in the two cases. However, it should be taken into account
that the values plotted in Figure 2 were obtained from a
statistical distribution which was weighted by the stability
constants of small peptide fragments that contain only one
histidyl residue in each case. In the 31-mer peptide HuPrP-
(84-114), the three histidines are present in the same mole-
cule and they should influence the metal-binding affinity of
each histidyl site; this results in some deviation from the
statistical distribution. Moreover, some differences in the
stability of the specific conformations required for the
metal-ion coordination can be expected when comparing
the small fragments with the 31-mer peptide. The total con-
centration of dinuclear species in Figure la is lower than
that of Figure 2a, and this observation definitely rules out
the possibility of the existence of any cooperation between
one octarepeat monomer (His85) and the histidines outside
the octarepeat domain (His96 and His111). From these spe-
ciation curves we can conclude that all the histidines are in-
dependent metal-binding sites, and their metal-binding affin-
ities are more or less the same as those of the short peptide
fragments. On the other hand, from these data we cannot
deduce the metal-ion saturation of the various binding sites
in the mono- and dinuclear species. Three coordination iso-
mers of both mono- and dinuclear complexes can exist, but
we cannot estimate their preferences from the equilibrium
data. The spectroscopic data, especially CD spectroscopy,
will give a reliable estimation for the ratio of these coordi-
nation isomers. It is also important to note that similar data
were obtained for the peptides that contain two histidyl resi-
dues, but the speciation is simpler because trinuclear species
are not formed. The dinuclear species are always present in
equimolar samples and the percentage of them at pH 7 are
40, 39, 33 and 30% for HuPrP(84-114)His96Ala, HuPrP-
(91-115), HuPrP(84-114)His85Ala, and HuPrP(84-
114)His111Ala, respectively. These values are rather similar
to each other and support the metal-binding ability of all
sites in all peptides, although a small preference for binding
at His111 can be estimated, and it will be further supported
by the spectroscopic data.

Binding modes of the ligands in various species

Species with binding of side-chain imidazole donor atoms
(Ni), ([CuH LI+ to [CuH,LJ°%): By taking into account
the number of protonation sites of the ligands in the com-
plexes with the highest protonation stages, namely in
[CuH(L]** for HuPrP(84-114), and [CuHsL]"* for the 2-his-
tidine-containing mutants, we can conclude that Cu’* can
only be coordinated through a single imidazole nitrogen
donor atom; this assumption is supported by both equilibri-
um and spectroscopic data. The direct comparison of ther-
modynamic parameters in Table 2 might be misleading be-
cause of the different protonation states of the ligands; thus,
some other equilibrium parameters have been calculated
from the primary data and they are presented in Table 4.
The data in the first three rows of Table 4 correspond to the
stability constants of the species that are coordinated only
through one, two or three imidazole donor atoms and all
other metal-binding sites are protonated. The logK-
(Cu+N;,) values for simple monodentate binding are
around 4.0 log units, and they are similar to those reported
for the short fragments, or other peptides with the coordina-
tion of a single histidyl residue.*”***! On the other hand,
the logK(Cu+2N;,) values strongly support the involvement
of both non-protonated histidyl residues in the metal bind-
ing in the species [CuHiL]’* of HuPrP(84-114) and
[CuH,L]** of the 2-histidine mutants, which is possible in
the form of macrochelate or loop structures. In the case of
the 3-histidine peptide, the formation of three different mac-
rochelates (His85+His96, His85+Hisl11, or His96+
His111) is possible, and it results in the existence of coordi-
nation isomers. No spectroscopic technique is available to
distinguish between these isomers, but the stability constants
of the two 2-histidine peptides in Table 4 can help to esti-
mate the preference of isomers. The logK(Cu+2N,,) data
reveal that the macrochelation is favoured for HuPrP(84—
114)His111Ala. It strongly suggests that the macrochelate
that is formed with the involvement of His85 and His96 is
preferred over the others (see Scheme 1a). This finding is to
be expected because the peptide chain is flexible between
His85 and His96, but there are two prolyl residues (102 and
105) between His96 and His111, which can create some

Table 4. Calculated equilibrium parameters for the Cu** complexes of peptide fragments of prion protein (7T=298 K, /=0.2 moldm* KClI).

Process HuPrP(84-114) HuPrP(91-115) HuPrP(84-114)His85Ala HuPrP(84-114)His96Ala HuPrP(84-114)His111Ala
logK(Cu+Ny,,) 4.33 4.02 3.54 371 4.43
logK(Cu+2N;,) 521 4.83 4.55 471 5.60
logK(Cu+3N;,) 6.47 - - - -
pK,(monomer) 6.56 5.92 5.93 5.89 6.25
pK,(monomer) 6.69 6.29 6.13 6.70 6.98
pK».(monomer) 6.63 6.11 6.03 6.30 6.62
pK;(monomer) 7.99 7.76 7.54 7.97 8.47
pK;)(dimer) 7.60 7.29 7.29 7.53 7.86
pK;)(dimer) 8.18 8.12 7.89 8.74 9.13
PK;py(trimer) 7.09 - - - -
PK;p(trimer) 8.10 - - - -
PKig(trimer) 9.00 - - - -
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and His96 is the most-preferred
variant among the three possi-
ble isomers.

