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AHAAAC-NH.) have been synthesized and copper(ll) and palladium(ll) complexes were studied by potentiometric, various

spectroscopic methods and DFT calculations. In the case of copper(l1)-AAHAAC-NH; system the (NH2,N~,N-,Nim) coordination

mode hindered the interaction between copper(ll) and the thiolate preventing the redox reactions in acidic and neutral

solution. The supress of redox reactions between copper(ll) ions and the peptide AHAAAC-NH, was also observed in

equimolar samples but in this case the existence of Cu(ll)-S(thiolate) binding was detected in the physiological pH range. For

palladium(Il) complexes the results unambiguously prove the predominance of Pd-S(thiolate) binding mode over the

formation of the Pd-N(amide) bonds even if the thiolate residues are involved in various macrochelates only. The thiolate

group of cysteinyl residue was described as the primary ligating site of both peptides and the remaining coordination sites

were occupied by the amino, imidazole and one amide nitrogen donor atoms in the palladium(Il) complexes.

Introduction

Oligopeptides are effective ligands to bind metal ions.? The
metal binding affinity of peptides is, however, rather selective
and largely depends on the side chain donors of peptides and
the character of metal ions. As a consequence, the peptide
sequence significantly can determine the metal binding ability.
For studying these effects the investigation of short
oligopeptide fragments is indispensable, therefore, huge
number of peptides have been widely studied with transition
metal ions and the results are collected in several reviews.?
The formation of stable metal complexes of peptides is
generally connected to the deprotonation and coordination of
amide nitrogens. Several metal ions, such as copper(ll), nickel(ll)
and palladium(ll), are able to promote this coordination,
although, palladium(ll) was reported as one of the most
effective metal ion in this interaction.® The previous studies also
reveal that among the various side chain residues imidazole-N
of histidine and thiolate-S of cysteine are the most common
metal binding sites.

Metal complexes of (multi)histidine peptides have been widely
studied because the development of various forms of
neurodegenerative disorders is linked to these molecules. The
studies on cysteine containing peptides are much less available,
the most important findings are related to nickel(ll)
homeostasis of Helicobacter pylori’® and to the zinc(ll)
transporters and zinc finger proteins.®10 Furthermore, stable
copper(ll)-thiolate coordination was reported in blue copper
proteins including plastocyanin. Here, copper(ll) has distorted
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tetrahedral geometry with 2xHis(im), amide nitrogen and
thiolate of cysteine coordination environment.1! This copper(ll)
metal binding loop of plastocyanin have also been widely
studied with different type of spectroscopic methods. The
binding of the thiolate results in a drastic change in the
electronic and EPR parameters and increases the reduction
potential of Cu(ll)/Cu(l) system.12 As shown, peptides with
multiple and different binding sites allow for the possibility of
great structural variety in complex formation and may
contribute to the better understanding of the metal ion
selectivity of peptides.

Based on these facts, systematic studies have been performed
in our lab to synthesize N-terminally free but C-terminally
amidated oligopeptides containing cysteine and other strongly
coordinating residues, histidine or another cysteine.’* The
complex formation processes of the synthesized peptides
(AAHAAC-NH; and AHAAAC-NH,, Scheme 1) have already been
studied with nickel(ll), zinc(ll) and cadmium(ll) ions that was
reported in our previous paper.* Our results indicated that the
binding of the thiolate largely depends on the position of the
other donor groups in the peptide chain. It means that in the
case of nickel(ll)-AAHAAC-NH; system the formation of
albumin-like coordinated species is favorable and the
coordination of the thiolate could be suggested only in
dinuclear complexes. In contrast, nickel(ll) and zinc(ll)
complexes of AHAAAC-NH, are easily formed with (NH2,N~,Nim)
binding mode resulting in unsaturated coordination sphere that
can be completed with macrochelation from the distant thiolate
group. To continue our work, the complex formation processes
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of these peptides with copper(ll) and palladium(ll) are reported.
Copper(ll) complexes with peptides containing histidine residue
in the third position are able to form albumin-like complexes
with outstanding stability because of the formation of fused
(5,5,6)-membered chelate system (ATCUN motif). This binding
mode can be suggested in the case of AAHAAC-NH,. On the
other hand thiolate residues may reduce copper(ll) ions but
coordination of imidazole residues may affect the redox
reactions. In case of copper(ll)-AHAAAC-NH, system, the
characteristic coordination mode of the N-terminus is
unsaturated (NH2,N-,Nim) providing a chance either for binding
or redox reactions of the thiolate function. Palladium(ll),
however, prefers the coordination of various S-donor ligands
and it may influence the characteristic coordination modes of
the histidyl parts of the molecules.

