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The peptides Ac-His-Pro-His-Pro-His-NH2 (L1) and Ac-Lys-His-Pro-His-Pro-His-Gln-NH2 (L2) have
been prepared and the equilibria of their proton, copper(II) and zinc(II) complexes in aqueous solution
have been studied by the combination of pH-potentiometric titrations, UV/visible and circular
dichroism (CD) spectroscopy. The latter methods also provided information on solution structure of
the complexes formed under different conditions. Both ligands formed complexes with three imidazole
nitrogens around the metal ion at pH ~7. In the L1 containing system precipitation of either copper(II)
or zinc(II) complexes occurred upon slight increase of the pH. The re-titration of the filtered and
acidified precipitates revealed that the insoluble materials were neutral complexes rather than
metal-hydroxides. Indeed, by attaching amino acids with polar side-chains to the His-Pro-His-Pro-His
template in L2 we could prevent any precipitation, and the soluble complexes around pH ~7 exerted
three imidazole nitrogens and a (deprotonated) water molecule around the metal ions. To our
knowledge L2 provides the first example of a short peptide preventing both the amide nitrogen
coordination in copper(II) and the formation of copper(II) and zinc(II) hydroxides. The zinc(II) and
copper(II) complexes at pH ~7 having similar structure to the natural hydrolytic and redox enzymes,
respectively, showed considerable activity in hydrolytic cleavage assays with a model substrate
(2-hydroxypropyl-4-nitrophenyl phosphate), as well as with native plasmid DNA, and in a superoxide
dismutase-like reaction.

Introduction

The study of metal complexes as metalloenzyme models may
provide a deeper insight into the enzymatic processes, and it may
also serve as a basis for the development of artificial enzymes.
Short functionalized peptides would offer an obvious platform
for suitable ligand design. However, the investigation of their
complexes faces severe difficulties. It is well-known that in the
metal complexes of short peptides strongly competitive processes,
like the amide nitrogen coordination in copper(II) or nickel(II) and
the hydrolysis of the metal ion in zinc(II)-containing systems, take
place.1,2 At the same time, the stable metal ion coordination in
metalloenzymes with only few exceptions occurs solely through
the amino acid side-chains of the protein.3

Searching for suitable model peptides the number of efficient
donor groups has been increased to achieve the side-chain type
coordination. Accordingly, we have studied the copper(II) and
zinc(II) complexes of Ac-His-His-Gly-His-OH,4 and Ac-His-Pro-
His-His-NH2.5 In line with recent results on short multihistidine
peptide complexes6–11 these ligands form stable {3 ¥ Nim} coordi-
nated complex species between pH 5–7. However, upon a slight
increase of pH very stable {2 ¥ Nim, 2 ¥ Namide

-} type complexes
formed with ligands containing His-Xaa-His (where Xaa is any
natural amino acid, with the exception of proline) sequence, while
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{2 ¥ Nim, 1 ¥ Namide
-} type complexes with His-His stretches in the

presence of copper(II).6,9 In all cases precipitation occurred with
zinc(II) ions in neutral or slightly alkaline solutions. The latter
process is also a reason for a debate about the zinc(II) binding
of the His-Xaa-His-Yaa-His sequence within the histidine triad
protein family.12–14

Consequently, in view of enzyme modelling there is a substantial
interest in copper(II) and zinc(II)–peptide complexes with exclusive
side-chain imidazole and (deprotonated) water molecule coor-
dination around pH ~7. In the present work our goal was to
design a minimal peptide sequence suitable to prevent both the
amide-coordination and the metal ion hydrolysis at physiological
pH. By inserting more proline residues—as “break-points” in
the consecutive amide nitrogen deprotonation15,16—we expected
to promote the formation of macrochelate or loop structures.
Thus, as a continuation of our work we have prepared two
peptides with Ac-His-Pro-His-Pro-His-NH2 (L1) and Ac-Lys-
His-Pro-His-Pro-His-Gln-NH2 (L2) sequences. The equilibrium
features (composition, speciation) and the solution structure of
their complexes in aqueous solution have been characterized
by combination of pH-potentiometric titrations, UV/visible and
circular dichroism (CD) spectroscopy.

Taking the similarity to the natural active centres, our peptide
complexes formed at pH ~7 might be suitable structural and
functional models for both hydrolytic and redox enzymes. The
hydrolytic activity of the soluble complexes dominating around
physiological pH has been tested in the cleavage assays with
2-hydroxypropyl-4-nitrophenyl phosphate as a model substrate,
as well as, with native DNA, while the redox property of the
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copper(II)-L2 complexes has been investigated in a superoxide
dismutase-like reaction.

Results and discussion

Solution equilibria

Solution equilibrium studies on the ligands in the presence and
absence of metal ions were performed in order to get a better
insight into the speciation with the emphasis on the pH ~7–
8 range. In parallel, UV/visible and CD spectroscopies served
information on the solution structure of the species formed. The
goal of these measurements was to clarify which species might be
good candidates for enzyme mimicking.

