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The solution chemical properties, superoxide dismutase and catecholase activity of the copper(i1)-Ac-His-His-
Gly-His-OH (hhgh) complexes were studied to identify functional and structural models of copper-containing
oxidases. The solution speciation was determined in the pH range 3-11 by two independent methods (potentiometry
and pH-dependent EPR measurements). The results obtained by the two methods agree very well with each other
and show the formation of differently protonated CuH,L complexes (where x =2 ,1, 0, —1, —2, —3) in aqueous
solution. The spectroscopic (UV-Vis, CD, EPR) data indicate that the coordination of the imidazole rings is a
determinant factor in all these complexes. Amide coordinated complexes are dominant only above pH 8. This offers
excellent possibilities for structural/functional modelling of copper(i1) containing metalloenzymes. Indeed, the
{3Ni,} coordinated CuL species (pH = 6-7) has efficient superoxide dismutase-like activity. The {3N,,,OH"}
coordinated CuH_, L possesses outstanding activity to catalyze the oxidation of 3,5-di-tert-butylcatechol (H,dtbc) by
dioxygen in 86 wt% methanol-water, providing the first example that copper(11)—peptide complexes are able to mimic

copper containing oxidases.

Introduction

The metal-binding properties of His-containing peptides have
been extensively studied in order to mimic structural features
of metal-protein interaction."? Although the copper(ir)-amide
bond appears extremely rarely in metalloproteins, it occurs
in the N-terminal copper (and nickel) binding site of some
serum albumins. Since albumins are the major transporters of
copper(1) in blood, a great number of model studies, using
oligopeptides with histidine at the third position, have been
undertaken.** The discovery of the high-affinity copper binding
sites of prion”® and B-amyloid® proteins, and the possibility
of their involvement in the pathogenesis of the correspond-
ing prion' and Alzheimer’s" diseases, gave a new stimulus
to the coordination chemistry of His-containing peptides.'***
Nevertheless, it has been recognized for a long time, that the
high ability of copper(il) ion to deprotonate amide nitrogens
strongly restricts the analogy between copper(i) complexes of
small peptides and copper containing metalloenzymes. On the
other hand, the coordination mode of His-containing peptides
strongly depends on the number and position of the His
residue(s) in the peptide and those of the nearby donor groups.'?
Therefore, using an appropriate peptide sequence the amide-
coordination might be prevented in the neutral pH range.

In view of enzyme modelling, there is a substantial inter-
est in copper(i)-peptide complexes with exclusive imidazole

1 Electronic supplementary information (ESI) available: Inhibition of
the Nitroblue Tetrazolium (NBT) reduction as a function of the
copper(11) concentration in 0.05 M phosphate buffer and the inhibition
caused by Cu,Zn-SOD (Fig. S1), the CD spectra of the copper(1)—
hhgh system at different pH in 86 wt% methanol-water solvent mixture
(Fig. S2) and the pH dependence of the average CD intensity between
355 and 365 nm. See http://dx.doi.org/10.1039/b507655b

1 Present address: Department of Inorganic and Analytical Chemistry,
University of Szeged, P. O. Box 440, H-6701 Szeged, Hungary.
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coordination at neutral pH. Several type II copper proteins
are known to bind to the central copper(il) ion only by
histidine imidazole nitrogens, e¢.g. Cu—Zn superoxide dismutase,
amine oxidases or nitrite reductases. The recently determined
crystal structure of quercetin 2,3-dioxygenase from Aspergillus
Japonicus indicated™ two distinct geometries in the active centre,
a distorted tetrahedral {3N,,,H,O} (70%), and a distorted
trigonal bipyramidal {3N;,,COO~,H,0} (30%) type coordina-
tion. Only peptides with three or more histidine residues may
provide a real possibility to coordinate the metal ions solely
by the side chain donor groups in the physiological pH range.
This was confirmed in a few cases by some peptide complexes
of nickel(11)"*"7 and copper(i1),” containing more than two
His units.

The dismutation of superoxide and the oxidation of 3,5-di-
tert-butylcatechol (H,dtbc) are probably the two most widely
used test reactions to screen the redox properties of biomimetic
catalysts. Although a great number of model complexes have
been shown to act as efficient superoxide dismutase®* or
catecholase-like*>™® catalysts, to our knowledge, no reports
are available on the catecholase activity of copper(i)-peptide
complexes.

As a continuation of our work on the coordination chemistry
of imidazole ring,*=* here we present solution equilibrium and
structural investigations of the zinc(11)— and copper(11)-Ac-His-
His-Gly-His-OH (hhgh) system, as a structural model of zinc
and copper proteins. In order to test the redox activity of
the formed copper(i1) complexes, we have also studied their
superoxide dismutase and catecholase activity.