Experimental and computational methods

Peptide synthesis, purification and other materials

N-terminally free but C-terminally amidated peptides (AAHAAC-
NH2 and AHAAAC-NH;) were synthesized by solid phase peptide
synthesis using a microwave assisted Liberty 1 Peptide
Synthesizer (CEM, Matthews, NC). F-moc chemistry was used to
synthesize the peptides and their purifications were checked by
reverse-phase HPLC, 'H NMR and mass spectrometry. Exact
description about the synthesis and purifications was described
in our previous publication.*

Stock solution of metal ions (palladium(ll) and copper(ll)) were
prepared from K;[PdCls] and CuCl; and their concentration were
checked gravimetrically. In the case of palladium(ll) stock
solution, two equivalents of HCl were added to avoid hydrolytic
processes. The concentration of the acid in the palladium(ll)
stock solution was checked by GRAN method.>

Potentiometric measurements

The pH-potentiometric titrations were accomplished in 3.00 mL
samples at 2 mM total ligand concentration with the use of
carbonate free stock solution (0.2 M) of potassium hydroxide.
The metal to ligand ratio was selected as 1:1. During the
titrations, 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.

2| J. Name., 2012, 00, 1-3

Titrations were carried out at 298 K, the constant ignic strength
was adjusted to 0.2 M with KCl in the cas®6f@&pFer)) Ahive
KNOs was used for palladium(ll) to suppress the formation of
mixed chlorido complexes.

The pH measurements were performed with a MOLSPIN pH-
meter equipped with a 6.0234.100 combination glass electrode
(Metrohm) and a titrant was dosed by means of a MOL-ACS
burette controlled by computer. The recorded pH readings
were converted to hydrogen ion concentration as described by
Irving et al.l® Protonation constants of the ligands and the
overall stability constants (IgByqr) of the metal complexes were
calculated by means of general computational programs,
SUPERQUAD?Y? and PSEQUAD?®E. Equilibrium constants were
defined using eqn. (1) and (2):

pM + gL + rH = MyLqH, (1)
,B — [MquHr]
"ML HT (2)

Spectroscopic studies

UV-visible spectra of the copper(ll) and palladium(ll) complexes
were recorded from 200 to 1000 nm range on a PerkinElmer
Lambda 25 scanning spectrophotometer. Circular dichroism
spectra of the complexes were registered on a JASCO 1-810
spectropolarimeter using 1 mm and/or 1 cm cells in the 200-
1000 nm wavelength range.

Anisotropic EPR spectra were recorded on a Bruker EMX
spectrometer equipped with a HP 53150A microwave
frequency counter at 120 K. Copper(ll) stock solution for EPR
measurements were prepared from CuSO4-5 H,0 that had been
enriched with ¢3Cu (JV Isoflex, Moscow, Russia) to achieve
higher resolution of spectra.

400 MHz H NMR spectra were recorded on a Bruker Avance
400 spectrometer at 298 K. The chemical shifts were referenced
to internal sodium 3-(trimethylsilyl)-1-propane sulfonate (TSP,
&1sp = 0 ppm) and D,0 was used as a solvent. Diffusion NMR
measurements were carried out with pulse field gradient
stimulated spin echo sequence (PGSE). Longitudinal eddy-
current delay (LED) and bipolar gradient pulses were used in the
standard pulse sequence available in the spectrometer.1® In the
experiments constants diffusion time (A = 80 ms) was used and
gradient pulse length (8), 2 ms. The pulsed gradient strength (G)
increased with 32 square distant steps from 0 to approximately
50 Gauss-cm™. The diffusion coefficient was determined from
the attenuation of echo signals by increasing the pulsed
gradient strength (G). The integrated intensity of the methylene
of cysteine and methyl signals of alanine around 1 ppm was
used for the evaluation. The diffusion coefficient was calibrated
by using the known diffusion coefficient of D,O at 298 K.2° To
determine the hydrodynamic radii (Ry) from the diffusion
coefficients of the species, Stokes-Einstein equation was used.

