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The stoichiometry, stability constants and solution structure of the complexes formed in the reaction of copper()
with oligopeptides containing histidyl residues at the C-termini (Gly3His, Gly4His and Gly5His) have been determined
by potentiometric, UV–VIS and EPR spectroscopic methods. The formation of the species [CuHL]2�, [CuL]�,
[CuH�1L], [CuH�2L]– and [CuH�3L]2� was detected in all cases. Binding modes of the species [CuL]�, [CuH�1L]
and [CuH�2L]� were characterized by the metal ion co-ordination of the terminal amino group, carbonyl oxygen
or one or two deprotonated amide nitrogens in joined five-membered chelates from the N-termini, while the fourth
co-ordination site of the metal ion was occupied by nitrogen donors of imidazole in the form of a macrochelate.
The stability of the macrochelate was decreased upon increasing the length of the peptide molecule. For the penta-
and hexa-peptides the species [CuH�3L]2� was characterized as a 4N-complex with equatorial co-ordination of the
terminal amino group and subsequent three deprotonated amide nitrogens, with unco-ordinated imidazolyl residues,
while a 5N-species was suggested to form for Gly3His with axial interaction of the imidazole-N donor atom.
Copper() complexes of Gly2His and pentaglycine were also investigated for reliable comparison.

Introduction
It is well known that histidyl residues of proteins are the most
common binding sites for copper() ions in a number of
metalloenzymes. The biological relevance and abundance of
copper()–N(imidazole) interactions explain the huge number
of studies on the co-ordination chemistry of histidine contain-
ing peptides.1–5 It is clear from these studies that complex
formation processes of histidine containing peptides largely
depend on several crucial factors including the nature of metal
ions, the metal ion to ligand ratio and especially the location of
histidyl residues in the amino acid sequence.

It is widely accepted that the interaction of copper() with
N-terminal histidyl peptides is characterized by the formation
of a dimeric species [Cu2H�2L2] with GlyGly-like co-ordination
and imidazole bridging in equimolar solutions, while stable bis
complexes with 4N-co-ordination without amide deproton-
ation are formed in the presence of excess of dipeptides.6 The
insertion of histidine in the second position of a peptide chain
results in enhanced metal binding capability of the ligands,
which is explained by the (NH2, N

�, N(Im)) co-ordination of
the first two amino acid residues.6–11 For GlyHis and related
ligands it is especially important to note that deprotonation
and co-ordination of the amide nitrogen are also promoted by
zinc() and cobalt() in the physiological pH range.12,13

The tripeptides containing C-terminal histidyl residues have
been widely studied and used as the simplest models for human
serum albumin.14–18 The interaction of copper() with GlyGly-
His is characterized by the co-operative deprotonation of
two subsequent amide nitrogens and by the formation of
[CuH�2L]� which is a very stable 4N-complex. The binding sites

of GlyGlyHis–N-methylamide 16 and GlyGly–histamine 17 have
been described in a similar way supporting the outstanding
metal binding capability of peptides containing histidine as the
third amino acid residue.

Copper() and nickel() complexes of a few peptide
molecules containing histidyl residues in the fourth or fifth
positions have already been studied, but the results cannot be
generalized, because the interactions are much more compli-
cated. The anchoring effect of histidyl residues for amide bind-
ing has been established and subsequent co-ordination of
deprotonated amide nitrogens preceding the C-terminal histidyl
residue was concluded. For the copper()–Ac-GlyGlyGlyHis
system (where Ac represents the acetyl group, CH3CO) this
resulted in the formation of a 4N-complex in slightly alkaline
media.19,20 Transition metal complexes of a number of tetra- to
hexa-peptides representing the oligopeptide segment of angio-
tensin II and containing C-terminal histidyl residues were
studied by Kozlowski and co-workers.21–25 The anchoring
capacity of histidyl residues was observed in all cases and the
formation of various macrochelates was proposed in the
species [CuL], without amide binding. The existence of similar
macrochelates was proposed in palladium() complexes of
ProGlyAlaHis at low pH values.26 However, in the copper()–
GlyGlyGlyHis and copper()–AlaGlyGlyHis systems the
binding modes of the final 4N-species, [CuH�3L]2�, were
explained by a structural rearrangement of the macrochelates
with an unco-ordinated amino group,1,23 and co-ordination of
N(imidazole) and preceding three amide nitrogens was
suggested. The co-ordination properties of the penta- and
hexa-peptides, ArgValTyrIleHis and AspArgValTyrIleHis were
interpreted in a similar way via the formation of a macro-
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Table 1 Stability constants (log βpqr) of the proton and copper() complexes of oligopeptides: T = 298 K, I = 0.2 mol dm�3 KCl (standard deviations
are in parentheses)