During our experimental work, a solution equilibrium study
of the copper(i1)-hhgh system has been published by Sovago
et al.®*® Although the present report suggests similar speciation,
our spectroscopic data, especially those obtained from the pH-
dependent EPR study, together with the kinetic investigations,
considerably extend the knowledge on this system.
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Table 1

Formation constants and derived data of the zinc(11)— and copper(11)-hhgh complexes (the estimated errors in the last digit are in parentheses,

I =0.1 M NaCl, T =298 K). The pK values of hhgh are as follows: pK, = 2.52(2), pK, = 5.95(1), pK; = 6,61(1), pK, = 7.73(1)

logf,., Znla Culle Cu'® PK,,. Culle-d Culle-e
logfi — 18.50(4) — PK 4.31 4.39
logfin 11.47(2) 14.19(1) 14.11(5) pKin 5.81 5.26
logBio 5.10(3) 8.38(2) 8.48(5) PK o 7.01 6.93
logf\_n —1.51(3) 1.37(2) 1.29(5) pKi 1 8.10 8.38
logf — —6.73(2) —6.67(5y PKi 9.93 9.86
logf 3 — —16.66(2) —16.64(5)
FP# 0.0007 0.0011
N.P# 498 635
“ Derived from potentiometric data; ® Derived from EPR data; ¢ pK,,, = logf,,, — 1ogf,, - 1); * This work; ¢ Ref. 35;/ The individual logf} values are

—6.93(5) and —7.02(5) for CuH_,L(a) and CuH_,L(b), respectively; ¢ Fitting parameter (cm?); * Number of the experimental points.

Results and discussion

The potentiometric titration curves of the ligand can be de-
scribed considering four protonation processes (Table 1). The
values of pK, pK, and pKj are in the range generally observed
for His-containing peptides, however, pK, (= 7.73) is ca. 0.6—
1.4 units higher than in case of the related systems.>6*13:17
This indicates relatively strong H-bonding network within the
monoprotonated ligand molecule.

Zinc(11) complexes

The three complexes detected in the Zn"-hhgh system (ZnHL,
ZnL, ZnH_,L) are minor species with respect to the free
zine(m) up to pH 7, where precipitation occurred, even in
case of ligand excess. The logK value for the reaction Zn** +
HL = ZnHL (logKk = 3.74) is somewhat higher than the
corresponding logf,o, = 3.29 reported for the Zn"-Ac-His-Pro-
His-NH, system,* suggesting that the carboxylate group may
also coordinate in this species beside the two imidazole nitrogens.
In the complex ZnL probably all three imidazole rings are
coordinated to the metalion (logfo; = 5.10(3), pK zau (= 6.37) <
pK4(=7.73)). Although, the {3N,,} type coordination is one of
the favored binding mode of zinc(11) in biological systems, it is
not able to keep the metal ion in the solution in the present case.

Copper(i1) complexes

The comparative evaluation of the potentiometric, UV-Vis
and CD spectroscopic data indicated the formation of six
differently protonated species above pH 3 (Fig. 1, Table 1).
The pH dependent EPR titration confirmed this observation,
but reflected the presence of binding isomers in case of the
complex CuH_,L (see also the Experimental part). Taking into
consideration seven complex species beside the aqua ion, the
experimental data obtained by the four different methods can be
described satisfactorily. The two independent sets of formation
constants, derived from our potentiometric and EPR data, are
in good agreement (Table 1), but are somewhat different from
those reported recently.?® On the other hand, the speciation and

100 -
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Fig. 1 Speciation diagram of the copper(i)-hhgh system ([Cu"] =
[hhgh] = 0.001 M, T =298 K, I = 0.1 m NaCl, the species are denoted
by their pgr numbers).

thus the stepwise deprotonation constants of the complexes are
rather similar (see the pK,,, values in Table 1), indicating that the
deviation of formation constants originate from the differences
of the pK values used.

The complex CuH,L is only a minor species in the acidic
region, thus its spectral parameters could not be determined.
The monoprotonated CuHL is dominant in the solution around
pH 5. Since pK,, < pK; (Table 1), both neutral imidazole rings
are probably coordinated in CuHL. Indeed, the equilibrium
constant for the reaction Cu** + HL = CuHL (logK = 6.46)
agrees well with that of a related {2N;, } coordinated complex.?
The spectral parameters of CuHL (Table 2) are also in agreement
with the equatorial coordination of two imidazole nitrogens.?¢*’