DFT methods

DFT calculations have been performed to optimize the
geometry of the palladium complexes and calculate the relative
free energy. All calculations were performed using the Gaussian
09 (revision. C.01) software package.?! The first step was full
ground state geometry optimization using B3LYP22 hybrid type

This journal is © The Royal Society of Chemistry 20xx
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exchange correlation-functional with the basis set 6-311g(d) on
C, H, N, O, S, Cu(ll) and LANL2DZ on Pd(ll). The following step
was frequency calculation to calculate the relative free energy
with the same functional and basis set. In all cases, PCM solvent
model was used to account for the effect of water. PCM model
is available in Gaussian 09 software. Thermal contribution at
298 K with zero-point energy was included in the calculations.
In order to predict ECD spectra TD-DFT23 was used and two
different functional (BHandHLYP?* and CAM-B3LYP25) have
been tested with the same basis set described earlier. The
calculations were carried out on the geometry optimized in
water. The electronic circular dichroism spectra were generated
by using Multiwfn software?é. ECD spectra were generated as a
sum of Gaussian curves with 0.6 eV half-height width.

Results and discussion

The acid-base properties of the ligands have been determined
by means of pH-potentiometry and *H NMR spectroscopy in our
previous paper.l* These results indicated that the following
deprotonation order could be calculated: pK(Hisim) < pK(NH3*) <
<pK(SH).

Copper(ll) complexes of AAHAAC-NH,

In the presence of copper(ll) the equilibrium studies have been
performed in the slightly acidic pH range (pH 3.6 — 7.0) to avoid
the possible redox reaction and in the basic pH range the
complex formation processes were characterized from
structural point of view. In the slightly acid pH range the
copper(ll):AAHAAC-NH, speciation is simple, only one species
could be detected, namely, the CuLH-; complex. Previous
studies indicated that the N-terminally free peptides containing
histidine in the third position (NH,-Xaa-Yaa-His- sequences) are
able to form a fused (5,5,6)-membered chelate with
outstanding copper(ll) and nickel(ll) binding ability, it is the so-
called ATCUN motif.2” In our case the peptide sequence
corresponds well to that of albumin that indicates the possibility
of formation of (NH2,N-,N-,N;,)—coordinated species. The lack
of the CulLH and CulL complexes strongly suggested the
cooperative deprotonation of two adjacent peptide amide
group, while the thiol group is protonated (CuLH-; = Cu(LH-;)H).
Stability constant of CuLH—_; is 8.00(6) from pH-potentiometric
data. Equilibrium constant for the formation of the (NH;,N—-,N-
,Nim) coordination mode can be obtained using the following
equation where the pK value of the non-coordinated thiol
function is subtracted:

logKatcun-iike = IgB(CuLH-1) — pK(SH) =—0.77.

This value is very close to those reported for the copper(ll)
complexes of AAHAAHG (logKatcundike = IgB(CulH-;) -—
pK(His(im)) = — 0.8228). These values strongly support the same
coordination mode.?7-28

UV-vis absorption spectra of the Cu(ll):AAHAAC-NH, are plotted
in Figure 1 as a function of pH. In good agreement with the
distribution curves, the complex formation processes started
around pH 4.6. Absorption spectra clearly indicate that the
CulLH-; species is (NH2,N-,N-,Niy)-coordinated and the thiolate
is non-coordinated, although, the deprotonation of the thiolate

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. UV-vis spectra and concentration distribution curve of
Cu(Il):AAHAAC-NH; 1:1 system. ¢,.= 1 mM

group results in increasing of the intensity of spectra. The
electronic parameters (A =522 nm and € = 75.9 M1l.cm™)
corresponds well to that of albumin-like coordinated copper(ll)
complex.28 Electronic CD spectra of the equimolar samples
provided further support for this assumption and the lack of the
thiolate—bounded complex (Figure S1).