The normalized pH-metric titration curves of the two investi-
gated ligands run parallel with each other up to pH ~8, i.e. until the
three equivalents of the titrant was consumed by the protons from
the three imidazole nitrogens. These processes are overlapping,
thus we cannot assign the pK values to individual groups.
However, the determination of microconstants for similar ligands
showed that they are essentially the same for each imidazole group,
indicating their independency.9 The only significant difference
between the titration curves of L1 and L2 is caused by the
deprotonation process of the e-ammonium group in the lysine
side chain of the latter ligand in basic solutions. The determined
protonation constants, being in good agreement with the literature
data for multihistidine peptides, are summarized in Table 1.

In the metal ion containing L1 solutions precipitation was
observed above pH ~7. This is in line with the previous ob-
servations for zinc(II), but for copper(II) it indicates that the
two proline residues could, indeed, prevent the successive amide
nitrogen deprotonation. (Note that with peptides containing HXH
sequences, where X π P, a stable {2 ¥ Nim, 2 ¥ N-} type coordination
is formed with copper(II).4,6,9) The comparison of the normalized
titration curves in the presence and absence of metal ions (Fig. 1)
showed similar features in terms of the three equivalents of NaOH
consumption—indicating that no amide or water deprotonation
occurred up to pH ~ 6. However, the basicity of the ligand donor
groups was altered by the metal ions: the release of the protons
started below pH ~ 5 in the presence of copper(II) ions, while only a
slight decrease was observed with zinc(II) ions. This is in agreement
with the usual stability order of the complexes of the two metal
ions.

Fig. 1 The comparison of the normalized pH-metric titration curves
of L1 ligand (curve 1) and its copper(II) (curve 2) and zinc(II) (curve 3)
complexes. (The negative values on the X axis appear because the NaOH
consumption by the excess of strong acid has been subtracted from the
total amount of NaOH.) 1.1 ¥ cM2+ = cL = 1.0 ¥ 10-3 mol dm-3; I =
0.1 mol dm-3 NaClO4; T = 298 K. The circles represent the experimental
points of the re-titrations of the acidified precipitates.

As the titration curves of the metal ion-L1 systems showed
further deprotonation processes started around pH ~7. In parallel,
precipitation occurred. To determine whether this was due to the
formation of metal-hydroxides or to electrically neutral complexes,
the reaction mixtures were filtered through a 0.45 mm membrane
filter. The precipitates were re-dissolved in dilute strong acid
solutions and then titrated with a standardized base solution.
The titration points, shown by circles in Fig. 1, reproduced
the main features of the original curves. This means that the
precipitates were rather the insoluble L1 complexes than the
M(OH)2 hydroxides of the metal ions.

As a consequence we decided to keep the His-Pro-His-Pro-
His sequence of L1 as a template for further experiments. We
expected that the fusion of amino acids with polar side chains to
this sequence will increase the solubility of the metal complexes.
Thus, the Ac-Lys-His-Pro-His-Pro-His-Gln-NH2 (L2) has been
synthesized, including a positively charged lysine at the N-, and
a polar, uncharged glutamine at the C-terminus. Although the
new residues generally do not coordinate or bind only weakly to
the metal ion, they are expected to increase the solubility of the
complexes at physiological pH. Besides, the positively charged e-
ammonium group of Lys residue may promote the binding of the

Table 1 logb and pK values of the investigated ligands in comparison with selected data of related peptides (estimated error in parenthesis). The data
presented are those related to the (de)protonation processes involving the histidine side-chains. I = 0.1 mol dm-3 NaClO4, T = 298 K

Ligand logb1 logb2 logb3 pK1 pK2 pK3 Ref.

L1 6.99(1) 13.35(2) 19.08(2) 5.73 6.36 6.99 This work
L2 17.08(2)a 23.36(2) 28.98(3) 5.62 6.28 6.88 This work
Ac-HGH-NHMe 6.77 12.82 — 6.05 6.77 — 9
Ac-HHGH-NHMe 6.96 13.27 19.03 5.76 6.31 6.96 9
Ac-HHGH-OH 7.73 14.34 20.29 5.95 6.61 7.73 4
Ac-HPHH-NH2 6.99 13.19 18.79 5.60 6.20 6.99 5
Ac-HXHYH-NH2

b 6.92 13.22 18.94 5.72 6.30 6.92 9
Ac-HLHWH-NH2 6.97 13.29 18.97 5.68 6.32 6.97 6

a For L2 the logb value related to the e-ammonium group in the lysine side chain is 10.20(3). b The pK values for X/Y = V/A, A/V, P/A and A/P pairs
are the same within the experimental error.
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complexes to the negatively charged substrates in hydrolytic or
redox activity assays.

As expected, the complexes of the heptapeptide L2 formed in
the presence of both copper(II) and zinc(II) ions were soluble in the
whole investigated pH range (pH 2–11). The titration curves of the
ligand, and the copper(II) or zinc(II) containing systems (Fig. S1;
see ESI†) are similar to those in Fig. 1 up to pH ~7. These suggest
that the complexes of L2 and L1 display the same coordination
mode. It is also worth mentioning that according to the titration
curves the deprotonation and coordination of the first imidazole
nitrogen to zinc(II) ion starts at higher pH than to copper(II), but
the further imidazole groups seem to coordinate to the zinc(II) ions
more easily (compare the slope of the titration curves). This might
be due to the more flexible coordination sphere of zinc(II) ions.