Around pH 6.5, the complex CuL dominates in the solution.
The difference between pK,,, (5.81) and pK, (7.73) as well as
the decrease in both g, and 199, indicates the coordination of
all the three imidazole rings in CuL. Its formation constant
(logfin = 8.38) is similar to those of the related {3N,,}
coordinated species.>'” The CD spectrum of CuL (Fig. 2B) has
low intensity bands both in the charge-transfer (CT) and d-d
regions, further supporting the coordination of only imidazole
nitrogens. On the other hand, the d—d maximum (4¢_¢ = 650 nm)
shows a notable red shift as compared to the analogous {3N,, }
complexes (ref. 9 607 nm and ref. 17 587 nm). In addition,

Table 2 EPR and UV-Vis spectroscopic parameters of the various complexes formed in the copper(i1)-hhgh system“ (the estimated errors’ for the
g0, Ay, Ay values and relaxation parameters are £0.0005, 0.8 G, £1.0 G and 1.0 G, respectively)

Species A/nm g, Ay/G  An/G a/G  B/G /G
Cu? 2.1927 35.1 — 57.0 -24 0.2
CuHL 680 2.1546 58.4 12.313.2 58.4 —32.7 7.9
CulL 650 2.1250¢ 58.1¢ 15.9¢ 39.2¢ 52.4¢ —37.6¢ 154
CuH_,L 596 2.1126 74.3 3 x 10.0 72.2 —33.2 12.5
CuH_,L(a) 5804 2.1055 69.0 2x11.32x 134  30.0 —-23.5 6.7
CuH_,L(b) 5807 2.0815 57.5 4 x 16.1 24.4 —4.3 33
CuH_;L 547 2.0845 84.2 10.0 3 x 13.6 38.1 —21.8 5.8

“The hyperfine coupling constants and the relaxation parameters refer to the isotope *Cu; ® In case of intense electron relaxation (e.g. CuHL,
CuH_,L) the Ay, values have higher uncertainties; ¢ Formal parameters, see the text; ¢ Average value of the two isomers.
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Fig. 2 pH Dependence of the CD spectra (A) of the copper(i1)-hhgh
system ([Cu"] = [hhgh] = 0.6 mM, T =298 K, 7 = 0.1 M NaCl, pH =
2.61-11.96), and the calculated individual spectra of the formed species
(B).

the EPR spectrum of this species can only be simulated by
an anomalously high super-hyperfine (shf) coupling constant
(Table 2, Fig. S2, see ESIT). It should be noted that the EPR
parameters of the complex CuL, listed in Table 2, provide only
a formal description of the component curve. It is probably the
superposition of two or more individual spectra. The spectral
pattern and the 39 G shf coupling constant may indicate the pres-
ence of a dimer species with spin-exchange interaction between
the metal centres. However, our attempt to simulate the spectral
data considering a dimer species (Cu,L,) or a monomer—dimer
equilibrium (CuL and Cu,L,) failed. Tentatively we propose that
beside the monomer CuL an imidazole bridged (CuL), cluster(s)
may also form, which hinders the correct deconvolution of the
spectra due to its intense electron relaxation.

The next process (Cul = CuH_,L + H*, pK,;; = 7.01) can
be attributed to the deprotonation of (i) an amide nitrogen, or
(ii) a coordinated water molecule. The d—d transition and the
EPR spectrum of the species CuH_,L (A& ¢ = 596 nm, g, =
2.1126, A, = 74.3 G) may correspond to either a {3N,,,OH"} or
a {2N,,,N~,H,0} type coordination. On the other hand, the low
intensity of d—d and CT bands on the CD spectrum of this species
(Fig. 2B) does not support the presence of coordinated amide
nitrogen in CuH_,L. One has to mention, that the coordination
of the Gly(3) amide nitrogen would not cause strong chiral
perturbation on the metal ion. However, peptides with HXH
sequence undergo two strongly overlapping amide deprotona-
tions in the presence of copper(il) (ApK = pK,,, — pKiy =
0.19 (AccHLHWH-NH,)," 0.18 (Ac-HGH-OH),* —0.04 (Ac-
ETHLHWHTVAKET-NH,),” —0.63 (Ac-HGH-NHMe),** and
ApK < —1 for AccHVH-NH,*? or HGHG?®), due to the
preferred formation of a {N;,/NH,,N-,N-,N,,} coordinated
species. In the copper(il)-hhgh system ApK = 1.09 (ref. 35
1.46), i.e. strongly cooperative deprotonations were not ob-
served. Although none of the two possible coordination modes
({3Ni,,,OH } or {2N,,,,N~,H,0}) can be definitely excluded, our
data, including the results of the kinetic experiments, suggest the
deprotonation of a coordinated water molecule (Scheme 1).