EPR spectra of Cu(ll):AAHAAC-NH, 1:1 system are plotted in
Figure 2. The EPR parameters are in good agreement with the
albumin-like coordination. Change of the EPR intensity could
not be detected by increasing pH supporting the lack of the
redox reactions between the thiolate group and copper(ll) ions.
Moreover, EPR spectra clearly show that the coordination of
thiolate group is not possible because in the alkaline pH-range
the EPR parameters are the same to those measured in slightly
acid pH. It means that the saturation of the coordination
environment of copper(ll) is able to hinder the redox reactions
between the thiolate group and copper(ll) in acidic and neutral
solution.

Palladium(ll) complexes of AAHAAC-NH,

In the presence of palladium(ll) the complex formation
processes are significantly different. Three species could be
calculated on the basis of equilibrium data. However, exact
determination of the stability constants is not possible because

g, = 2.186
A= 201.410—4cm™!

pH 9.32

270 290 310 330

Figure 2. EPR spectra of Cu(ll):AAHAAC-NH, 1:1 system as a
function of pH. ¢;= 1 mM.

H(mT) 350
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Figure 3. Concentration distribution
palladium(Il):AAHAAC-NH, 1:1 system. The
protonation constants are also marked.

of the high stability of PALH complex. In this case only the lower
limit of the stability constant of MLH could be given which is
24.0. Based on this fact, only stepwise protonation constants
could be calculated. In the case of PALH complex, the histidine
and thiolate group are coordinated by palladium(ll) and the N-
terminal ammonium group is protonated. Similar tendencies
have been observed in the zinc(ll)- and cadmium(Il)-AAHAAC-
NH, system.!4 The following step is the deprotonation and
coordination of the ammonium group resulting in (NHz, Nim, S7)
coordinated species (PdL). This species is dominant in a wide pH
range (see Figure 3) and able to suppress the ionization and
metal ion coordination of peptide amide bond. This feature of
palladium(ll) is unusual because of the high affinity for the metal
promoted deprotonation and coordination of peptide nitrogen.
CD spectra obviously prove the lack of the amide nitrogen
coordinated species below pH 6.0 because the low intensity of
CD spectra excludes the contribution of amide coordination.

pH-potentiometric titrations showed only one equivalent extra-
base consumption process in the Pd(I1):AAHAAC-NH; 1:1 metal
to ligand ratio system. This observation is slightly surprising if
one takes into account the high affinity of palladium(ll) for the
formation of fused (5,5,6)-membered chelate system
containing two deprotonated amide functions. However, the
coordination of the thiolate group is able to hinder the
formation of this chelate system resulting in the species PdLH_;
with one amide in the coordination sphere (NH;,N-,Ni») and
supported by macrochelation of thiolate from the C-termini.
The deprotonation and coordination of peptide amide occurs in

i o

HaC. HaC,
NH N
AG = 17.7 kI/mol

H

N N

o Nim —_—
“pdtt

HyC uz
PdLH_;(N,)

Scheme 2. Scheme of the calculation of relative free energy
between two coordination isomers.

HyC
PdLH_,(N,)
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Figure 4. Calculated relative free energies of different
coordination isomers of PdLH.; complex (L: AAHAAC-NH,).

neutral solution (pK(ML/MLH-;) = 7.49) with the formation of
PdLH-;, and concomitant increase of CD intensity. Only a few
circular dichroism data are available for the palladium(ll)-
peptide complexes but the increase of the intensity of CD
extrema seems to be a clearcut evidence for the amide
coordination.?® However, a series of various coordination
isomers can exist with the involvement of the (NH;, N-, N, S7)
donor groups. DFT and TD-DFT calculations have been
performed to get information on the preference for the
formation of these coordination isomers. Five different
coordination isomers with (NH, N-, Nim,, S7) donor groups have
been calculated where the position of the coordinated amide
nitrogen was changed. The relative free energies of the
coordination isomers were plotted in Figure 4 on the base of
following equation:

AGiot[PdLH_1(N1)] & AGtot[PdLH-1(N1..5)] (3)

where the position of the coordinated amide nitrogen in the
peptide backbone is marked by 1,2,3,4,5.