The complex formation constants determined from the titration
curves are collected in Table 2. The direct comparison of the logbpqr

values of MHxL complexes of L1 and L2 might be misleading,
since the ligands are in different protonation states until the lysine
residue does deprotonate in basic solutions (see the comparison
of the species distribution diagrams of L1 and L2 ligands in
Fig. S2†). Due to the high pK value of the lysine side chain
amino group and the week chelating ability the effect of the lysine
residue on the complex stability was expected to be insignificant.
Surprisingly, while the stability of the M(L1) species (where M =
Cu or Zn) were comparable to those published in the literature
for protected His-Xaa-His-Yaa-His complexes6,9 the L2 peptide
formed less stable MH(L2) species. (For the comparison we used
the M + H(L2) = MH(L2) reaction – logK = 6.56 and 4.79 for
copper(II) and zinc(II), respectively—for the L2 ligand and the
values of logbM(L1) in Table 2.) This might be due to the repulsion
of the positive charges of the e-ammonium group and the metal
ions in agreement with literature data on some lysine-containing
peptide complexes.17–19 In the present case this effect might even be
enhanced within the rigid frame provided by the proline residues.

As the speciation diagram of the copper(II)--L2 system (Fig. 2)
shows, the significant complex formation starts around pH 4,
with the coordination of two imidazole nitrogens in the CuH2(L2)
species. Around pH ~7 CuH(L2), a {3 ¥ Nim} coordinated complex

Fig. 2 The speciation diagrams of the (a) copper(II)- and (b) zinc(II)–L2
systems. 1.1 ¥ cM2+ = cL2 = 1.0 ¥ 10-3 mol dm-3; I = 0.1 mol dm-3 NaClO4;
T = 298 K, the charges of the species—similarly to the text—are neglected
for the reason of simplicity. The circles in (b) represent the profile of
the obtained pseudo-first order rate constants (k¢obs is a corrected value
by pH-dependent rate constants referring to the autohydrolysis of the
substrate) in the hpnp hydrolysis assay.

dominated in the solutions with 1 : 1 metal to ligand total
concentration ratio. UV/visible and CD spectroscopy was applied

Table 2 Overall formation constants of the copper(II) and zinc(II) complexes of L1 and L2 (I = 0.1 mol dm-3 NaClO4, T = 298 K)

L1 L2

MpHqLr pqr logbpqr pKa logbpqr pKa

M = Cu2+

MH2L 121 — — 22.87(2) 6.11
MHL 111 13.28(3) 5.17 16.76(3) 8.46
ML 101 8.11(2) 7.39 8.30(4) 9.65
MH-1L 1–11 0.72(4) 7.19 -1.35(4) 10.46
MH-2L 1–21 -6.47(8) — -11.81(3) —
MH2L2 122 25.00(6) 5.50 — —
MHL2 112 19.50(5) 5.97 — —
ML2 102 13.53(2) — — —
M = Zn2+

MHL 111 10.49(3) 5.48 14.99(2) 7.73
ML 101 5.01(2) 6.71 7.26(3) 8.95
MH-1L 1–11 -1.70(4) — -1.69(2) 10.26
MH-2L 1–21 — — -11.95(3) —
MHL2 112 15.47(4) 7.65 — —
ML2 102 7.82(5) — — —

a pKpqr = logbpqr - logbp(q - 1)r.
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to get information on solution structure of the species formed. On
the basis of our previous works,5,20 we could establish that in the
wavelength region of d–d transitions the small contributions of
the large and flexible macrochelate rings to the optical activity
cause small intensity peaks in the CD spectra. Such CD spectra
in copper(II)–L1 and L2 systems (Fig. 3) up to pH ~7, in
agreement with the pH-metric results showed that both ligands
are coordinated to the metal ion solely by the side chain imidazole
nitrogens in macrochelate structures. The wavelengths of the
absorption maxima in the molar UV/visible spectra of the {2 ¥
Nim} and {3 ¥ Nim} coordinated complexes are also in good

Fig. 3 The molar CD spectra of the major copper(II) complexes formed
with (a) L1 and (b) L2 ligands. The reproducibility of the spectra has been
determined to be ± 0.03 mol-1 dm3 cm-1.

agreement with the values estimated on semiempirical basis (See
Table 3).21

The pK = 8.46 value (Table 2) of the next deprotonation
step (CuH(L2) = Cu(L2) + H+) did not correspond to the
deprotonation of the lysine side chain group in the free ligand.
Therefore, this step might either be attributed to the deprotonation
of a coordinated water molecule, resulting in the formation of
a mixed hydroxo-complex, or to the deprotonation of an amide
nitrogen. The latter process, however, would require a considerable
rearrangement of the coordination sphere, while the CD spectral
parameters do not change significantly during the deprotonation
process. The lmax value of the absorption spectrum corresponds
well to the {3 ¥ Nim, OH-} coordination. The same is applied
to the next deprotonation step, which—according to the related
pK = 9.65 value—might be due to the deprotonation of the e-
ammonium group. The effect on the spectral properties in the UV
range suggests that the latter group is either weakly coordinated
or forms intramolecular contacts (e.g. hydrogen bonding or steric
effects) within the CuH-1(L2) complex.