L
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NH '<L"“
—\N\¢ NH ¢O . O, iR O
u\ Ve \ Ac-His-Gly. \\C_N-/i (,\N c
NH §N>¢U<N§ °
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c NH™ | Lo
o =0 !
NH\C/\N
b
CuH_L CuH _;L(a)
i
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o]
NH Q N/-—< 7. o=¢ g H
~ctu _>N= =0
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N> | %N >,NH \ay
: N
CH} X
CuH L (b) CuH 3L

Scheme 1  Suggested structures for the major complexes (note that for
CuH_,L the amide coordination cannot be definitely ruled out). The
open coordination sites are occupied by water molecule(s).

The formation of the CuH_,L species (CuH_,L = CuH_,L +
H*, pK = 8.10) results in fundamental changes of the CD
and EPR spectra (Fig. 2 and 3). The intensity of the CD
bands increase both in the CT and d-d region (Fig. 2). This
reflects a rather strong chiral perturbation mediated by the

2800 3000 3200 3400
Magnetic field (G)

2800 3000 3200 3400
Magnetic field (G)

Fig.3 pH Dependence of the experimental (A) and calculated (B) EPR
spectra of the copper(i1)-hhgh system ([Cu"] = [hhgh] = 1.3 or 0.6 mwm,
T =298 K, I =0.1 M NaCl, pH = 2.3-10.8). The calculated spectra of
the individual species are presented in Fig. S2 in ESIf.
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metal coordination of amide nitrogen(s). The evaluation of
the pH-dependent EPR spectra indicated the presence of two
binding isomers with the composition of CuH_,L (see also
the Experimental part). The well resolved shf pattern on the
spectrum of the (a) isomer, as well as its g, value indicates
the coordination of four nitrogens in the equatorial plane of
copper(11). Considering its composition, a {2N;,,2N"} type
coordination, with the participation of Gly(3) and His(4) amide
nitrogens, can be proposed for CuH_,L(a). This structure is
identical to that suggested earlier for the species CuH_,L.*
However, our EPR data indicate the presence of a (b) isomer,
too, having considerably lower A, and g, values. Since the
decrease of g, generally goes together with the increase of 4, the
above observation indicates some distortion, probably caused by
an axially coordinated nitrogen in CuH_,L(b). The imidazole
ring of His(1) may, indeed, coordinate in the axial position
(Scheme 1), resulting in a somewhat higher stability for the (b)
isomer. The position of the d—d band determined for the complex
CuH_,L (Fig. S1.B,{ 4¢_¢ = 580 nm), shows an important red
shift as compared to that of the related {N,,,N-,N~,N,, } coor-
dinated CuH_,L complex of Ac-HVH-NH, and HGHG (¢! =
530 nm).*>*¥ Although, the spectrum depicted in Fig. SI.Bt is a
superposition of those of the two isomers, the fairly important
red shift confirms the axial imidazole coordination at least in one
of them. The {N;;,,N-,N=,N;, + N, } coordinated CuH_,L(b)
has analogous structure to that suggested for the high affinity
copper binding site of amyloide precursor protein.>!’

Above pH 9 a new deprotonation (CuH_,L. = CuH_;L + H*,
pK =9.93) was observed, which was attributed to the metal pro-
moted deprotonation of a third amide nitrogen. The increased
negative chiral contribution of the amide nitrogens (Fig. 2.B) on
the CD spectrum of CuH _;L, and its spectral parameters (4 ¢
~ 547 nm, g, = 2.0844, 4, = 84.2 G) indicate, indeed, a further
rearrangement of the coordination sphere, i.e. the imidazole ring
of His(2) is replaced by the deprotonated amide nitrogen of the
same unit in the equatorial plane of copper(i). Sovago et al.
suggested the axial coordination of the His(2) imidazole ring in
this species.’ The analogous {N-,N-,N-,N;, } coordinated Cu"
complex of Ac-HVH-NH, (4¢ ¢ = 530 nm)* has a somewhat
different d-d spectrum. Although this deviation may indicate
an axial imidazole coordination, the fairly high A, value
does not support strong axial binding. Therefore, we suggest
{N-,N",N",N,,,} type coordination in CuH_;L (Scheme 1),
with the C-terminal imidazole ring in the equatorial plane of
copper(1). Since further deprotonation was not observed up to
pH 11.2, and the CD spectra detected at pH 11.0 and 11.96 are
almost identical (Fig. 2), our data do not support the formation
of CuH_,L, reported earlier.*

A remarkable property of the Cu"-hhgh system is that
in the neutral pH range the peptide is coordinated to the
metal ion solely by its side chain imidazole nitrogens (in CuL
formed between pH 6-7). This is a rarely observed feature
for the copper(i1)—peptide complexes,'®* which may provide a
possibility to mimic redox active copper containing enzymes.
Indeed, the CuL complex of hhgh shows notable similarities
to the active centrum of quercetin 2,3-dioxygenase, concerning
even the carboxylate group near the metal ion."* Therefore, we
performed kinetic studies to check the redox activity of this sys-
tem. Although, a number of copper(i)-peptide complexes'2*
have been shown to possess superoxide dismutase-like activity,
their ability to mimic copper(il) containing oxidases has not
been reported so far.