Scheme 2 representatively shows the method of the calculation
of relative free energy where the difference of free energy was
calculated between the firstly and secondly coordinated amide
nitrogen species.

Based on Figure 4, positive relative free energy means that the
formation of that coordination isomer is not favorable.

The values of the relative free energies clearly indicate that the
most stable coordination isomer is the first amide nitrogen
coordinated species. In this case the coordination of the N(1)
amide nitrogen result in more favorable AGi:t value, with
optimal Pd—NH,, Pd—N(1) and Pd-S- distances. The distances
and angles of the five coordination isomers are summarized in
Table 1 and supplemented with single-crystal X-ray data of
Pd(I1):Glycil-glycil-histidine.30

The optimized structure of this complex is plotted in Figure 5. In
contrast with the copper(ll) complex of AAHAAC (optimized
structure of the copper(ll) complex is also plotted in Figure 5),
where the albumin-like coordination is favorable, in the
presence of palladium(ll) the coordination of thiolate results in
rigid structure that can be stabilized by the formation of
intramolecular hydrogen bond between the N(4)H and amide
function on the C—termini.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Optimized structures of the palladium(ll) (top) and
copper(ll) (bottom) complexes with AAHAAC-NH; ligand formed
at physiological pH.

To give further evidence about the most stable coordination
isomer TD-DFT was used to predict the ECD spectra of
palladium(Il) complexes. It has been recently reported that TD-
DFT is an useful method to predict ECD spectra in copper(ll) and
nickel(ll) peptide systems3! and TD-DFT calculations were
reported in the case of ECD spectra of cobalt(ll) and
chromium(lll) complexes32 as well. A very good agreement with
the experimental spectra has been found by using CAM-B3LYP
functional. The experimental and calculated ECD spectra are
plotted in Figure 6 and the other calculated ECD spectra of
coordination isomers are available in ESI (Figure S2). This
calculation clearly suggests the preference of the first amide
nitrogen coordinated palladium(Il) complex.

Nevertheless, the formation of oligomeric species of the
palladium(ll) complexes with thiol containing ligands is well
known.33:34 Based on this fact, diffusion NMR measurements
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Figure 6. Experimental (solid line) and calculated (dashed line)
ECD spectra of the PdLH-; complex for the N(1) structure.

were performed at pH 9.8 with the ligand and the palladium(Il)
complex by using two different concentrations (1 mM and 5
mM). Diffusion coefficient of the ligand is D = 3.35(7) x 10710
m2-s71 from which the apparent hydrodynamic radius could be
calculated as 0.73 nm. This relatively small size could be
explained by the involvement of intramolecular hydrogen bond.
In our previous study with cysteine and serine containing
heptapeptide (ACSSACS-NH,), the same parameter was 0.6
nm.13 However, the existence of the serine amino acids
increases the possibility of the formation of intramolecular
hydrogen bond resulting in more rigid coil like structure. The
coordination of the palladium(ll) results in the change of the
diffusion coefficients but it is important to note that in the
measurable concentration range these parameters are in good
agreement with each other, namely Dimm = 1.61(2) x 10710 m2.s~
1and Dsmm = 1.58(1) x 1072® m2:s71. The values correspond to the
hydrodynamic radii Rpq = 1.53(2) nm. This increase in size
supports that the coordination of the palladium is able to
remove or break the intramolecular hydrogen bonds, however,
this relatively small increase in the size can rule out the
possibility of the formation of polymer species. From the
optimized structure of the palladium(ll) complex, a hypothetical
radii could be calculated which is approximately 1.17 nm. In

general, NMR diffusiometry indicated that during the

Table 1. Geometrical parameter calculated by DFT methods for the Pd(Il) - complexes.