Above pH ~9.5 further deprotonation process took place. The
formation of the new complex caused fundamental changes in
the UV/visible and CD spectra (Fig. 3, Table 3). The significant
blue shift of the d–d transitions in the UV/visible spectrum
of the CuH-2(L2) complex compared to the previous species
indicated the increase of the ligand field around the metal ion.
It is most likely that the amide nitrogen coordination corresponds
to the CuH-1(L2) = CuH-2(L2) + H+ process, supported by the
intense negative Cotton effect around 350 nm. In the CuH-2(L2)
complex there are different possibilities for the coordination of two
subsequent amide nitrogens (by replacement of the coordinated
OH-) at either the N- or C-terminus of the molecule, as highlighted
in bold in Scheme 1. The small intensity and the complex shape
of the CD spectrum calculated for CuH-2(L2) suggests a mixture
of the isomers to be present in the solution at high pH. The lmax

value of the absorption spectrum is related to a {2 ¥ Nim, 2 ¥
Namide

-} type coordination suggesting the rearrangement of the
coordination sphere in basic solutions.

While in solutions of equimolar amounts of metal ion and ligand
the speciation of the L1 systems was similar to L2 up to pH ~7,
in the presence of ligand excess we could observe the formation
of bis complexes with L1. At the same time neither the spectral
properties, nor the fit of the pH metric titration curves supported
the presence of such complexes with L2 under our conditions.
This is probably due to steric and electric repulsion effects in the L2
complexes. The MHx(L1)2 bis complexes showed enhanced optical

Table 3 The wavelengths of the absorption maxima of the molar spectra of the individual copper(II) complexes of L1 and L2 ligands in comparison
with the semiempirical data for the estimated solution structure. During the calculation only the contributions of the equatorial donor groups were taken
into account from ref. 21

L1 lmax,exp/nm L2 lmax,exp/nm lmax,calc/nm Coordination environment

CuHL 710 CuH2L 704 692 {2 ¥ Nim, 2 ¥ H2O}
CuL 644 CuHL 640 634 {3 ¥ Nim, H2O}
CuH-1L N.d. CuL 592 598 {3 ¥ Nim, OH-}
CuH2L2 N.d.
CuHL2 675 585 {4 ¥ Nim}
CuL2 621 585 {4 ¥ Nim}

CuH-1L 590 598 {3 ¥ Nim, OH-}
CuH-2L 540 542 {2 ¥ Nim, 2 ¥ Namide

-}

6990 | Dalton Trans., 2008, 6987–6995 This journal is © The Royal Society of Chemistry 2008
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Scheme 1 The schematic structure of the {3 ¥ Nim} coordinated metal
complexes with L2 ligand. The central part of the Scheme can also
be applied for L1 complexes and shows either a coordinated water or
hydroxide ion in the fourth equatorial position. The amide nitrogens at
the N- and C-terminus of L2 peptide that are in favourable positions for
deprotonation in basic solutions are also highlighted in bold.

activity (Fig. 3a) similarly to bis-histamine type complexes.20,22

This might be attributed to the additional chiral contribution of
the specific donor group arrangement around the metal ion. The
significant deviation of the lmax values from the proposed values
based solely on the contribution of the equatorial donor groups
in an axial symmetry might be attributed to the coordination of
more than four donor groups in a distorted coordination sphere
in these complexes.

The speciation in the zinc(II) containing systems was similar
to those with copper(II). It is, however, worth mentioning that
the formation of mixed hydroxo species occurred at lower pH
in zinc(II) containing systems, than in the presence of copper(II).
This is well demonstrated by the pK values of e.g. ZnH(L2) or
Zn(L2) complexes derived from the overall stability constants
(Table 2). Such behaviour might be favourable in the aspect of
hydrolytic activity of the zinc(II) complexes. On the other hand
the good agreement of the pK = 10.27 value for the ZnH-1(L2)
species with the free e-ammonium pK suggests that this group is
responsible for the last deprotonation. Thus, in zinc(II) containing
systems most likely there is no amide nitrogen deprotonation as
also supported by the 1H-NMR and 2D TOCSY measurements
(the latter presented in Fig S5†). Consequently we suggest
that the Zn(L2), ZnH-1(L2) and ZnH-2(L2) are mixed hydroxo
complexes.

Phosphoesterase-like activity of the zinc(II)–L2 system

The coordination environment of the metal ion in the zinc(II)–L2
complex—as a simple model—resembles the active center of some
well-known metallohydrolases. This similarity initiated the study
on the ability of zinc(II) complexes of L2 to promote the cleavage
of the activated ester RNA-model 2-hydroxypropyl-4-nitrophenyl
phosphate (hpnp). Kinetic data for the cleavage of phosphoesters
mediated by zinc(II) peptide complexes are practically unavailable.
Functionalized peptide based zinc(II) containing systems, pre-
pared by Scrimin et al.23 and Kawai et al.24 have been screened for
phosphoester hydrolysis. These complexes contained the peptide
chain as a backbone functionalized by 1,4,7-triazacyclononane23

or 2-pyridylmethyl24 moieties constituting the metal binding sites
that could play the catalytic role. Our experiments aimed to simply
test whether the zinc(II)–L2 system is able to promote the cleavage
of an RNA model substrate (hpnp) and also to identify the active
species.