UV/Vis, CD, and EPR spec-
tra of all Cu**—peptide systems
have been recorded at three
[for HuPrP(84-114)] or two
(for the mutants) metal-to-
ligand ratios and at many differ-
ent pH values in the range from
3.5<pH<11.0. Two sets of the
visible absorption spectra of the
Cu’*-HuPrP(84-114)His111Ala
system are shown in Figure 3;
they reflect the high similarity
of the data and the continuous
shift of absorption maxima with
increasing pH at the two differ-
ent ratios. The PSEQUAD
computer programP!! generally
makes it possible to calculate
the individual spectra of the
major species in solution, but
this type of calculation is not
possible for these peptide com-
plexes because too many spe-
cies are present (see Figure 1).
Figure 1 reveals the overlap of
at least 4-5 species at all pH
values; this rules out the relia-
ble differentiation of the small
changes of the spectral parame-

Scheme 1. a) Schematic representation of the possible macrochelate complexes in Cu?*-HuPrP(84-114) and
b) major species present at physiological pH, when all histidines are independent binding sites.

steric hindrance for the chain folding.*! The data reported
for the 3N;,,-macrochelate of HuPrP(84-114) provide further
support for macrochelation. The value of logK(Cu+3N,,)=
6.47 was obtained for the [CuH,L]** species of the 31-mer
peptide, while 7.22 and 8.08 were published for the small 3-
histidine peptides Ac-HisHisGlyHis-NHMe and Ac-HisAla-
HisValHis-NH,, respectively; these peptides have similar
binding modes.*"*?! According to these data, the stabilities
of the macrochelates follow the order HAHVH >HHGH >
HuPrP(84-114). The formation of macrochelates with the
exclusive metal binding of side-chain imidazole functions
have been reported for a series of other peptides that con-
tain two or three histidyl residues and the stability constants
were also in the same range.”*"! These observations suggest
that macrochelation can occur with any multihistidine pep-
tides, but the stability is a measure of the distance between
the histidyl residues. In the case of HHGH, the imidazoles
are too close to each other, while for HuPrP(84-114) and it
mutants they are too far apart, but the involvement of His85
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\, ters that are related to the dif-

ferent Cu’* complexes. The
continuous blue shift, however,
corresponds very well to the in-
crease in the number of coordi-
nated nitrogen donors. It is also
evident from the data that both the blue shift and the inten-
sity of absorption spectra become more significant above
pH 5.5-6, which is when the amide-coordinated species start
to form. In the pH range from 4-5.5, only low-intensity ab-
sorption spectra can be recorded at the wavelength maxima
around 700-750 nm, which is in agreement with the hypoth-
esis that the imidazole nitrogen atoms bind exclusively.

CD spectra of the Cu**—HuPrP(84-114) system that were
obtained at three different metal-to-ligand ratios are plotted
in Figure 4. It is clear from Figure 4 that the CD parameters
are more sensitive to the metal-to-ligand ratio than those of
the UV/Vis and EPR spectra, and the extrema can be used
to rationalise the existence of coordination isomers. It is
also important to observe that in the range of d-d transi-
tions, measurable CD activity of the samples can be record-
ed only above pH 5.5-6. This implicates the involvement of
peptide amide groups in the metal binding. The absorption
maxima of the same samples provide an indirect proof for
the exclusive metal-ion coordination of the side-chain imid-
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Figure 3. Molar UV/Vis spectra of the Cu’*-HuPrP(84-114)His111Ala
system at a) 1:1 and b) 2:1 Cu’*-to-ligand ratios as a function of pH.
Chupipsa-114)Hisi 114 = 0.77 mM in both cases. At a 1:1 M/L ratio, pH 3.59
(1), 5.06 (2), 5.59 (3), 6.12 (4), 6.46 (5), 6.93 (6), 7.39 (7), 7.83 (8), 8.32
(9), 8.82 (10), 9.24 (11), 9.87-11.18 (12); at 2:1 ratio, pH 3.66(1), 4.89 (2),
5.51 (3), 6.16 (4), 6.59 (5), 6.99 (6), 7.47 (7), 7.90 (8), 8.35 (9), 8.85 (10),
9.36 (11), 9.91-11.20 (12).

azole residues, which are rather far from the chirality cen-
tres of the molecules.

Low-temperature EPR spectroscopy is generally the most
sensitive technique to distinguish between different coordi-
nation geometries and binding modes of Cu?* complexes.
The EPR spectra of the Cu**-HuPrP(84-114) system that
were recorded at 1:1 and 3:1 M/L ratios are shown in
Figure 5, and these spectra seem to contradict this expecta-
tion. The pH-dependent EPR spectra of these systems are
rather simple and reflect the presence of only a few differ-
ent Cu®" species. However, it should be taken into account
that EPR spectroscopy can differentiate only between the
species with different numbers of coordinated nitrogen
donors, and as a consequence, the coordination isomers
formed with the three independent histidyl residues have
more or less the same effects on the EPR parameters. The
three binding sites (His85, 96, and 111) of the 31-mer pep-
tide are far enough from each other, and the paramagnetic
probes (i.e., the Cu** ions) do not show any magnetic inter-
action. The unfavourable consequence is that, because the
three binding sites are very similar to each other, the mea-
sured EPR spectra resemble those that would be obtained
in the case of a system that is formed by a Cu®" ion interact-
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Figure 4. Molar CD spectra of the Cu**—HuPrP(84-114) system at a) 1:1,
b) 2:1 and c) 3:1 Cu**-to-ligand ratios as a function of pH. Cruprp(ss 114)=
0.65 mM in all cases. At 1:1 ratio, pH 6.05 (1), 6.84 (2), 7.33 (3), 7.99 (4),
8.71 (5), 9.56 (6), 10.00 (7), 10.63 (8), 11.32 (9); at a 2:1 ratio, pH 5.81
(1), 6.06 (2), 6.93 (3), 7.50 (4), 7.98 (5), 8.48 (6), 8.95 (7), 9.64 (8), 10.44
(9), 11.25 (10); at a 3:1 ratio, pH 6.00 (1), 6.78 (2), 7.42 (3), 7.91 (4), 8.43
(5), 9.25 (6), 10.16 (7), 11.33 (8).