Superoxide dismutase activity

The SOD-like activity of the copper(il)-hhgh system was tested
indirectly, by its ability to inhibit the reaction between the O,
radical and NBT. For comparison, the activity of the native
Cu,Zn-SOD from bovine erythrocytes was also investigated. The
determined ICjs, values are listed in Table 3, together with those
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Table 3 ICs, (um) values of the Cu"~hhgh complexes, the native Cu,Zn-
SOD enzyme and some of the most active model compounds reported
so far*

Complex 1Cs (um) Ref.
Cu"-hhgh; 1/1 (pH 6.8) 0.13 This work
Cu''~hhgh; 1/1 (pH 7.5) 0.15 This work
Cu"-hhgh; 1/10 (pH 7.5) 0.25 This work
Cu,Zn-SOD (pH 6.8) 0.0045 This work
[CuL'] (pH 7.4) 0.09 19
Cu—(cyclo-His-His) 0.11 20
[CuL?,(py).]; (pH 7.8) 0.146 21
Cu"-Ac-HVH-NH,; 1/1 (pH 7.4) 0.20 22
Cu"-L?; 1/1000 (pH 7.4) 0.24 23
[CuZnL!] 0.24 24
Cu"—carnosine; 1/1000 (pH 7.4) 0.80 23
Cu(HPO,) (pH 7.4) 1.06 23

“L' = N,N'-bis(2-acetylpyrazyl)methylene-1,3-diaminopropane, L* =
N-2-(4-methylbenzothiazole)benzenesulfonamidate, L’ = 6-deoxy-6-
(B-alanylhistidyl)-B-cyclodextrin, L* = 4,5-bis(di(2-pyridylmethyl)-
aminomethyl)imidazolate

of some highly active SOD mimics, taken from the literature.
Although the activity of the copper(i1)-hhgh complexes is ca.
thirtyfold lower than that of the native enzyme, it is one of the
most active model systems reported so far. It is noteworthy,
that at pH = 6.8 almost complete (97.2%) inhibition was
achieved using 0.5 pum total concentration of copper(1) (see
Fig. S3 in ESIf). The correct interpretation of the observed
SOD-like activity requires a knowledge of the speciation in
the very dilute solutions used ([Cu**] < 1 uM), which may be
considerably different from that depicted in Fig. 1. Indeed, at
low concentrations considerable amounts of free copper(Ir) is
present in the equimolar solution, whilst there is practically no
free metal ion when tenfold excess of the ligand is used (see the
actual speciation in the legend of Fig. S31). The ICs, values listed
in Table 3 confirm that the SOD-like activity is mostly related to
the copper(i1)-peptide complexes, and indicate somewhat higher
SOD-like activity for the species CuL, in agreement with its lower
equatorial field strength,” and higher accessibility for the O,~
radical ligand.

Oxidation of 3,5-di-zert-butylcatechol (H,dtbc)

The catalytic oxidation of H,dtbc has been widely stud-
ied to screen the catecholase activity of various copper(ir)
complexes.®3* Since catechol oxidases are type 3 copper
enzymes,” mostly dinuclear complexes were used for the
biomimetic studies. Nevertheless, several mononuclear com-
plexes have been reported to possess important catecholase
activity.>?

In order to check the ability of the copper(11)-hhgh system to
catalyse redox reactions, we followed the oxidation of H,dtbc
to 3,5-di-tert-butyl-1,2-benzoquinone (dtbq) by dioxygen in
the presence and absence of the copper(i1)-hhgh complexes in
86 wt% methanol-water solvent saturated with O,. Initially,
the {3N,,} coordinated CuL complex was expected to possess
oxidase activity, since it mimics the active centre of several
type 2 copper enzymes, but in the neutral pH range practically
no activity was observed (Fig. 4). Above pH 8, however,
important catalytic activity developed, which levels off around
pH 10. The increasing H,dtbc concentration at pH 10.18 results
in saturation kinetics above fortyfold excess of the substrate
(Fig. 5). These experimental data can be well fitted supposing
a deprotonation process (pK ~ 8.7) leading to the catalytically
active species and applying the Michaelis—-Menten approach.
In order to verify this hypothesis, we studied the complex
formation processes under the conditions used for the kinetic
measurements (86 wt% methanol-water, [Cu®*] =[hhgh] = 5.5 x
10 m). Due to the rather low concentrations, only the CD
spectroscopic study provided valuable information (see Fig. S4
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Fig. 4 Dependence of the initial reaction rate on pH for the oxi-
dation of H,dtbc promoted by the copper(il)-hhgh system (86 wt%
methanol-H,0, [Cu"] = [hhgh] = 0.0555 mM, [H,dtbc] =2.488 mm, T =
298 K). The solid line was calculated by the simultaneous evaluation of
the data depicted in Fig. 5 and 6, using eqn (1).