The activity of the L2–zinc(II) 1 : 1 system for the transesterifi-
cation of hpnp has been monitored between pH 5.9 and 9.7 and
the profile of the obtained pseudo-first order rate constants (k¢obs)
is compared with the complex speciation in Fig. 2b. The bell-
shaped kinetic profile nicely follows the formation of the complex
Zn(L2) with a maximum at pH ~8.3 suggesting that this species
is dominantly responsible for the observed activity. Since the rate
of the autohydrolysis increases more rapidly between pH 7 and
9 than that of the complex catalyzed process, the maximal rate
enhancement can be found at pH ~7.3 and it shows over a 130-
fold acceleration compared to the uncatalyzed cleavage. This value,
although being moderate compared to the most active mononu-
clear zinc(II) complexes of synthetic ligands,25,26 is remarkable for
a monomeric zinc(II) peptide complex. The kinetic activity of
the Zn(L2) species is similar to those of the dinuclear zinc(II)
complexes of the already mentioned functionalized oligopeptide
ligands23 and higher than that of the copper(II) complex of a closely
related peptide Ac-HPHH-NH2.5

Based on previous results with a number of zinc(II) complexes
that were able to promote the transesterification of hpnp,25 a
similar scheme for the hydrolytic process can be proposed in the
present case. The possible coordination of the L2-zinc(II) complex
to hpnp may provide a Lewis-acid activation of the substrate.
According to the shape of the pH-rate profile, the metal-bound
hydroxide ion in Zn(L2) (better described as ZnH(L2)(OH)) must
play a fundamental role in the transesterification mechanism:
the Zn-OH unit may participate in the deprotonation of the 2-
hydroxypropyl group thus facilitating a nucleophilic attack of the
formed alkoxide on the phosphorous atom.27

Cleavage of circular DNA

The hydrolytic activity of the copper(II)– and zinc(II)–L2 com-
plexes has also been checked in cleavage assays with native pUC18
plasmid DNA. The nicking (i.e. a single stranded break in the
supercoiled circular DNA results in the relaxed form of the
DNA) activity of the metal complexes can be simply followed by
agarose gel electrophoresis. A number of previous investigations
were reviewed in the literature.28 The most efficient compexes
with copper(II), nickel(II) and iron(III) ions resulted in oxidative
damage of the substrate,29 while in the presence of lanthanide
complexes religatable hydrolytic products were obtained. A large
number of more recent studies have rather been concentrated on
the DNA sequence specificity applying the previously described
catalytic units.30 Hydrolysis of DNA substrate by zinc(II)–peptide
complexes was not observed so far.

According to lane 5 in Fig. 4 the zinc(II)–L2 complexes formed
around pH 7.1 are efficient in DNA nicking. While the supercoiled
DNA is very sensitive to the conditions of the measurement and
it undergoes autohydrolysis in some extent, the DNA samples in
different lanes (including also the inactive copper(II)–L2 system)
represent good negative controls. In addition we could also observe
a slight band attributed to the linear form of the DNA on the
agarose gel. This suggests that the frequent cleavage resulted
in nicks on both DNA strands close to each other, and as a
consequence, in the opening of the circular DNA. Based on the
species distribution diagram (Fig. 2b) we propose that the {3 ¥
Nim, H2O} coordinated ZnHL complex is the active species. This
is the first observation of such activity of a zinc(II) complex of a
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Fig. 4 The nuclease activity assay of the zinc(II)–L2 system: a pUC18
plasmid vector was incubated overnight in the presence of M : L = 1 : 1
systems and run on an agarose gel. The + and - in the Figure indicate the
presence or absence of a component in the reaction mixture. The common
presence of the peptide and zinc(II) at pH 7.1 resulted in an enhanced
hydrolytic activity. The appearance of the relaxed and even the linear forms
of the DNA in lane 5 are significant compared to the lanes belonging to
various conditions.

short peptide. The mechanism is currently under investigation and
will be the subject of another paper.

Superoxide dismutase mimetic activity

As a continuation of our work with low molecular weight cop-
per(II) peptide complexes able to catalyze the dismutation of the
superoxide radical anion4,5 we have investigated the SOD mimetic
activity of the copper(II)–L2 system at pH 7.5 and pH 8.3. For the
correct interpretation of the observed activity, the knowledge of
the speciation under the applied conditions is important. Fig. S4
in the ESI† shows smaller extent of the complex formation but the
main features remained the same to those depicted in Fig. 2a. The
determined IC50 value is 0.56 ¥ 10-6 mol dm-3 at pH 7.5 (Table 4.),
while an increased SOD activity was observed at pH 8.3 with
IC50 = 0.37 ¥ 10-6 mol dm-3 (Fig. 5). The species distribution at
the two applied pH values demonstrated that the SOD-like activity
can mostly be related to the CuL (CuHL(OH)) species with a {3 ¥
Nim, 1 ¥ OH-} coordination environment.

Fig. 5 Dependence of the inhibition of the NBT reduction by O2
∑- on

the copper(II) concentration. pH = 8.3; 1.1 ¥ cCu2+ = ¥ cL2; cNBT = 1.0 ¥
10-4 mol dm-3, cxanthine = 1.0 ¥ 10-4 mol dm-3, T = 298 K.