ing with three ligands that are very similar to each other. In
our previous publications!"*?! the parameters A ~160-170
and 170-180 (x10*cm™) and g, =2.30-2.31 and 2.26-2.28
were reported for the macrochelates that were formed by
the coordination of 2N,,- and 3N;,,-donor atoms. The EPR
spectra measured in the Cu>**—HuPrP systems show the co-
existence of at least two or three species in slightly acidic so-
lution. In equimolar solutions and at pH values of 4.95 and
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Figure 5. EPR spectra of the Cu?’*—HuPrP(84-114) system at a) 1:1 and
b) 3:1 Cu*"-to-ligand ratios as a function of pH. Ccp-=1.0 mM in both
cases. pH Values are written on the spectra.

5.67 the parameters A; =172 and 182 (x10*cm™") and g, =
2.288 and 2.261, respectively, can be calculated, and they
suggest the predominance of the 2N;, and 3N;, species at
these pH values. According to the speciation curves, these
complexes should predominate at slightly higher pH values,
but the effect of different temperatures should also be con-
sidered. The complexes with more nitrogen donors are gen-
erally formed in more exothermic reactions, thus lowering
the temperature will shift the equilibria towards the forma-
tion of 2N- and 3N-complexes; this supports the detection
of these species in slightly more acidic solution.

Species with (N,,,N~)-, and (N,,,N-,N~)-coordination modes
([CuH;LP* and [CuH,LJ**): Both UV/Vis and EPR spec-
troscopic techniques unambiguously prove the formation of
amide-bonded species above pH 5.5-6.0. Similar observa-
tions were reported for the short peptide fragments of prion
proteins, and in most cases the deprotonation of two amide
functions took place cooperatively. This results in the forma-
tion of 3N-complexes as the major species in the physiologi-
cal pH range.”” The results obtained for the multi-histidine

Chem. Eur. J. 2007, 13, 7129-7143
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fragments studied in this work, however, indicate the exis-
tence of the intermediate 2N-complexes in measurable con-
centration. The pK values of successive amide deprotona-
tion are listed in Table 4, and the comparison of the data
suggests that the existence of macrochelates is responsible
for both the presence of 2N-complexes, and the shift of
amide deprotonation to slightly higher pH ranges. In the
case of the corresponding short fragments, only the averages
of the first two deprotonations were calculated, and the
values ranged between 5.64 and 6.08. In the case of HuPrP-
(84-114) and the mutants, the pKi,,,(monomer) values are
in the range from 6.03 to 6.63; this reflects a slightly less-fav-
oured amide deprotonation. The stepwise pK values reveal
the same tendencies, and it is also notable that the highest
pK values belong to HuPrP(84-114) and HuPrP(84-
114)His111Ala in all cases. The high values obtained for the
latter ligand support the preference of macrochelation with
the involvement of the His85 and His96 residues. On one
hand the (Nj,,N;,)-macrochelates slightly shift the deproto-
nation and amide binding to higher pH values, on the other
hand, the coordination of a second imidazole donor atom in
the form of a macrochelate enhances the thermodynamic
stability of the (N;,,N~)-chelate, which results in the loss of
cooperation. The small difference between pK,;(monomer)
and pK,(monomer) values, however, suggests that the
[(Nim,N7) +N;j,]-coordinated complexes are only minor spe-
cies, and that spectroscopic parameters cannot be deter-
mined for [CuH,;L]’*. Nevertheless, the EPR spectra of
equimolar solutions of Cu?’* and HuPrP(84-114) at pH
~ 6.4 showed the signals of a species with parameters inter-
mediate between those of the complexes with (N;,,N7)- and
(Nim,N7,N7)-coordination. These signals can be reasonably
assigned to the species [CuH,L]’*, which has the
[(Nim,N7) +N;,]-coordination mode. The continuous blue
shift of the visible spectra with increasing pH provides fur-
ther support for this assumption because the absorption
maxima of the above-mentioned coordination mode should
be between those of macrochelates (&~700nm) and
(Nim,N7,N7)-complexes (=~ 600 nm).

Both potentiometric and spectroscopic data prove that
the (Niju,N7,N7)-chelated species predominate around pH 7
in all systems. The stoichiometry of this species is [CuH,L]**
, and because of its high concentration, its spectral parame-
ters can be estimated with relatively high accuracy. These
values are included in Table 5 together with those of the
4N-complexes that dominate in alkaline solutions. The
range of spectroscopic parameters listed in Table 5 is in rea-
sonable agreement with those reported for the short frag-
ments with single histidyl residues. There are at least three
major reasons why the complete agreement of these data is
not possible: i) the binding modes of the species are similar,
but the charge of the species and the conformation of the
short and 31-mer peptides are different; ii) the basic coordi-
nation mode is (N;,,N,N"), but it is supported by the metal
binding of the other histidyl residues in the form of macro-
chelates; this results in an increase of the total number of
coordinated nitrogen donors; and iii) different coordination
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Table 5. Estimated spectroscopic parameters of the major Cu’* species formed with the peptide fragments of prion protein.