Pd(11):AAHAAC-NH; [MLH._1] Pd(I1):GGH Pd(Il):AHAAAC-NH,
Distance/angle2 [MLH-]®
Isomer 1 Isomer2 Isomer 3 Isomer 4 Isomer 5 MLH-]

Pd — NH; 206.8 211.6 215.1 217.6 217.5 205.8 208.2
Pd — N- 211.7 212.1 215.5 228.6 202.9 194.3/198.3 205.8
Pd — Nim 209.6 208.3 209.2 209.5 220.6 201.6 208.5
Pd -S- 240.2 239.8 239.6 239.6 238.4 240.6
NH; — Pd — N- 79.3 91.7 90.8 90.8 87.4 80.5
N~ —Pd — Nim 97.8 85.9 85.4 85.4 97.0 92.3

m—Pd—-S- 92.5 94.0 94.7 94.7 97.2 96.4
S~ —Pd — NH; 90.4 88.1 89.4 89.4 81.2 91.3

a Distances reported in pm and angles in °.
b X—ray structure reported in Ref. [30].

This journal is © The Royal Society of Chemistry 20xx
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equilibrium and spectroscopic conditions the same species
could be measured.

Copper(ll) complexes of AHAAAC-NH,

In the case of this ligand the spectroscopic methods were in the
focus of the experiments to avoid the possibility the redox
reactions during the potentiometric measurements. Electronic
absorption spectra of Cu(ll):AHAAAC-NH; system were first
recorded at slightly acidic pH. Absorption maximum is detected
at 596 nm that strongly supports the coordination of 3 N around
copper(ll). It means that the coordination sphere is unsaturated
that can be completed with the coordination of thiolate group
by increasing pH. The formation of MLH-; species was also
reported in the case of nickel(ll) and zinc(ll), however, the
complex formation processes of nickel(ll) and zinc(ll) started
with the formation of amino and imidazole coordinated species
supported with macrochelation of the thiolate and the
following step was the deprotonation and coordination of the
peptide nitrogen. In contrast, the complex formation of
Cu(ll):AHAAAC-NH; system can start with the coordination via
amino, amide and imidazole group in acidic pH, while the
formation of the MLH_; species corresponds the deprotonation
and coordination of thiolate group. Electronic UV-vis spectra
were also recorded under anaerobic conditions at pH 9.8. It is
well known that the blue copper proteins have interesting
spectroscopic properties because of their intense blue color
originating from a sulfur to copper(ll) ligand to metal charge
transfer (LMCT) band around 600 nm. In good agreement with
the data established from the literature?, S~ = Cu(ll) charge—
transfer band with high intensity was observed at 300 nm and
d—d transition at 580 nm with lower extinction coefficient that
can be explained by the existence of tetragonally distorted
octahedral copper(ll) complexes. Electronic absorption spectra
are plotted in Figure 7.

Recording the characteristic EPR spectra provides probably the
most convincing proof for the absence of redox reaction
between copper(ll) ions and the peptide AHAAAC-NH,. The
spectra recorded at physiological pH are very similar to those
reported for related ligands (AHAAAHG?8) and the extracted
parameters g, = 2.231 and A, = 192 x 10~* cm~! correspond well
to the (NH2,N-,Nim) coordination mode (Figure S3).

The redox activity of AAHAAC-NH, and AHAAAC-NH, with
copper(ll) ion are different from each other, in the case of
AAHAAC-NH, the saturated coordination sphere is able to
hinder the redox reaction in the slightly acid and neutral
solution and suppress in the alkaline pH range because of the
reduction potential of Cu(l)/Cu(ll) is out of the range that can be
reduced by the thiolate group. In contrast, copper(ll) complex
of AHAAAC-NH; is a 3N coordinated species with unsaturated
therefore may give greater

coordination environment,

opportunity for redox reactions.
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Figure 7. UV-vis spectra of the MLH_; complex recorded in the
Cu(I1):AHAAAC-NH; 1:1 system at pH 9.8.

Palladium(ll) complexes of AHAAAC-NH,

In the presence of palladium(ll) the complex formation
processes are similar to those of AAHAAC-NH,, namely, three
different species could be calculated on the base of equilibrium
data (The concentration distribution and stepwise protonation
constants are plotted in ESI, Figure S4).