Species Gly2His 18 Gly3His Gly4His Gly5His Triglycine 31 Tetraglycine 31 Pentaglycine

HL
H2L
H3L
[CuHL]2�

[CuL]�

[CuH�1L]
[CuH�2L]�

[CuH�3L]2�

pK(His)
pK1(amide)
pK2(amide)
pK3(amide)

8.06(2)
14.88(3)
17.68(3)
12.40(15)
7.60(20)
2.50(20)

�1.55(2)
—
—
—
—
—

8.03(1)
14.89(2)
17.55(3)
12.24(15)
8.47(1)
1.63(3)

�5.79(3)
�16.67(4)

3.77
6.84
7.42

10.88

8.05(2)
14.98(2)
17.88(3)
12.16(23)
8.50(2)
2.41(3)

�5.39(4)
�15.71(4)

3.66
6.09
7.80

10.32

8.00(1)
14.87(2)
17.73(2)
12.29(5)
8.11(2)
2.63(2)

�5.06(3)
�15.67(3)

4.18
5.48
7.69

10.61

7.93
11.25
—
9.51
5.25

�0.16
�7.02

�18.30
—
5.41
6.86

—

7.94
11.18
—
9.09
5.06

�0.50
�7.41

�16.59
—
5.56
6.91
9.18

7.95(1)
11.31(1)
—
—
5.31(5)

�0.29(3)
�7.10(3)

�14.99(3)
—
5.60
6.81
7.89

chelate, but the binding sites of the 4N-species were described
in the “classical” co-ordination of peptides, namely with the
involvement of terminal amino and subsequent three amide
nitrogens in metal binding.25 The striking differences in the co-
ordination chemistry of the tetra-, penta- and hexa-peptides
were explained by steric effects caused by the non-co-ordinating
(e.g. Tyr) side chain residues.

Taking into account the great variety of the possible co-
ordination sites of the above mentioned peptides it is worth-
while to study copper() complexes of oligopeptides containing
only glycyl and C-terminal histidyl residues. Here, we report the
results of combined potentiometric, UV–VIS and EPR spectro-
scopic studies on the copper() complexes of GlyGlyGlyHis
(Gly3His), GlyGlyGlyGlyHis (Gly4His) and GlyGlyGlyGly-
GlyHis (Gly5His). Copper() complexes of the tripeptide Gly-
GlyHis (Gly2His) and pentaglycine were also studied for
comparison.

Experimental
Materials

The tripeptide Gly2His was purchased from Serva, pentaglycine
was purchased from Bachem and their concentrations were
checked by potentiometric titrations. The metal ion stock solu-
tions were prepared from analytical grade copper() chloride
and the concentration was checked gravimetrically via oxinates.

All solvents and chemicals for commercial sources used for
synthesis were of the highest available purity and used without
further purification. The protected -amino acids (Fmoc-His-
(N im-Mtt)–OH, Fmoc-Gly–OH (Fmoc = fluoren-9-ylmethoxy-
carbonyl, Mtt = 4-methyltrityl)) and the resin 2-chlorotrityl
chloride were from CBL Chemicals Ltd., Patras, Greece.

Peptide synthesis

The peptides Gly3His, Gly4His and Gly5His were synthesized in
the solid state, using the 2-chlorotrityl chloride resin 27 (substi-
tution 1.1–1.6 mequivalents Cl g�1) as the solid support. The
Fmoc group was used for temporal protection of the α-amine
group and dicyclohexylcarbodiimide (dcc)–1-hydroxybenzo-
triazole were used as coupling reagents. The procedure followed
is described in detail in the literature.28 Peptide cleavage from the
resin was performed using a CH3CO2H–CF3CH2OH–CH2Cl2

(1 :2 :7 v/v) solution. The imidazole protecting group (Mtt) was
removed using 50% trifluoroacetic acid in CH2Cl2–CF3CH2OH
(6 :1 v/v). Peptide purity was controlled by thin layer chrom-
atography using the solvent mixtures BuOH–pyridine–CH3-
CO2H–water (4 :1 :1 :2 v/v) and verified by proton NMR
(Bruker AMX 400 spectrometer).