Process

HuPrP(84-114) HuPrP(91-115) HuPrP(84-114)His85Ala HuPrP(84-114)His96Ala

HuPrP(84-114)His111Ala

[(N;,N7,N7) +N;,] coordination mode ([CuH,L]*")

UV/ViS Ay, [nm]/e [M~ em™] 600/105 608/112 609/95 610/113 600/92
EPR spectra g /A [x10™em™']  2223/175 2.217/190 2.230/167 2.221/186
CD spectra A [nm]/Ae [M~'em™]  308/-0.22 312/-0.36 315/-0.35 334/-0.16 340/+0.37
465/—0.03 374/40.09 372/+0.11 384/40.04 498/4-0.18
529/+0.11 524/40.29 523/+0.33 478/—-0.13 590/-0.15
586/—0.06 605/—0.17 608/—0.12 576/+0.241 705/—0.16
657/+0.03 790/—-0.15 800/—0.15
780/—0.08 760/—0.13
[Nim,N",N"N"] coordination mode ([CuHL]**-[CuH_;L]")
UV/Vis Ay [nm]/e [M~'em™] 5251135 535/135 536/125 533/133 535/128
EPR spectra g /A [ x 10*em™]  2.196/195 2.200/199 2.199/200 2.192/198 2.195/203
CD spectra A [nm]/Ae [M'em™]  321/40.14 323/4-0.19 325/40.10 315/+41.10 305/-1.27
355/-0.11 355/-0.11 355/-0.11 358/-0.12 494/+0.67
484/—0.28 481/-0.20 475/-0.08 495/-1.11 589/—1.10
566/—0.42 566/—0.38 572/-0.43 628/40.85
655/4+0.29 655/40.29 660/40.24

[a] Broad band.

isomers of [CuH,L]** exist because all of the histidines can
be metal-binding sites. For example, when only two histi-
dines are present in the peptides as is the case in HuPrP(91-
115), either His96 or Hisl11 can be the primary chelating
site, while the other histidine forms the macrochelate, which
is a weak interaction and can exist either in a closed or
open form. Altogether, it means that four coordination iso-
mers (2x2) for the 2-histidine peptides, and nine isomers
(3x3) for HuPrP(84-114) are possible. Of course, the proba-
bility for the formation of these isomers is not the same, but
UV/Vis and EPR spectroscopic techniques cannot be used
to differentiate among them. The CD spectra of the isomers
bonded to different histidyl residues are, however, different
and these data can be used to estimate the preference for
isomers, as will be described later.

Species  with  the (N,,,N,N,N")-coordination mode
([CuHLP*' to [CuH_;L]"): Very characteristic spectral
changes can be observed in all systems in the pH range
from 6.5 to 9 at any metal-to-ligand ratio. The significant
blue shift of the absorption spectra and the decrease of g,/
A values correspond very well to the increase of nitrogen
donors, that is, the formation 4N-coordinated complexes. It
is also important to note that a further increase in pH does
not result in measurable spectral changes because only the
deprotonation of lysyl ammonium groups occur above pH 9.
As a consequence, there is a wide range for the stoichiome-
tries of 4N complexes, including the species from [CuHL]**
(i.e., [CuH_,LH,’*) to [CuH_;L]". The pK values for the
deprotonation of the third amide functions are listed in
Table 4 and cover the range between 7.54 and 8.47. These
values are slightly higher than those reported for the corre-
sponding nonapeptides™ ! and they provide further support
for the macrochelation in the species [CuH,L]** as was dis-
cussed previously.

Important conclusions can be drawn from the comparison
of the EPR parameters of the [CuH,L]** and [CuHLJ]**
complexes. Namely, the data for the latter species are more
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or less the same for all ligands, while the EPR parameters
of the former species vary in a relatively wide range. This
can be explained by the decrease in the number of coordina-
tion isomers. The equatorial coordination sites of [CuHL]**
are saturated; there is no chance for macrochelation, and
only three isomers of HuPrP(84-114) (only two for the mu-
tants) can form that differ only in the location of the histidyl
residues that are involved in metal binding (His85, His96 or
His111). CD spectra of both [CuH,L]** and [CuHL]** spe-
cies are, however, significantly different, because this tech-
nique is sensitive to the number and to the type of coordi-
nated donor functions, and to the amino acids involved in
the Cu—N~ bond. In the case of His85, the 4N-chelate in-
cludes the HGGG sequence towards the C termini, while in
the case of His96 and Hisl11, the GTH and MKH sequen-
ces, respectively, are included at the N-terminal side of both
His residues. The significantly different CD parameters of
these short peptide fragments have already been reported in
our previous publications, and now they are presented in
Figure 6,3 while Figure7 shows the CD spectra of
[CuH,L]** and [CuHL]** species of HuPrP(84-114) and its
2-histidine-containing mutants. The similarities and differen-
ces in the CD spectra are striking and make it possible to es-
timate the ratios of various coordination isomers. Similari-
ties of the spectra for HuPrP(91-115) (2) and HuPrP(84-
114)His85Ala (3) indicate that the length of the peptide has
only a weak effect on the molar spectra. At the same time,
the comparison of the spectra for HuPrP(84-114) (1, bold
line) and the two His mutants suggests at first glance that
the coordination sites of HuPrP(84-114) are the most simi-
lar to that of HuPrP(91-115) and HuPrP(84-114)His85Ala,
especially at high pH, that is, in the [CuHL]** species His96
and His111 are the main copper-binding sites. At lower pH,
however, based on the smaller similarity between HuPrP-
(84-114) and HuPrP(91-115), or HuPrP(84-114)His85Ala,
it can be said that His85 also has a measurable contribution
to the Cu®* coordination, as expected from the comparison
of the stability-constant values for the 1-His species.*"
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Figure 6. Molar CD spectra of the individual Cu®**-binding sites of
HuPrP(84-114) for the a) [Nj,, 2xN~] and b) [Nj,, 3xN~] coordinated
complexes, calculated by PSEQUAD.