0 T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010

[Hdtbc] (M)

Fig. 5 Dependence of the initial reaction rate on the H,dtbc concen-
tration for the oxidation promoted by the copper(i1)-hhgh system (86
wt% methanol-H,O, [Cu"] = [hhgh] = 0.0555 mm, pH = 10.18, T =
298 K). The solid line was calculated by the simultaneous evaluation of
the data depicted in Fig. 5 and 6, using eqn (1).

and S5 in the ESIt). Between pH 7-8 the complex CuH_, L is the
sole species in the solution (as expected, the neutral species is
more stable in 86 wt% methanol-water than in pure aqueous
solution). The two successive deprotonations of this species
can be described by pK, = (9.6 £ 0.1) and pK, = (11.0 +
0.2) (see Fig. S51), thus the formation of CuH_,L and CuH_;L
shifted considerably to the alkaline region as compared to the
analogous processes in pure aqueous solution. Consequently,
the above mentioned hypothesis cannot be valid, since in the
absence of H,dtbc no deprotonation occurs with pK ~ 8.7 in 86
wt% methanol-water solution. Instead, the reaction pathways
depicted in Scheme 2 can explain the observed kinetic data.
The oxidation of H,dtbc is related to the mixed ligand complex
CuL(dtbc), since the coordination of catecholate dianion is a
necessary step of the copper(11) catalyzed oxidation. This mixed
ligand complex forms in a pH-dependent step around pH 8-

CuL(OH)
Ky + Hpdtbe
log K
k
H* + CuH_,L H* + H,y0 + CuL(dtbc) —Coat> oxidation
2
116)
H' + CuH_3L

Scheme 2 Suggested reaction pathway in 86 wt% methanol-H,O
solvent.

10. In a nearly parallel reaction the formation of CuH_,L
takes place. At pH 10, the complexes CuL(dtbc) and CuH_,L
are the major species in the solution. In fact, the increasing
initial rate with increasing substrate concentration (Fig. 5) is the
consequence of the shift of the equilibrium between CuH_,L
and CuL(dtbc), in favour of the latter species. Above pH 10, the
formation of CuH_;L results in a decreasing concentration of
the mixed ligand complex CuL(dtbc), and thus decreasing initial
rate of the oxidation.

The pH dependent oxidation of H,dtbc by copper(il) com-
plexes has already been reported by Neves et al?* The
mechanism suggested by these authors involved the deproto-
nation of two metal-bound water molecules, which is followed
by the coordination of H,dtbc to the dinuclear complex in
a pH independent process. However, the catechol derivatives
have a strong coordination ability, especially above pH 7.
Their presence as a second ligand may have a fundamental
influence on the speciation detected in the binary (copper(ir)—
ligand) systems. Considering the observations collected in the
numerous copper(i1)-ligand—catechol ternary systems,**' the
pH dependent formation of the catecholate containing ternary
complex(es) is a very general phenomenon, indeed. However, in
such cases the classical form of the Michaelis—Menten equation
is not applicable. In our system the reaction rate corrected by
the autooxidation can be expressed by the following equation
(see Scheme 2):

VCOl'l' = del[CuL(dtbc)]

e [Cul.,

oo [H*] 1+ K, + KK,
K[H,dtbc] K[H.dtbe] * K[H.dtbe][H']
koK [Cul,,, [Hadtbe][H*] 0

~ [HP + K[Hdtbo][H*] + K,[H*] + K, K,

where [Cu],, is the analytical concentration of copper(in).

The simultaneous evaluation of the data depicted in Fig. 4 and
5, using eqn (1), resulted in the following constants (Scheme 2):
ke = (0.063 + 0.007) s7', logK = (—6.5 +0.1), pK, = (9.3 +
0.1) and pK, = (11.0 £ 0.3). The values of pK, and pK,
calculated from the CD measurements and from the kinetic
data (both in 86 wt% methanol-water) agreed well with each
other. LogK is in the expected range, since a similar value
(logKk = —5.16) was reported*" for an analogous reaction
(CuH_ A + H,B = CuAB + H*, where A = Gly-Gly and
H,B = catechol) in aqueous solution. The value of k., indicates
outstanding catecholase activity of the copper(i1)-hhgh system,
it corresponds to the turnover rate of 227 h'.