The activity of our system was slightly lower than most of
the other copper(II)-peptide complexes counted in Table 4. This
is surprising since most of the listed complexes were shown to
contain deprotonated amide nitrogen(s) in the coordination sphere

Table 4 The IC50 (¥ 106 mol dm-3) values of the copper(II)–L2 complexes
and some of the most active model compounds

Ligands in copper(II) complexes IC50 (¥ 106 mol dm-3) Ref.

L2; 1 : 1 (pH 7.5) 0.56 This work
L2; 1 : 1 (pH 8.3) 0.37 This work
Ac-HHGH-OHa ,e 0.13 4
Ac-HHGH-OHa ,g 0.15 4
Ac-HPHH-NH2

a , f 0.26 5
Ac-HPHH-NH2

a ,h 1.07 5
cyclo-HHf 0.11 33
HVHa , f 0.20 34
Ac-HVH-NH2

a , f 0.16 34
carnosinec , f 0.80 32
Ac-HNPGYP-NH2

a , f 0.261 31
Ac-HNPGYP-NH2

a ,d 0.355 31
Ac-PHGGGWGQ-NH2

a , f 0.492 31
Ac-(HNPGYP)2-NH2

a , f 0.188 31
Ac-(HNPGYP)2-NH2

b , f 0.158 31
Ac-(PHGGGWGQ)2-NH2

a , f 0.217 31
Ac-(PHGGGWGQ)2-NH2

b , f 0.242 31
Ac-(PHGGGWGQ)4-NH2

a ,d 0.121 31
Ac-(PHGGGWGQ)4-NH2

a , f 0.175 31
Ac-(PHGGGWGQ)4-NH2

b , f 0.310 31
Cu,Zn-SODe 0.0045 5
Cu,Zn-SODf 0.0084 35
Copper(II)–H+–PO4

3- f 1.06 32

a M : L = 1 : 1. b M : L = 2 : 1. c M : L = 1 : 1000. d pH = 6.6. e pH = 6.8.
f pH = 7.4. g pH = 7.5. h pH = 8.6.

of the active complex, that was suggested to stabilize the copper(II)
oxidation state31 and thus to lower the SOD like activity. We shall
note, however, that the active species in our system is not the
dominating species. Considering the significantly lower activity
(1.06 ¥ 10-6 mol dm-3 in phosphate buffer32) of the relatively large
amounts of Cu(OH) hydrolysis species present in the solution, the
measured IC50 values still represent high SOD-like activity.

Conclusions

According to our knowledge L2 represents the first example
of a short protected peptide where both the amide nitrogen
coordination and the precipitation was hindered in the copper(II)-
and zinc(II) containing systems around pH ~7. Although, more
stable {3 ¥ Nim} coordinated complex species dominated between
pH 5–7 in the case of L1, precipitation occurred at neutral pH in
parallel with the formation of the CuH-1L and CuH-2L species. As
we proved this was due to the insolubility of the latter electrically-
neutral complex. The binding to the metal ions exclusively by the
side chain donor groups of the L2 peptide ligands at neutral pH
was achieved, resulting in water soluble complexes. The complexes
with {3 ¥ Nim, OH-} type coordination, as the CuH(L2)(OH)
in SOD mimicking, and the ZnH(L2)(OH) complex in hpnp
hydrolytic assays displayed remarkable activity. At the same time
the ZnH(L2) complex enhanced the nicking of the supercoiled
plasmid DNA.

Experimental

Materials

Copper(II) and zinc(II) perchlorate (Fluka) solutions were
standardized complexometrically. pH-Metric titrations were
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performed with NaOH (Aldrich) standard solution. Rink
Amide resin (200–400 mesh), 9-fluorenylmethoxycarbonyl
(Fmoc) protected amino acids: Fmoc-His(Trt)-OH, Fmoc-
Pro-OH, Fmoc-Lys(Boc)-OH and Fmoc-Gln(Trt)-OH, 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophos-
phate (HBTU), N-hydroxybenzotriazole (HOBt) were all Nov-
abiochem products and N,N-diisopropylethylamine (Aldrich),
triisopropylsilane (Aldrich), pyridine (Merck), acetic anhydride
(Fluka), trifluoroacetic acid (TFA, Riedel-de Haën), 1-Methyl-
2-pyrrolidone (NMP, Aldrich), dichloromethane (Molar Chem-
icals), acetonitrile (Scharlau), 4-morpholineethanesulfonic acid
(MES) (Sigma), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES, Fluka), tris(hydroxymethyl)aminomethane (TRIS,
Aldrich), disodium hydrogen phosphate (Na2HPO4), sodium
dihydrogen phosphate (NaH2PO4, Reanal), agarose gel (SeaKem)
and supercoiled pUC18 DNA (Fermentas) were used without
further purification. Materials for TBE buffer, gel-loading buffer
and ethidium bromide as well as xanthine, xanthine oxidase
(from buttermilk) and nitrotetrazolium blue chloride (NBT) were
purchased from Sigma. The preparation of the barium salt of
2-hydroxypropyl-4-nitrophenyl phosphate (hpnp) was described
earlier.36

Synthesis of the ligands

The Ac-His-Pro-His-Pro-His-NH2 (L1) and Ac-Lys-His-Pro-His-
Pro-His-Gln-NH2 (L2) peptides were prepared using Fmoc solid
phase peptide synthesis, as described previously.5 After the last
coupling step the amino group of the N-terminal amino acid was
acetylated with the mixture of acetic anhydride, dichloromethane
and pyridine (10 : 85 : 5%).