However, it should be taken into account that well-mea-
sured CD extrema are obtained only for the amide-bonded
species of peptides, so we did not calculate the existence of
coordination isomers of species below pH 6, for example,
for the simple macrochelates. By using the CD spectra of all
individual short fragments (Ac-PHGGGWGQ-NH,, Ac-
GTHS-NH, and Ac-KTNMKHMAG-NH, including His85,
His96, and Hisl11, respectively) and the pH-dependent
EPR spectra of HuPrP(84-114) (see Figure 5), we can esti-
mate the preference of metal-binding sites and the results of
these calculations are shown by Figure 8 in the pH range
from 6-11. It is clear from Figure 8 that metal binding via
His111 and His96 is much preferred over His85, in agree-
ment with the previous results that were reported for the
small fragments.

Formation of di- and trinuclear complexes: It has already
been discussed that the formation of dinuclear complexes of
2-histidine peptides and di- and trinuclear complexes of
HuPrP(84-114), even in equimolar solutions, suggests the in-
dependence of the metal-binding sites of these peptides (see
Figure 2), but the application of ESI-MS provided the most
unambiguous proof for the formation of these species.
Before the interpretation of the mass spectrometric results,
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Figure 7. Measured molar CD spectra in the Cu**-HuPrP(84-114) (1),
Cu**-HuPrP(91-115) (2), Cu**-HuPrP(84-114)His85Ala (3), Cu’*-
HuPrP(84-114)His96Ala (4) and Cu**-HuPrP(84-114)His111Ala (5) sys-
tems for the a) [N, 2xN~] and b) [Nj,, 3xN~] coordination modes.
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Figure 8. Distribution of Cu** among the three histidines of HuPrP (84—
114) at 1:1 Cu?* to ligand ratio as calculated from the measured CD
spectra of the Cu>*—-HuPrP(84-114) 1:1 system. Cruprp(s-114)=0.65 mM.

it is important to note the complexity of these spectra. An
enormous number of peaks appeared in the mass spectra of
all systems, and it is not surprising if one takes into account
the speciation curves (see Figure 1) and the different charg-
es of the various species. Careful analysis of the spectra,
however, always indicated the existence of dinuclear species
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Figure 9. ESI-MS spectrum of the Cu’*-HuPrP(84-114) system at 1:1
Cu* to ligand ratio and pH 10.0. Cpyprpss114)= Ceopperany=1x 107> M. The
identified peaks are as follows: m/z: 8469 [CuHLNa]**, 8523
[H ,LNag**, 867.5 [Cu,H ,LNaJ**, 8729 [Cu,H ,LNa,]**, 878.4
[Cu,H ,LNa]J**, 8837 [CuwH sLNaJ*, 11219 [LNa;J*, 11357
[CuH_LNa,]’*, 1149.0 [Cu,H ,LNa*, 1156.0 [Cu,H sLNa,]**, 1163
[Cu,H_,LNa;P**, 1171.1 [Cu,H_;LNa,]**.

in equimolar solutions, and even the presence of the two
major isotopes of copper was reflected in the mass spectra.
A part of the ESI-MS spectra of Cu’*-HuPrP(84-114)
system that was obtained in equimolar solution is presented
in Figure 9. It is clear from Figure 9 that peaks of both the
free ligand and the mono- and dinuclear complexes can be
assigned in equimolar samples at high pH values when all
histidyl residues are independent metal-binding sites.

On the other hand, both the stoichiometries of polynuc-
lear species and the speciation curves reveal that the forma-
tion of di- and trinuclear complexes is connected to the in-
volvement of the amide nitrogen atoms in metal binding.
Monodentate binding of independent histidines through the
N;,-donor atoms should have the [Cu,H,L]** (or more pro-
tonated) overall stoichiometry, but stability constants can be
calculated only for [Cu,H;L]’* and the less-protonated
counterparts. It can be easily explained by the preference
for macrochelation when N, atoms are the exclusive metal-
binding sites. Even the species [Cu,H;L]"* and [Cu,H,L]**
are present in rather low concentration, and the first major
species among the dinuclear complexes is [Cu,L]**. This
species predominates around pH 7 and all spectral parame-
ters are characteristic of those reported for the 3N-com-
plexes in Table5. As a consequence, this species corre-
sponds to the stoichiometry [Cu,H ,LH,], which contains
two metal ions in the (N;,,N",N7)-coordination environment
and four protonated lysyl residues. Further, two deprotona-
tion reactions take place around pH 8 and these are accom-
panied with the spectral changes characteristic of
(Nim,N7,N",N")-coordination ([Cu,H_,L]** and [Cu,H_,L]**
). Deprotonation pK values of these amide functions are
also listed in Table 5 [pK;()(dimer) and pK;p (dimer)] and
the values reflect that the binding of the third amide func-
tion at the first site is facilitated, while the second one is
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slightly suppressed compared to the mononuclear species.
The enhanced stability of [Cu,H_,L]** probably comes from
the lack of macrochelate in dinuclear species.