Potentiometric measurements

The pH-potentiometric titrations in the pH range 2.5–11.0
were performed in 4 cm3 samples in the concentration range

of 2–4 × 10�3 mol dm�3 at metal ion to ligand ratios of between
1 :1 and 1 :3. The number of experimental points was 50–70
(cm3–pH) for each titration curve. Argon was bubbled through
the samples to ensure the absence of oxygen and for stirring
the solutions. All pH-metric measurements were carried out
at 298 K, at a constant ionic strength of 0.2 mol dm�3 KCl.
The measurements were made with a Radiometer PHM 84
pH-meter equipped with a 6.0234.100 combined electrode
(Metrohm) and a Dosimat 715 automatic burette (Metrohm)
containing carbonate-free potassium hydroxide at known con-
centration. The pH-readings were converted to hydrogen ion
concentration 29 and the overall stability constants (log βpqr) of
the various species ([MpHqLr]) were calculated by means of a
general computational program (PSEQUAD).30

pM � qH � rL MpHqLr

βpqr =
[MpHqLr]

[M]p[H]q[L]r

Spectroscopic measurements

Visible spectra of the copper() complexes were recorded on a
JASCO UVIDEC 610 double beam spectrometer or on a HP-
8453 diode array spectrophotometer in the same concentration
range used for potentiometric studies. Anisotropic X-band
EPR spectra (9.15 GHz) of frozen solutions were recorded at
120 K using a Varian E-9 spectrometer after addition of ethyl-
ene glycol to ensure good glass formation in frozen solutions.
Copper() stock solutions for EPR measurements were pre-
pared from CuSO4�5H2O enriched with 63Cu to obtain better
resolution of EPR spectra. For this purpose metallic copper
(99.3% 63Cu and 0.7% 65Cu) was purchased from JV Isoflex,
Moscow, Russia and converted to the sulfate.

Results and discussion
Stability constants of the proton and copper() complexes of
Gly3His, Gly4His, Gly5His and pentaglycine were determined
by potentiometric measurements and the data are collected in
Table 1. Equilibrium parameters of the copper() complexes of
Gly2His,18 tri- and tetra-glycine are also listed for comparison.31

It can be seen from Table 1 that the stoichiometry of the
complexes formed in the copper()–oligopeptide systems are
similar to each other. For histidine containing peptides the
titration curves of all metal ion to ligand ratios can be fitted
with the assumption of 1 :1 complexes differing only in the
number of protonated binding sites. Inclusion of bis- or
poly-nuclear complexes into the computational models did not
provide better fitting while spectral parameters are also in
agreement with the exclusive formation of 1 :1 species. It is also
important to note that for Gly3His, Gly4His and Gly5His
the values of stability constants are quite similar to each other,
but significantly differ from those of Gly2His. The copper()–
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Gly2His system can be characterized by the predominant
formation of the species [CuH�2L]� with 4N-co-ordination.
The other monomeric species, [CuHL]2�, [CuL]� and [CuH�1L]
are present in very low concentration, because of the co-
operative deprotonation and co-ordination of two amide nitro-
gens.1,14,15,18 This co-operativity, however, does not hold for
the other peptides containing histidine, for which succes-
sive deprotonation and co-ordination of amide nitrogens is
observed. This differing behaviour is best represented by the
corresponding species distribution curves depicted in Fig. 1(a)–
(c) for Gly3His, Gly4His and Gly5His, respectively, and in Fig. 2
for pentaglycine.

It is obvious from Fig. 1 that the relative concentration of the
various complexes is different in all cases and is reflected in
the different pK values of amide deprotonation. The interpret-
ation of these differences, however, requires careful examination
of the thermodynamic and spectral parameters of the various
species. The parameters of the EPR spectra are given in Table 2,
while selected examples of EPR spectra are shown in Figs. 3
and 4.

It is clear from the comparison of Table 1 and Fig. 1(a)–(c)
that the species [CuHL]2� is always present in very low concen-
tration. Its binding mode can be interpreted either by the co-
ordination of the terminal amino and neighbouring carbonyl

Fig. 1 Species distribution of the complexes formed in the copper()–
GlynHis (n = 3–5) systems at equimolar concentration (4 × 10�3 mol
dm�3): (a) L = Gly3His, (b) L = Gly4His, (c) L = Gly5His.