The ligands were purified by RP-HPLC using a Phenomenex
Jupiter 5 m C18 300A (250 ¥ 10 mm, 5 mm) column. The
compounds were eluted by mixtures of water and acetonitrile
containing 0.1% TFA (eluent A: 99.9% H2O, 0.1% TFA, eluent
B: 4.9–95% H2O–acetonitrile, 0.1% TFA). The following gradient
program was applied: 0–5 min, 100% A; 5–30 min, 100–60%
A (linear gradient); 30–35 min, 60–100% A (linear gradient);
35–45 min, 100% A in case of L1, Rt,L1 = 17.1 min; and 0–
4 min, 100% A; 4–30 min, 100–70% A (linear gradient); 30–
35 min, 70–100% A (linear gradient); 35–45 min, 100% A, for
L2 peptide, Rt,L2 = 17.4 min. The products were identified by ESI-
MS. The calculated monoisotopic molecular masses are: 664.3 Da
(analytical data: m/z = 665.2 [M + H]+ and m/z = 332.9 [M +
2H]2+) for L1 and 920.5 Da (m/z = 921.3 [M + H]+ and m/z =
461 [M + 2H]2+) for L2. The mass spectrometric measurements
were performed with a Finnigan TSQ-7000 triple quadrupole mass
spectrometer (Finnigan-MAT, San Jose, CA), equipped with a
Finnigan Electrospray Ionization (ESI) source. The instrument
was operated in positive ion mode, the ESI needle was adjusted to
4.5 kV and N2 was used as a nebulizer gas.

The purified ligands were obtained as trifluoroacetate salts.
The concentration and the purity of the stock solutions were
determined by potentiometric titrations.

pH-Metric measurements

The protonation and coordination equilibria were investigated by
potentiometric titration in aqueous solution (I = 0.1 mol dm-3

NaClO4, and T = 298.0 ± 0.1 K) under argon gas atmosphere,
using an automatic titration set including a PC controlled Dosimat
665 (Metrohm) autoburette and an Orion 710A precision digital
pH-meter. The Metrohm Micro pH glass electrode (125 mm)
was calibrated as described in ref. 5. The complex formation was
characterized by the following general equilibrium process:

pM + qH + rL  
b

b

MpHq Lr

p q r

MpHq Lr

p q r

M H L

M H L

� ⇀�����↽ ������

=
[ ]

[MM H Lp q r] [ ] [ ]

where M denotes the metal ion and L the non-protonated ligand
molecule. Charges are omitted for simplicity. The corresponding
formation constants (bMpHqLr ∫ bpqr) were calculated using the
PSEQUAD computer program.36

The protonation constants of the ligands and the complex
formation constants were determined from 3–5 independent
titrations (50–90 data points per titration). The metal-to-ligand
ratios varied between 1 : 1 and 1 : 2, with the ligand concentrations
between 9.0 ¥ 10-4 and 3.8 ¥ 10-3 mol dm-3.

Electronic absorption and CD measurements

UV/visible absorption spectra were recorded by means of Ocean
Optics PC2000 plug in fiber optic spectrophotometer. The CD
spectra were recorded on a Jobin Yvon CD6 spectropolarimeter
in the wavelength interval from 300 to 800 nm, 1 cm optical
pathlengths. CD data are given as the differences in molar
absorptivities between left and right circularly polarized light,
based on the species concentration, i.e. in mol-1 dm3 cm-1. The
individual spectra of the copper(II) complexes were calculated
from the experimental data by the previously mentioned computer
program PSEQUAD.37

Hydrolytic cleavage of 2-hydroxypropyl-4-nitrophenyl
phosphate (hpnp)

The transesterification of the substrate was monitored in a buffered
aqueous solution (I = 0.1 mol dm-3 NaCl, T = 298 K) by
detecting the increase of the absorption maximum of the p-
nitrophenolate anion at 400 nm (eproduct = 18900 mol-1 dm3 cm-1,
pK = 6.98).38 The reaction was monitored as a function of pH. In
each sample the same mixture of MES, HEPES and CHES (0.015–
0.015–0.015 mol dm-3) provided a proper buffer capacity at all
measured pH values. The initial concentration of hpnp was 6.02 ¥
10-4 mol dm-3. The initial slope method (≤ 4% conversion) was
applied to determine the pseudo first order rate constants for the
reaction by equation:

k
A

t
l cobs

product 0,hpnp

.=
◊ ◊

D
D

e

Rate constants for the autohydrolysis of the substrate at various
pH values have been determined earlier5 and were taken into ac-
count to correct the observed rate constants of the metal complex
promoted process to obtain the k¢obs values. The reported data are
the average of duplicate measurements with a reproducibility of
better than 15%. Before starting the experiments, the pH of the
stock solution containing the ligand and zinc(II) in a 1 : 1 ratio
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(9.0 ¥ 10-4 mol dm-3 each) was adjusted to the desired value. 0.9 cm3

of this solution was equilibrated at 298 K in the thermostated cell-
holder of the spectrophotometer (Unicam Helios a), then 35 ml
of 1.61 ¥ 10-2 mol dm-3 hpnp solution was added with efficient
mixing. The increase of the absorbance at 400 nm was immediately
followed and the pseudo first-order rate constant for the followed
reaction was determined from the slope of the absorbance vs. time
plot.