Trinuclear complexes are formed only with HuPrP (84—
114), which contains three independent histidyl residues. In
this case, the major species around pH 7 is [CusH_,L]** with
3x (Nj,,N,N7)-coordination mode and it is transformed in
three steps (see pKj(trimer) in Table 5) to [Cu;H_sL]* of
which, the spectral parameters are characteristic of 3x
(Nim,N7,N",N7)-coordination. The corresponding equilibrium
data in Table 5 reflect the same tendencies as discussed for
the dinuclear species, and can be explained by the lack of
macrochelates and different charges of various species. The
high similarity of the two or three metal-binding sites of
these peptides do not make it possible to determine the in-
dividual spectroscopic parameters for each species, but it is
evident from Figure 3 that the visible absorption maxima
occur at the same wavelength, but with doubled intensity
compared to the monomers. The agreement of the EPR
spectra that were obtained at 1:1 and 3:1 metal-to-ligand
ratios are even more evident and support the same coordi-
nation environment of Cu**. On the other hand, the CD ex-
trema of the systems depend on the metal-to-ligand ratios,
because their intensity is a function of the chiral distribution
from the amino acids present in the vicinity of the particular
histidyl residues.

Conclusion

In the present study, the combined potentiometric and spec-
troscopic (UV/Vis, CD and EPR spectroscopy and ESI-MS)
approach revealed the high Cu**-binding affinity of all pep-
tide fragments as well the coordination mode of the pep-
tides in the different complex species. The complex forma-
tion between Cu®* ion and the peptides starts in acidic solu-
tion, above pH 3, and becomes almost complete by the
physiological pH range. Imidazole nitrogen donor atoms of
histidyl residues are the exclusive metal-binding sites below
pH 5.5 and they have a preference for the formation of mac-
rochelate structures (see Scheme 1a). Our results indicate a
preferential macrochelate formation that involves histi-
dines 85 and 96 over the other two possibilities, which come
by considering histidine 85 and 111 or 96 and 111. Of
course, this result is derived from the Cu’T—peptide model
systems, and, at the present stage, cannot be extended to the
whole protein. The deprotonation and metal-ion coordina-
tion of amide functions take place by increasing the pH, and
all of the histidines can be considered to be independent
metal-binding sites in these species. As a consequence, di-
and trinuclear complexes can be formed even at equimolar
metal ion/peptide concentration, but the ratio of polynuclear
species does not exceed the statistically expected one. Thus,
this rules out any cooperation in Cu** binding. The species
with the (Nj,,N7,N7)-binding mode are favoured around
pH 7 and their stability is enhanced by the macrochelation
from another histidyl residue in the mononuclear complexes
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(see Scheme 1b). Another important consequence of the in-
dependence of the histidyl sites comes from the existence of
coordination isomers for the mononuclear species of all pep-
tides and for the dinuclear species of HuPrP(84-114). CD
spectroscopy was able to distinguish among coordination
isomers and the preference for metal binding follows the
order of: His111 >His96 > His85 (see Figure 8). A further
increase in pH resulted in the deprotonation and metal-ion
coordination of the third amide functions at each metal-
binding site with the (Nj,,N7,N",N7)-coordination mode.
Spectroscopic measurements made it also clear that the four
lysyl amino groups of the peptides are not metal-binding
sites in any cases.

The coordination modes of this 31-mer peptide reconfirm
those previously proposed modes for the copper(Il) binding
with HuPrP(57-91)? and HuPrP(91-115) peptide frag-
ments.*? It is worth noting that our results indicate, for the
first time, that one of the common coordination modes,
namely the macrochelate ring formation, involves the bind-
ing of one imidazole nitrogen (His85) from the octarepeat
region and two imidazole nitrogen atoms from the unstruc-
tured domain (His96 and His111). An additional histidine
interaction with Cu** coordinated to four histidines that are
contained in the HuPrP(57-91) octarepeat region has been
hypothesised in the full-length protein.®? Thus, our data
support this hypothesis, though we are aware of the limits of
our mimic system. In addition, on the basis of the prefer-
ence of the prion protein for multiple histidine-Cu** coordi-
nation with macrochelate ring formation, it has recently
been proposed that this species is likely the highest-affinity
form of binding in the protein.’>*! Based on the comparison
between the estimated affinity constants of Cu?*-macroche-
late complex species and those, previously determined, of
the extracellular Cu** transporters (albumin, ceruloplasmin,
amino acids), it has been hypothesised that only a small per-
centage of prion protein could bind to Cu** under normal
conditions in the central nervous system. The distribution di-
agram of the ternary system (Cu’t-HuPrP(84-114)-AspA-
laHis-NHMe)" shows that the peptide that simulates the
high-affinity Cu®* binding of albumin is able to completely
sequester Cu®>* when the two ligands and the metal ion are
in a 1:1:1 ratio (see Supporting Information). To determine
whether PrP is an authentic cuproprotein, we need to know
the stability constants of the macrochelate species that is
formed with the entire N-terminus region, which encom-
passes six histidine residues. Thus, the results reported here
represent only a first useful basis to rationalise the conclu-
sions that will be presented in a forthcoming publication
concerning the entire PrP N terminus polypeptide that was
recently synthesised by us as a soluble derivative. Thus, a
complete quantitative picture of the Cu®*-binding features
within the entire N-terminal domain should be obtained,
and this should clarify the in vivo role of PrP as a copper
protein.
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Experimental Section