The time course of the reaction catalyzed by the complex
CuH_, L is shown in Fig. 6. Under the conditions used, the initial
concentration of CuL(dtbc) is only 2.2 x 10-° M, but the reaction
is 90% complete in 55 min. In fact, two reactions run parallel in
the solution: the catalyzed reaction and the autooxidation. The
latter represents only a few % of the overall process (at pH =
8.58 the rate constant of the autooxidation (k) is (3.0 = 0.5) x
10> s7'). Considering both reactions, the reaction rate can be
expressed as

I~ kafs) — kulCuL(dtbo)
~ A[S]
—_— _kauto[S] - kcat X m (2)

where [S] = [H,dtbc], 4 = [Cu],,K[H*], B =[H']* + K,[H"] +
K, K, and C = K[H*] (see eqn (1) for the expression of

| Dalton Trans., 2005, 3187-3194

| 3191



http://dx.doi.org/10.1039/b507655b

Published on 19 August 2005. Downloaded by CAL POLY POMONA UNIV LIB/PER on 22/10/2014 05:17:50.

View Article Online

[CuL(dtbc)]). The integration of eqn (2) results in

,— Bn(8], —InS) + ke AC {In(koB + ke + ko [S])) — In(ko B + ke A + ko[SD)} &)
h kOB + kcatA

From the data shown in Fig. 6, k., = (0.09 £ 0.01) s! can
be calculated using eqn (3) and keeping all other parameters
constant. The two values of k., (0.063 & 0.007 s~! obtained
from Figs. 4, 5 and 0.09 & 0.01 s~! from Fig. 6) agree well with
each other, considering the uncertainties of the parameters k,,
K, K, and K, as well as the different experimental procedures
(initial slope and integral method, respectively).
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Fig. 6 The oxidation of H,dtbc catalyzed by the complex CuLH_,
(pH = 8.58, [H,dtbcl,;y = 0.36 mm, [Cu"], = [hhgh], = 0.0555
mM in 86 wt% methanol-water solution saturated with O,; the initial
concentration of Cul(dtbc) under these conditions is 0.0022 mMm; the
autooxidation of H,dtbc at this pH represents only ~3% of the overall
effect). The solid line was calculated using eqn (3).

Based on the solution spectroscopic studies, the complex
CuH_,L may possess either {3N,,,OH"} or {2N,,,N-,H,O}
type coordination in its equatorial plane. The reduction of
copper(Il) to copper(l) is generally not favored when a strong
equatorial field (i.e. coordinated amide nitrogen(s)) is present
around the metal ion, since it stabilizes the +2 oxidation state.
Bearing this in mind, the high catecholase activity of CuH_,L
would suggest {3N,,,OH"} type coordination. The possibility
of the involvement of the metal-bound hydroxide ion in a
proton-transfer process which promotes the metal coordination
of H,dtbc, may further support the {3N;,,,OH" } binding mode
in CuH_,L.

A further point to be clarified is the two-electron oxidation of
H,dtbc, which cannot be promoted by a single mononuclear cop-
per(i1) complex. A recent mechanistic study on the [Cu(idpa)]*
catalyzed oxidation of H,dtbc by Speier et al® (idpa = 3,3'-
iminobis(N,N-dimethylpropylamine) indicated the formation of
a mononuclear Cu'(idpa)(dbsq) complex (dbsq = di-tert-butyl-
semiquinone radical) which reacts with dioxygen leading to a
peroxo-bridged Cu" dimer, then dtbq and H,dtbc are formed
by disproportionation. A similar mechanism may operate in our
case, too. Although the above indicates that a rather complicated
mechanism may operate during the catalytic cycle, the results
show the simple model depicted in Scheme 2, and the inherent
assumption that the rate determining step is the formation of
CuL(dtbc), to be sufficient for a kinetic description.

Conclusion

The potentiometric and pH-dependent spectroscopic data ob-
tained in the copper(i)-hhgh system indicated the formation
of differently protonated CuH.L complexes (x = 2, 1, 0, —1,
—2, —3). In the neutral pH range the ligand is coordinated to
the metal ion by its imidazole nitrogens, the amide coordinated
complexes dominate only above pH 8. The pH-dependent EPR
data reflected the presence of two binding isomers in the case of
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CuH_,L with {N;,,N-,N-,N;, + N, } and {N;,,N-,N",N;,,}
coordination modes. The metal binding of three side-chain
imidazole rings in CuL. and CuH_,L shows notable similarities
to the active centrum of several copper-containing enzymes.
Therefore, we performed kinetic studies to establish the redox
activity of this system. Although the complex CuL shows high
superoxide dismutase activity, it does not promote the oxidation
of H,dtbc by dioxygen. This reaction is, however, very efficiently
catalyzed by the CuH_,L species, providing the first example
that copper(i1)-peptide complexes are able to mimic copper-
containing oxidases.