oxygen donors with the protonated imidazole side chain or by
the monodentate co-ordination of an imidazole nitrogen with a
protonated amino group. Earlier studies led to the conclusions
that N3 of imidazole is the primary binding site of these pep-
tides,1,19,23,24 but careful consideration of the spectroscopic
parameters obtained for the species formed at higher pH
strongly supports the existence of amine binding for all possible
stoichiometries. The pK values for the deprotonation of
[CuHL]2� are around 4 for all His containing peptides, which
can correspond to both possible binding modes. Unfortunately,
the low concentration of this species does not make it possible
to calculate the EPR parameters of the species, but its presence
can be verified in all cases (see Fig. 3(b)) and its signal overlaps
well with those of pentaglycine with (NH2, CO)-co-ordination.
On the other hand, the low concentration of [CuHL]2� of
GlynHis peptides as compared to that of [CuL]� of penta-
glycine can be explained by the subsequent co-ordination of
imidazole nitrogen donors, which results in enhanced stability
of the species [CuL]�. The enhancement in the stability of the
species [CuL]� slightly suppresses amide deprotonation which
is reflected in the pK values for the first amide nitrogens
(pK1(amide)). The pK values for GlynHis are 6.84, 6.09 and 5.48
for n = 3–5, respectively, the latter value being very close to that
of pentaglycine and supports the formation of macrochelates,

Fig. 2 Species distribution of the complexes formed in the copper()–
pentaglycine system at equimolar concentration (4 × 10�3 mol dm�3).

Fig. 3 Parallel region of EPR spectra recorded at 120 K in aqueous
solutions of 63Cu() and Gly3His in equimolar concentration as a
function of pH: (a) pH = 2.95, [Cu(H2O)6]

2�; (b) pH = 4.35, [Cu-
(H2O)6]

2� � [CuHL]2�; (c) pH = 5.48, [CuL]�; (d) pH = 6.81, [CuL]� �
[CuH�1L] � [CuH�2L]�; (e) pH = 9.02, [CuH�2L]; (f) pH = 12.10,
[CuH�3L]2�.
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Table 2 Parameters of the parallel region of EPR spectra of frozen solutions containing 63Cu() complexes of oligopeptides

Gly3His Gly4His Gly5His Pentaglycine

Species Donor set 104A||/cm�1 g|| 104 A||/cm�1 g|| 104 A||/cm�1 g|| 104 A||/cm�1 g|| 

[CuHL]2�

[CuL]�

[CuH�1L]

[CuH�2L]�

[CuH�3L]2�

(NH2, CO)
(NH2, CO) � N(Im)
(NH2, CO)
(NH2, N

�) � N(Im)
(NH2, N

�)
(NH2, N

�, N�) � N(Im)
(NH2, N

�, N�)
five-co-ordinated
(NH2, N

�, N�, N�)

�a

139
—
�
—
200
—
�
—

�
2.299
—
�
—
2.194
—
�
—

�
137
—
156
—
200
—
—
206

�
2.298
—
2.230
—
2.199
—
—
2.171

�
�
—
156
—
199
—
—
206

�
�
—
2.227
—
2.196
—
—
2.172

—
—
151
—
175
—
191
—
206

—
—
2.331
—
2.251
—
2.219
—
2.171

a Detected but parameters cannot be estimated because of low concentration or overlap of several species.

which is most favoured for Gly3His, while it does not have
significant effect on the co-ordination properties of the hexa-
peptide. The EPR parameters of this species (Fig. 3(c)), namely
the low A|| and high g|| values, strongly indicate a significant
distortion in the coordination sphere of copper() and the
existence of a macrochelate in the molecule (Scheme 1(a)). The
macrochelates (or loops) correspond to the co-ordination of 2N
donors from both the N- and C-termini and contain 14, 17 or
20 atoms for Gly3His, Gly4His and Gly5His, respectively.

The thermodynamic stabilities and concentrations of the
species [CuH�1L] change in the opposite manner relative to
[CuL]�. The base consuming process can only be explained by
the deprotonation and co-ordination of the first amide nitrogen
of the peptide molecules, but it requires careful examination of
all experimental data to deduce the location of this amide resi-
due. In previous studies on copper() complexes of Gly3His and
segments of angiotensin II, the species [CuH�1L] was assigned
as a 3N-complex co-ordinated via the amide groups preceding
the histidyl residue resulting in the formation of six- and five-
membered joined chelates.21–25 In other words, a rearrangement
of the co-ordination sphere of the central metal ion and the
reprotonation of the unco-ordinated terminal amino group is
suggested. However, careful comparison of potentiometric and
spectroscopic data obtained in this study on the copper()
complexes of tetra- to hexa-peptides led to different conclu-

Fig. 4 Low temperature (120 K) EPR spectra of the species formed in
equimolar solutions of 63Cu() and (a) pentaglycine, (b) Gly5His, (c)
Gly4His, (d) GlyGlyHis and (e) Gly3His. Spectra (a), (b) and (c) belong
to [CuH�3L]2�, (d) to [CuH�2L]� and (e) to a mixture of [CuH�3L]2�

and [CuH�2L]�.