General: All N-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids,
(Fmoc-Lys(Boc)-OH, Fmoc-Thr(z-Bu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-
Met-OH, Fmoc-His(Trt)-OH, Fmoc-Ala-OH, Fmoc-Gly-OH, Fmoc-Ser-
(-Bu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Pro-OH) and Fmoc-Gln(Trt), and
2-(1-H-benzotriazole-1-yl1)-1,1,3,3-tetramethyluronium tetrafluoroborate
(TBTU) were obtained from Novabiochem (Switzerland); Fmoc PAL-
PEG resin, N,N-diisopropylethylamine (DIEA), N,N-dimethylformamide
(DMEF, peptide synthesis grade) and 20 % piperidine/DMF solution were
obtained from Applied Biosystems; N-hydroxybenzotriazole (HOBT),
triisopropylsilane (TIS), trifluoroacetic acid (TFA), ethandithiol (EDT),
were purchased from Sigma-Aldrich. All other chemicals were of the
highest available grade and were used without further purification.

Preparative reversed-phase high-performance liquid chromatography
(RP-HPLC) was carried out by means of a Varian PrepStar 200 model
SD-1 chromatography system equipped with a Prostar photodiode array
detector with detection at 222 nm. Purification was performed by eluting
with solvent A (0.1% TFA in water) and B (0.1% TFA in acetonitrile)
on a Vydac Cjz 250x22mm (300 A pore size, 10-15 um particle size)
column, at flow rate of 20 mLmin~'. Analytical RP-HPLC analyses were
performed by using a Waters 1525 instrument, equipped with a
Waters 2996 photodiode array detector with detection at 222 nm.

The peptide samples were analysed by using gradient elution with solvent
A and B on a Vydac Cjs 250x4.6 mm (300 A pore size, 5 um particle

size) column, run at a flow rate of 1 mLmin~"'.

Peptide synthesis and purification: The HuPrP(91-115), HuPrP(84-114),
HuPrP(84-114)His85Ala, HuPrP(84-114)His96Ala and HuPrP(84—
114)His111Ala peptides were assembled by using the solid-phase peptide
synthesis strategy on a Pioneer™ Peptide Synthesiser. All residues were
introduced according to TBTU/HOBT/DIEA activation method for
Fmoc chemistry on a Fmoc-PAL-PEG resin (substitution: 0.22 mmolg ™',
0.33 mmol scale synthesis, 1.5 g of resin). The synthesis was carried out
under a fourfold excess of amino acid at every cycle, and each amino
acid was recirculated through the resin for 35 min. The removal of the
Fmoc protecting group during the synthesis was achieved by means of
20% piperidine solution in DMF. N-Terminal acetylation was performed
by treating the fully assembled and protected peptide resins (after re-
moval of the N-terminal Fmoc group) with a solution that contained
acetic anhydride (6 % v/v) and DIEA (5% v/v) in DMF.

The peptides were cleaved off of their respective resins and simultane-
ously deprotected by treatment with a mixture of TFA/TIS/EDT/H,O
(94.5/1.0/12.5/12.5% viv) for 2 h at room temperature. Each free peptide-
containing solution was filtered off from the resin and concentrated in
vacuo at 30°C. The peptide was precipitated with cold freshly distilled di-
ethyl ether. The precipitate was then filtered, dried under vacuum, redis-
solved in water and lyophilised. The resulting crude peptides were puri-
fied by preparative RP-HPLC.

AcGInGlyGlyGlyThrHisSerGInTrpAsnLysProSerLysProLysThrAsnMet-
LysHisMetAlaGlyNH, (HuPrP(91-115)): From 0 to 8 min, isocratic con-
ditions in 8 % B, then a linear gradient from 8 to 16 % B over 28 min, fi-
nally, isocratic conditions in 16 % B from 28 to 32 min. Yield=56% (R,=
30.00 min). Analytical RP-HPLC: from 0 to 5 min isocratic conditions in
7% B, then a linear gradient from 7 to 14% B over 25 min, finally iso-
cratic conditions in 14% B from 25 to 30 min (R,=29 min); MS: m/z:
1360.3 [M+2H]**, 907.3 [M+3H]*" (calcd: 2718.32).

AcProHisGlyGlyGlyTrpGlyGInGlyGlyGlyThrHisSerGInTrpAsnLysPro-
SerLysProLysThrAsnMetLysHisMetAlaGlyNH, (HuPrP(84-114)): From
0 to 8 min isocratic conditions in 14% B, then a linear gradient from 14
to 19% B over 20 min, finally isocratic conditions in 19% B from 20 to
25 min. Yield=48% (R,=21.6 min). Analytical RP-HPLC: from 0 to
5 min isocratic conditions in 5% B, then linear gradient from 5 to 25% B
over 20 min, finally isocratic conditions in 25% B from 20 to 30 min
(R,=22.6 min); MS: m/z: 1649.5 [M+2HJ**, 1100.7 [M+3H]**, 825.9
[M+4H]** (caled: 3295.6).

AcProAlaGlyGlyGlyTrpGlyGInGlyGlyGlyThrHisSerGInTrp AsnLysPro-
SerLysProLysThrAsnMetLysHisMetAlaGlyNH, (HuPrP(84-114)His85-
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Ala): From 0 to 8 min isocratic conditions in 15% B, then a linear gradi-
ent from 15 to 20% B over 28 min. Yield=43 % (R,=19.23 min). Analyt-
ical RP-HPLC: from 0 to 5 min isocratic conditions in 7% B, then a
linear gradient from 7 to 20% B over 25 min, finally isocratic conditions
in 20% B from 25 to 30 min (R,=24 min); MS: m/z: 1616.5 [M+2H]*",
1078.6 [M+3H]**, 809.6 [M+4H]** (calcd: 3229.54).