DNA cleavage assay

For the double stranded circular pUC18 DNA cleavage assays
reaction mixtures containing 1–2 ml DNA, 4–8 ml complex
(final concentration between 0.12–0.6 ¥ 10-3 mol dm-3) and 0.1–
0.5 mol dm-3 buffer (MES, HEPES, TRIS) to adjust the pH
between 6.5–8.5 made up the final volume to 20–22 ml. The reaction
mixtures were incubated at 310 K for 1 hour and overnight, and
analyzed by 1% agarose gel electrophoresis. 3 ml sample loading
dye (0.1% bromphenol blue, 0.2 mol dm-3 EDTA, 50% glycerol)
was added before loading. The loaded samples were subjected to
electrophoresis at 80 V for 3 hours, using TBE (50 ¥ 10-3 mol dm-3

TRIS, 50 ¥ 10-3 mol dm-3 boric acid, 1 ¥ 10-3 mol dm-3 EDTA) as
running buffer. The gels were stained for 30 minutes with ethidium
bromide (final concentration of 0.5 mg cm-3) at the end of the run.
Bands were visualized by exposure to UV light.

Determination of the superoxide dismutase activity

The SOD-like activity of the copper(II)-L2 system was studied
at 298 K by the indirect method of nitroblue tetrazolium (NBT)
reduction.39 The superoxide anion was generated in situ by the
xanthine/xanthine oxidase reaction. The reduction of NBT was
detected spectrophotometrically at 560 nm. The reactions were
carried out in phosphate buffer (5 ¥ 10-2 mol dm-3), containing
NBT (1 ¥ 10-4 mol dm-3) and xanthine (1 ¥ 10-4 mol dm-3).
The reaction was initiated by adding an appropriate amount of
xanthine oxidase to generate DA560 = 0.025–0.028 min-1. The NBT
reduction rate was measured in the presence and absence of the
investigated model system (cCu2+ = 0–1 ¥ 10-6 mol dm-3). The SOD-
like activity was then expressed by the IC50 value (the concentration
that causes 50% inhibition of NBT reduction).

Abbreviations

L1 N-Acetyl-His-Pro-His-Pro-His-NH2

L2 N-Acetyl-Lys-His-Pro-His-Pro-His-Gln-
NH2

G, H, K, P, Q,V, Y, W One letter abbreviations for amino acids:
Gly, His, Lys, Pro, Gln, Val, Tyr, Trp,
respectively

HBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate

HOBt N-Hydroxybenzotriazole
Fmoc 9-Fluorenylmethoxycarbonyl
Fmoc-His(Trt)-OH N-a-Fmoc-N-im-trityl-L-histidine
Fmoc-Lys(Boc)-OH N-a-Fmoc-N-e-t-butoxycarbonyl-L-

lysine
Fmoc-Gln(Trt)-OH N-a-Fmoc-N-g-trityl-L-glutamine
NMP 1-Methyl-2-pyrrolidone
TFA Trifluoroacetic acid

SOD Superoxide dismutase
NBT Nitroblue tetrazolium
hpnp 2-Hydroxypropyl-4-nitrophenyl

phosphate
MES 2-[N-Morpholino] ethanesulfonic acid
HEPES 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid
CHES 2-[Cyclohexylamino]ethanesulfonic acid
TRIS Tris(hydroxymethyl)aminomethane
RP-HPLC Reverse phase HPLC
Rt Retention time
ESI-MS Electrospray ionization mass spectrome-

try
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Pardo, M. P. Araujo, A. A. Batista and A. J. Costa-Filho, Inorg. Chim.
Acta, 2003, 355, 408–413.

23 P. Rossi, F. Felluga, P. Tecilla, F. Formaggio, M. Crisma, C. To-
niolo and P. Scrimin, J. Am. Chem. Soc., 1999, 121, 6948–6949;
P. Rossi, F. Felluga, P. Tecilla, F. Formaggio, M. Crisma, C. To-
niolo and P. Scrimin, Biopolymers, 2000, 55, 496–501; P. Rossi, P.
Tecilla, L. Baltzer and P. Scrimin, Chem.–Eur. J., 2004, 10, 4163–
4170.

24 K. Yamada, Y.-I. Takahashi, H. Yamamura, S. Araki, K. Saito and M.
Kawai, Chem. Commun., 2000, 1315–1316.

25 J. R. Morrow and O. Iranzo, Curr. Opin. Chem. Biol., 2004, 8, 192–
200.

26 F. Mancin and P. Tecilla, New J. Chem., 2007, 31, 800–
817.

27 S. Albedyhl, D. Schniders, A. Jancsó, T. Gajda and B. Krebs,
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