sions. Namely, in agreement with previous findings, [CuH�1L] is
a 3N-complex, but with the involvement of terminal amino and
subsequent deprotonated amide nitrogens in metal binding
(five-membered chelate, as usual for common peptides). The
third nitrogen donor atom comes from the imidazole side
chain at the C-terminus leading to a macrochelate in this
species (Scheme 1(b)). There are several arguments for this
conclusion:

(i) The species [CuH�1L] has the same absorption and EPR
spectra for all ligands supporting the same binding mode in the
corresponding copper() complexes. The concentration of the
species [CuH�1L] is rather low in the case of Gly3His, which
results in poor resolution of EPR spectra (see Fig. 3(d)), but the
spectral parameters can be readily obtained for Gly4His and
Gly5His. The relatively low hyperfine coupling constants
(A|| ≈ 156 × 10�4 cm�1, g|| ≈ 2.23) corresponds again a highly dis-
torted geometry, since 3N species with joined chelate rings gen-
erally possess much higher coupling constants.28 Furthermore,
the N-protected peptide Z-GlyHis forms a species [CuH�2L]�

Scheme 1
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by pH 8, for which A|| = 199 × 10�4 cm�1 and g|| = 2.220 which
corresponds to equatorial co-ordination of two amide and
one imidazole nitrogen donor atoms (five � six membered
chelates).32

(ii) The absorption maxima of [CuH�1L] is at 620 ± 5 nm in
all cases (ε ≈ 80 dm3 mol�1 cm�1). Such values are too high for
the equatorial coordination of three chelating nitrogen donors,
but can be interpreted by the assumption of a highly distorted
macrochelate around the central metal ion.

(iii) Finally the most important and convincing proof for the
existence of a macrochelate in the species [CuH�1L] (and
[CuH�2L]�) comes from comparison of the pK values and spec-
tral parameters of the species [CuH�1L], [CuH�2L]� and
[CuH�3L]2�. Namely, if [CuH�1L] were a chelate from imid-
azole and preceding amide nitrogens then the N-protected
peptides of histidine and its derivatives should form similar
species with copper() as characteristic for the peptides (Gly)n-
His. This, however, is not the case, and N-protected derivatives
of histidine are not able to prevent metal ion hydrolysis in
equimolar solutions.33 On the other hand, copper() complexes
of Ac-Gly2His and Ac-Gly3His have already been studied and
the anchoring ability of imidazole for the co-ordination of the
preceding amide groups was definitely established. For example,
for Ac-Gly3His, values of pK1 = 6.50, pK2 = 7.35 and pK3 = 8.80
were reported for the ionization of the first, second and third
amide groups, respectively.20 These values are not very far from
those of Table 1, especially for the first two pK(amide) values of
Gly3His and Gly4His and thus it can be concluded that the
binding sites are similar. However, the first pK for the amide
ionization in the copper()–Gly5His system is the same as that
of pentaglycine and would also be similar for oligoglycine-like
binding sites. As a consequence, the protonation constants of
the amide groups in metal complexes cannot be used to dis-
tinguish between the various binding sites, especially in the pH
range below the pK values of the free peptides. The various
parameters of the species [CuH�2L]– and [CuH�3L]2� and the
spectral changes accompanying the formation of these species,
however, provide unambiguous proof for the co-ordination of
the N-termini in all possible stoichiometries. The species
[CuH�2L]� is a predominating complex in all systems and the
pK values for its formation could be interpreted either by
deprotonation of the free ammonium group or by the deproton-
ation and co-ordination of the second amide nitrogen. Taking
into account that the formation of [CuH�2L]� is accompanied
by a significant blue shift of absorption spectra and the charac-
teristic changes of EPR parameters in the pH range 7–8, the
co-ordination of one more nitrogen donor cannot be questioned
(pK2(amide)). As a consequence, [CuH�2L]� is definitely a 4N-
complex, but the fourth co-ordination site is still occupied by
imidazole-N in the form of a macrochelate. The basicity of the
amino groups of peptides definitely support that the last depro-
tonation of the complexes (pK3(amide) > 10) can arise only
from amide co-ordination, therefore the terminal amino group
should be involved in metal binding in this and in all previous
species. Of course, the deprotonation of third amide group is
hindered as compared to that of Ac-Gly3His (pK3 = 8.80),20

since for GlynHis peptides, the binding of third amide nitrogen
is replacing the macrochelate in the fourth co-ordination site of
the metal ion.