AcProHisGlyGlyGlyTrpGlyGInGlyGlyGlyThrAlaSerGInTrp AsnLysPro-
SerLysProLysThrAsnMetLysHisMetAlaGlyNH, (HuPrP(84-114)His96-
Ala): From 0 to 8 min isocratic conditions in 15% B, then a linear gradi-
ent from 15 to 20% B over 28 min. Yield=42% (R,=18.26 min). Analyt-
ical RP-HPLC: from 0 to 5 min isocratic conditions in 7% B, then a
linear gradient from 7 to 20% B over 25 min, finally isocratic conditions
in 20% B from 25 to 30 min (R,=26 min); MS: m/z: 1616.4 [M+2HJ**,
1078.3 [M+3H]** 809.5 [M+4H]'* (calcd: 3229.54).

AcProHisGlyGlyGlyTrpGlyGInGlyGlyGlyThrHisSerGInTrp AsnLysPro-
SerLysProLysThrAsnMetLysAlaMetAlaGlyNH, (HuPrP(84-114)His111-
Ala): From 0 to 8 min isocratic conditions in 15% B, then linear gradient
from 15 to 20% B over 28 min. Yield=60% (R,=20.00 min). Analytical
RP-HPLC: from 0 to 5 min isocratic conditions in 7% B, then linear gra-
dient from 7 to 20 % B over 25 min, finally isocratic conditions in 20% B
from 25 to 30 min (R,=26.5 min); MS: m/z: 1616.5 [M+2H]**, 1078.4
[M4+3HJ*, 809.5 [M+4 H]** (caled: 3229.54).

pH-Potentiometric measurements: The pH-potentiometric titrations were
performed in 3 cm® samples at 1x107>moldm™ ligand concentration
with the metal-to-ligand ratios between 1:1 to 3:1 (for the 2-His peptides)
or 4:1 [in the case of HuPrP(84-114)]. During the titration, argon was
bubbled through the samples to ensure the absence of oxygen and
carbon dioxide. The samples were stirred by a VELP Scientific magnetic
stirrer. All pH-potentiometric measurements were carried out at 298 K
and at a constant ionic strength of 0.2mM KCl. pH Measurements were
made with a MOLSPIN pH-meter equipped with a 6.0234.100 combina-
tion glass electrode (Metrohm) and a MOL-ACS microburette controlled
by a computer. The recorded pH readings were converted to hydrogen
ion concentration as described by Irving et al.**! The protonation con-
stants of the ligands and overall stability constants (log 3,,) of the Cu**
complexes were calculated by means of the general computational pro-
grams, PSEQUADP" and HYPERQUAD,”! by using Equations (1) and
).

pM +qH+rL=M,H,L, (1)
[MquLr]
P = ap T 17 <2>

UV/Vis spectroscopy: Spectroscopic measurements: UV/Vis spectra of
the Cu®** complexes were recorded from 250-900 nm on a Hewlett—Pack-
ard HP 8453 diode array or a Perkin—Elmer Lambda 25 scanning spectro-
photometer in the same concentration range as was used for the pH-po-
tentiometric measurements.

CD spectroscopy: CD spectra of the ligands and the Cu?* complexes
were recorded on a JASCO J-810 spectropolarimeter by using 1 or
10 mm cells in the 200-800 nm wavelength range at the same concentra-
tion as used for pH-potentiometry.

EPR spectroscopy: Anisotropic X-band EPR spectra of frozen solutions
were recorded at 120 K, by using a Bruker EMX spectrometer after the
addition of ethylene glycol to ensure good glass formation. Copper(II)
stock solutions for EPR measurements were prepared from CuSO,5H,0
that had been enriched with ®*Cu to achieve better resolution of EPR
spectra. Metallic copper (99.3% ®Cu and 0.7% ®Cu) was purchased
from JV Isoflex, (Moscow, Russia) for this purpose and was converted
into the sulfate. Only anisotropic EPR spectra have been measured. In
fact, in comparison with isotropic spectra, the former can give informa-
tion about the symmetry and the coordination geometry of the Cu**
complexes. Moreover, the anisotropic hyperfine-splitting constant shows
the greatest sensitivity to the identity of the coordinated donors and fi-
nally it is easier to distinguish when more than one species is present in
solution. Hyperfine-coupling constant (A ) are expressed in 10™* cm ™.
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Electrospray ionisation mass spectrometry (ESI-MS) analysis: ESI-MS
spectra were recorded on a Finnigan LCQ-Duo ion trap electrospray
mass spectrometer. Peptide solutions were introduced into the ESI
source through 100 um i.d. fused silica, from a 250 uL syringe. The exper-
imental conditions for spectra acquired in positive-ion mode were as fol-
lows: needle voltage: 2.5kV, flow rate: 5 uLmin~!, source temperature:
150°C; m/z range: 200-2000, cone potential: 46 V, tube lens offset: 16 V.

The metal-complex solutions were prepared by dissolving the peptide
and CuSO,-5H,0 in Milli-Q water at a 1:1 ligand-to-metal ratio (ligand
concentration ranging from 1x107° to 5x10~° mol-dm ) and were inves-
tigated in the 5.0-10.0 pH range; the pH values were adjusted by adding
HCI or NaOH to the solutions.
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