The complex formation processes were followed by means of
IH NMR spectroscopy. Imidazole CH and methine proton of N-
terminal alanine were good indicators to determine the
coordinated donor groups in the MLH, ML and MLH_
complexes. In the case of MLH complex, two imidazole signals
could be measured with different chemical shift indicating the
presence of two coordination isomers. To compare the N-
terminal methine proton in the free ligand and in the complex,
the amino group is coordinated in the MLH complex because
the chemical shift of the Ala(1) CH shows significant differences.
Based on these facts the MLH complex means two coordination
isomers, where the N-terminal group and histidine imidazole or
cysteine thiolate are coordinated. The following process is the
deprotonation and coordination of imidazole N or thiolate S,
where the ligand is coordinated to the metal ion tridentately.
Similarly to palladium(ll) complex of AAHAAC-NH,, the
deprotonation and coordination of peptide nitrogen is shifted
to the alkaline pH range that has been suggested by NMR and
CD spectroscopy as well. Considerable change of chemical shift
of imidazole resonances was observed above pH 7 that can be
supposed by the presence of the negatively charged amide-N in
the vicinity of histidine. CD spectra indicate also the
reorganization of coordination sphere of palladium(ll), which is
due to the participation of the peptide nitrogen in the metal
binding. pH-dependent H NMR spectra of the aromatic region
are plotted in Figure 8.

With the help of DFT, the optimized structure of PdLH-; was
calculated. It is important to note that very similar distances
were calculated in the case of MLH_; of AAHAAC-NH, and
AHAAAC-NH; indicating the same coordination environment of
palladium(ll) (see Table 1.). This observation indicates that both
peptides form complexes with similar coordination geometry

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Selected region of pH dependent *H NMR spectra
recorded in the Pd(Il):AHAAAC-NH; 1:1 system. The following
symbols are represented the species: MLH @, MLA , MLH_,®

through the coordination of amino, peptide-N, imidazole-N and
thiolate donor groups.

The existence of the (NH3,N-,Nim,S”) coordination mode was
also confirmed by theoretical calculations. By using TD-DFT ECD
spectrum was predicted and compared with the experimental
one. Very good agreement and good relative error were found
with the experimental spectrum. Wavelength range from 250 to
400 nm was compared with the experimental spectrum where
two transitions could be found on 365 nm with 4.3% relative
error and on 267 nm with 3.0 % relative error. The experimental
and calculated spectra are available in ESI, Figure S5 and S6.

Conclusions

Huge number of literature studies proves the outstanding metal
binding ability of the albumin-like binding sites containing
histidine in position-3 from the amino terminus. Our previous
studies on related ligands revealed that the predominance of
metal binding at this site is not much affected even by the
presence of another distant histidyl residue.?® Moreover, the
results reported for the nickel(ll) complexes of AAHAAC-NH; led
to similar conclusion and the thiolate of cysteine can only be
considered as a secondary binding site for the formation of
dinuclear species.'* In this study the copper(ll) and palladium(II)
complexes of AAHAAC-NH; and AHAAAC-NH; were studied and
a much more pronounced effect of the distant cysteinyl
residues on the metal binding of the amino terminus was
obtained. In the case of copper(ll)-AAHAAC-NH; system the
(NH2,N-,N-,N;i») coordination mode hindered the interaction
between copper(ll) ion and thiolate group preventing the redox
reactions in acidic and neutral solution. In contrast with
nickel(ll) containing systems, the excess of copper(ll) ions,
however, does not promote dinuclear complex formation but
redox reactions can occur under this condition. The suppress of
redox reactions between copper(ll) ions and the peptide
AHAAAC-NH; was also observed in equimolar samples but in
this case the existence of Cu(ll)-S(thiolate) binding was
demonstrated in the alkaline pH range.

This journal is © The Royal Society of Chemistry 20xx
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Palladium(ll) is known as the most effective metal jon tedndHse
deprotonation and coordination of pepti@@aRithe FrolPs311vé
results of this study unambiguously prove that the Pd-
S(thiolate) binding modes dominate over the formation of the
Pd-N(amide) bonds even if the thiolate residues are involved in
various macrochelates only. The thiolate group of cysteinyl
residue was described as the primary ligating site for both
peptides and the remaining coordination sites were occupied by
the amino, imidazole and one amide nitrogen donor atoms.
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