As stated above, the species [CuH�2L]� is a 4N-complex in all
cases as corroborated by spectral parameters. The absorption
maxima appear at 560 ± 2 nm with molar absorptivity ε ≈ 125 ±
5 dm3 mol�1 cm�1. The EPR parameters, A|| = (200 ± 1) × 10�4

cm�1, g|| = 2.197 ± 0.002, correspond to a 4N-complex with
slightly distorted tetragonal structure (see Fig. 3(e)). The struc-
tures are best described if the co-ordination of one more amide
nitrogen from the N-terminal side is suggested and the fourth
co-ordination site is occupied by the imidazole group (Scheme
1(c)). The extent of distortion of the geometry is significantly
decreased going from [CuL]� to [CuH�2L]�, since in the latter

species three equatorial sites are already occupied by chelating
donor groups.

Deprotonation and co-ordination of the third amide nitrogen
take place above pH 10 and result in the formation of the
species [CuH�3L]2�. The base consuming process is accom-
panied with a significant blue shift of the absorption spectra
and characteristic changes of EPR parameters suggesting that
a mixed hydroxo complex is not formed. The replacement of
imidazole binding by the co-ordination of an amide nitrogen
was also suggested by Gyurcsik et al.34 in the copper()–
LysLeuAlaHisPheGly system on the basis of UV–VIS and CD
measurements. At the same time it is important to note that the
spectral parameters of the [CuH�3L]2� complex of Gly3His sig-
nificantly differ from those of the penta- and hexa-peptides.
This is clearly seen in Fig. 4, which shows the complete EPR
spectra of frozen solutions containing the species [CuH�3L]2�

of all peptides studied. Fig. 4 and Table 2 indicate that penta-
glycine, Gly4His and Gly5His have very similar EPR and
absorption spectra (λmax = 512 ± 2 nm, εmax = 140 ± 5 dm3 mol�1

cm�1). However, the other two 4N-species have completely
different EPR spectra with [CuH�2L]� of Gly2His being co-
ordinated via the terminal amino, two deprotonated amide
and the imidazole N3 nitrogen donor atoms for which A|| =
209 × 10�4 cm�1, g|| = 2.178 and λmax = 525 nm. These values are
in good agreement with the equatorial co-ordination of 4N
donors in joined five,five,six-membered chelates. Both UV–VIS
and EPR characteristics of the species [CuH�3L]2� formed with
Gly3His are, however, significantly different from the above
example. Although detected in a mixture with [CuH�2L]� (see
Fig. 4(e)) [CuH�3L]2� exhibits EPR features (e.g. strong rhombic
distortion with one g value near 2.0) supportive of a penta-
co-ordinated species in a rather distorted environment.35 The
[CuH�2L]� [CuH�3L]2� � [H�] reaction is accompanied
with a small blue shift of the absorption spectra suggesting that
the base consuming process is amide deprotonation. On the
other hand, the absorption maxima appears at λmax = 550 nm,
εmax = 140 dm3 mol�1 cm�1, which is significantly red shifted as
compared to those of the penta- and hexa-peptides and can be
explained by the axial interaction of the side chain imidazole
nitrogen atoms (Scheme 1(d)). In principle, the axial co-
ordination of C-terminal His residues would be possible in the
[CuH�3L]2� complexes of both Gly4His and Gly5His. The much
longer distance between the last co-ordinated amide nitrogen
and the free imidazole in the complexes of Gly4His and Gly5His
as compared to that of Gly3His (six-membered chelate), how-
ever, will reduce the bonding strength of axial interaction and
it cannot compete with the free rotation of subsequent non-co-
ordinating amino acid residues. As a consequence, the penta-,
hexa- or longer peptides with C-terminal His residues are
best characterized by oligoglycine-like co-ordination with free
imidazole side chains (Scheme 1(e)).

Conclusions
Stability constants and spectral parameters of the copper()
complexes of peptides clearly demonstrate that imidazole side
chains have a very significant impact on the co-ordination
properties of these ligands. For the widely studied GlyHis and
GlyGlyHis this results in the enhanced metal binding ability of
the molecules due to the change of the characteristic binding
sites of common peptides. For tetrapeptides or higher oligo-
mers containing histidine the number of all nitrogen donors is
too high to co-ordinate in the equatorial plane of copper(),
but the Cu()–N(im) interaction remains a governing factor
during complex formation.

The species [CuL]� is formed with all peptides containing
C-terminal His residues, Gly3His, Gly4His and Gly5His. It is a
2N-complex formed via the co-ordination of terminal amino-N
and carbonyl-O donors in a five-membered chelate completed
by the binding of imidazole in the form of a macrochelate
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(Scheme 1(a)). The unusually low hyperfine coupling constants
of the species indicate a large extent of distortion in the
co-ordination geometry. The stability of this macrochelate is
decreased with an increase of the number of amino acid
residues in the peptide chain. An increase of the pH of the
solutions results in the deprotonation and co-ordination of
amide nitrogens subsequent to the terminal amino group.
There is a dichotomy in the literature as to the location of the
deprotonated amide groups in such copper() complexes. In
the previous studies it was concluded that imidazole-N and
preceding nitrogen donors are the binding sites in the species
[CuH�1L] and [CuH�2L]�. Comparison of the thermodynamic
and spectral parameters of the copper() complexes of Gly3His,
Gly4His and Gly5His and consideration of the metal binding
capability of N-protected peptides, however, led to the differing
conclusions. The co-ordination geometry of [CuH�1L] is
described as 3N-complex containing a five-membered chelate
(NH2, N�) at the N-termini completed with the binding of
imidazole side chain in the form of a macrochelate (Scheme
1(b)). The existence of a macrochelate results in some distortion
of geometry as reflected in the spectral parameters. The binding
sites of the species [CuH�2L]� are similar to those of [CuH�1L]
except for the presence one more amide nitrogen saturating the
co-ordination sphere of copper(), (NH2, N

�, N�) � N(Im) in a
macrochelate (Scheme 1(c)). In other words, below pH 10 all
three peptides, Gly3His, Gly4His and Gly5His, have very similar
metal ion speciation and the same binding modes, which is best
characterized in terms of the existence of a macrochelate
around the central metal ion. As one of the consequences
of these macrochelates, the deprotonation and co-ordination
of the third amide nitrogens are significantly suppressed
(pK3(amide) > 10) as compared to that of pentaglycine (pK3-
(amide) = 7.89). In connection with the results obtained for
pentaglycine it is important to note that this pK value is signifi-
cantly lower than that of tetraglycine (pK3(amide) = 9.18). This
seems to be in contradiction with the expectations, but it is in
good agreeement with earlier literature studies.36 Taking into
account the fact that [CuH�3L]2� of tetraglycine and penta-
glycine have the same binding patterns in the crystal structure
of solid samples 37,38 the difference in pK values can originate
only from the slightly suppressed deprotonation of the third
amide nitrogen of tetraglycine. This probably can be explained
by a weak interaction between the metal ion and the carboxyl-
ate residue, which are much closer to each other in tetraglycine.

The species [CuH�3L]2� of GlynHis peptides (n = 3–5) show
two different binding modes in the copper() complexes. The
penta- and hexa-peptides are characterized by a pentaglycine-
like co-ordination with unco-ordinated imidazole residues
(Scheme 1(e)). This assumption is in good agreement with the
spectroscopic parameters and can be explained by the large
separation between the N-terminal binding sites and histidyl
side chains. For the tetrapeptide, Gly3His, the equatorial sites
are occupied by the same donor atoms, but the imidazole
residue is close enough to the metal ion to be involved in axial
co-ordination, which results in the formation of a penta-co-
ordinated complex (Scheme 1(d)).

Acknowledgements
This work was supported by the Hungarian Scientific Research
Fund (Hungary, OTKA-T19337) and by the Greek–Hungarian
Joint Fund (TéT GR-1/96).

References
1 H. Kozlowski, W. Bal, M. Dyba and T. Kowalik-Jankowska, Coord.

Chem. Rev., 1999, 184, 319.

2 L. D. Pettit and R. A. Robbins, Metal-Peptide Complex Formation,
in Handbook of Metal Ligand Interaction in Biological Fluids,
ed. G. Berthon, Marcel Dekker, 1995, vol. 1, p. 636.

3 I. Sóvágó, Metal complexes of peptides and their derivatives,
in Biocoordination Chemistry, ed. K. Burger, Ellis Horwood,
1990.

4 H. Sigel and R. B. Martin, Chem. Rev., 1982, 82, 385.
5 R. J. Sundberg and R. B. Martin, Chem. Rev., 1974, 74, 471.
6 I. Sóvágó, E. Farkas and A. Gergely, J. Chem. Soc., Dalton Trans.,

1982, 2159.
7 R. B. Martin and J. T. Edsall, J. Am. Chem. Soc., 1960, 82, 1107.
8 J. F. Blount, K. A. Fraser, H. C. Freeman, J. T. Szymanski and

C. H. Wang, Acta Crystallogr., 1967, 22, 396.
9 P. J. Morris and R. B. Martin, J. Inorg. Nucl. Chem., 1971, 33,

2913.
10 R. P. Agarwal and D. D. Perrin, J. Chem. Soc., Dalton Trans., 1975,

268.
11 P. G. Daniele, O. Zerbinati, V. Zelano and G. Ostacoli, J. Chem.

Soc., Dalton Trans., 1991, 2711.
12 E. Farkas, I. Sóvágó and A. Gergely, J. Chem. Soc., Dalton Trans.,

1983, 1545.
13 D. L. Rabenstein, S. A. Daignault, A. A. Isab, A. P. Arnold and

M. M. Shoukry, J. Am. Chem. Soc., 1985, 107, 6435.
14 S. J. Lau, T. P. A. Kruck and B. Sarkar, J. Biol. Chem., 1974, 249,

5878.
15 E. Farkas, I. Sóvágó, T. Kiss and A. Gergely, J. Chem. Soc., Dalton

Trans., 1984, 611.
16 N. Camerman, A. Camerman and B. Sarkar, Can. J. Chem., 1976,

54, 1309.
17 T. Gajda, B. Henry, A. Aubry and J.-J. Delpuech, Inorg. Chem.,

1996, 35, 586.
18 R. W. Hay, M. M. Hassan and C. You-Quan, J. Inorg. Biochem.,

1993, 52, 17.
19 G. F. Bryce, R. W. Roeske and F. R. N. Gurd, J. Biol. Chem., 1966,

241, 1072.
20 G. F. Bryce, R. W. Roeske and F. R. N. Gurd, J. Biol. Chem., 1965,

240, 3837.
21 B. Decock-Le Reverend, F. Liman, C. Livera, L. D. Pettit, S. Pyburn

and H. Kozlowski, J. Chem. Soc., Dalton Trans., 1988, 887.
22 L. D. Pettit, S. Pyburn, H. Kozlowski, B. Decock-Le Reverend and

F. Liman, J. Chem. Soc., Dalton Trans., 1989, 1471.
23 L. D. Pettit, S. Pyburn, W. Bal, H. Kozlowski and M. Bataille,

J. Chem. Soc., Dalton Trans., 1990, 3565.
24 W. Bal, M. Jezowska-Bojczuk, H. Kozlowski, L. Chruscinski,

G. Kupryszewski and B. Witczuk, J. Inorg. Biochem., 1995, 57,
235.

25 W. Bal, H. Kozlowski, R. Robbins and L. D. Pettit, Inorg. Chim.
Acta, 1995, 231, 7.

26 P. Tsiveriotis, N. Hadjiliadis and I. Sóvágó, J. Chem. Soc., Dalton
Trans., 1997, 4267.

27 K. Barlos, O. Chatzi, D. Gatos and G. Stavropoulos, Int. J. Peptide
Protein Res., 1991, 37, 513.

28 P. Tsiveriotis, N. Hadjiliadis and G. Stavropoulos, Inorg. Chim.
Acta, 1997, 261, 83.

29 H. Irving, G. Miles and L. D. Pettit, Anal. Chim. Acta, 1967, 38,
475.

30 L. Zékány and I. Nagypál, in Computational Methods for
the Determination of Stability Constants, ed. D. Leggett, Plenum,
New York, 1985.

31 I. Sóvágó, D. Sanna, A. Dessí, K. Várnagy and G. Micera, J. Inorg.
Biochem., 1996, 63, 99.

32 D. Sanna, G. Micera, C. G. Ágoston and I. Sóvágó, in preparation.
33 I. Sóvágó, B. Harman, A. Gergely and B. Radomska, J. Chem. Soc.,

Dalton Trans., 1986, 235.
34 B. Gyurcsik, I. Vosekalna and E. Larsen, Acta Chem. Scand., 1997,

51, 49.
35 A. Bencini, I. Bertini, D. Gatteschi and A. Scozzafava, Inorg. Chem.,

1978, 3194.
36 C. R. Hartzell and F. R. N. Gurd, J. Biol. Chem., 1969, 244, 147.
37 H. C. Freeman and M. R. Taylor, Acta Crystallogr., 1965, 18, 939.
38 J. F. Blount, H. C. Freeman, R. V. Holland and G. H. W. Milburn,

J. Biol. Chem., 1970, 245, 5177.

Paper a907342f