Experimental
Materials

Copper(11) and zinc(11) chloride (Fluka) solutions were standard-
ized complexometrically. pH-metric Titrations were performed
by NaOH (Fluka) standard solution. Ac-His-His-Gly-His-OH
(Bachem), xanthine, xanthine oxidase, Nitroblue Tetrazolium,
Cu,Zn-SOD and 3,5-di-tert-butylcatechol (Sigma) were used
without further purification (some samples of Ac-His-His-Gly-
His-OH contained unknown potentiometrically active impuri-
ties other than acetate ion, therefore these samples were not used
in our studies).

pH-metric Measurements

The protonation and coordination equilibria were investigated
by potentiometric titration in aqueous solution (/ = 0.1 M NaCl,
and T = 298.0 &+ 0.1 K) under an argon atmosphere, using an
automatic titration set including a PC controlled Dosimat 665
(Metrohm) autoburette and an Orion 710A precision digital
pH-meter. The Orion 8103BN semimicro pH glass electrode
was calibrated* via the modified Nernst equation:

JOHKW
(H]

E=E,+ K log[H"] + Ju[H*] +

where Jy; and Joy are fitting parameters in acidic and alkaline
media for the correction of experimental errors, mainly due to
the liquid junction and to the alkaline and acidic errors of the
glass electrode; K, = 107137 M? is the autoprotolysis constant of
water.*® The parameters were calculated by the non-linear least
squares method. The complex formation was characterized by
the following general equilibrium process:

PumpgLy

M+¢gH+rL ——M,H,L,

[M,H,L,]
[MP[H][L)

where M denotes the metal ion and L the non-protonated
ligand molecule. Charges are omitted for simplicity, but can
be easily calculated taking into account the composition of the
fully protonated peptide (H,L**). The corresponding formation
constants (fy,u,L, = f,,) were calculated using the PSEQUAD
computer program.*

The protonation constants were determined from 4 indepen-
dent titrations (50-60 data points per titration). The ligand
was obtained as an acetate salt. The concentration of its stock
solution was determined by potentiometric titrations using pK =
4.57 for the acetic acid. The complex formation constants were

BM,,IIqL, =
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evaluated from 8 independent titrations (60-80 data points per
titration). The metal-to-ligand ratios were 1 : 1 and 1 : 2, with
the ligand concentrations between 4.0 x 10~ and 1.3 x 1073 m.
The formation constants of the copper(i1) and zinc(11) acetate
complexes (logK = 1.8 and 0.86, respectively) were taken into
account.

Electronic absorption and CD measurements

UV-VIS spectra were measured on a Hewlett Packard 8452A
diode array spectrophotometer. The CD spectra were recorded
on a Jasco J-710 spectropolarimeter in the wavelength interval
from 300 to 800 nm. The metal ion concentration was 6 x 10 m
in a cell with 1 cm optical pathlength. The individual spectra
of the copper(i1) complexes were calculated by the previously
mentioned computer program PSEQUAD.

EPR measurements

The EPR titrations were performed in 12 cm?® solution under
an argon atmosphere. The initial concentration of hhgh was
1.3 x 107 M (6.0 x 10™* ™M for the spectra measured in the
neutral pH range). A Masterflex CL peristaltic pump ensured
the circulation (14 c¢cm® min~') of the solution through the
capillary tube in the cavity. The EPR spectra were taken
after equilibration/circulation for 3 min at a chosen pH at
room temperature (7 = 298 K) on an upgraded JEOL-JES-
FE3X spectrometer with 100 kHz field modulation, using a
manganese(11)-doped magnesium oxide powder for the calibra-
tion of the magnetic field. The series of EPR spectra were
evaluated by a recently developed two dimensional simulation
method able to adjust the formation constants of the various
species together with the magnetic parameters of the component
EPR spectra.* Between pH 8-10, where the CuH_, L species has
the largest concentration, the fit of the EPR spectra was not
satisfactory. This indicated that additional species have to be
taken into account. Since complexes with further compositions
were supported by neither the pH-metric nor the EPR data,
structural isomers were considered in the calculation for the
complex CuH_,L. In order to justify the necessity of new species,
the improvement of the fit was analysed. We used a criterion of
normalized regression parameter R, defined as

1-R,=N(1-R)

which indicates wether the fit is improving faster than the N
number of adjusted EPR parameters, when a new species is
included in the calculation. For the accepted equilibrium model
including 7 species and 52 EPR parameters, the regression
parameters R and R, were found to be 0.99804 and 0.8981,
respectively. Omitting one of the isomers of CuH_,L, the regres-
sion parameters decreased considerably (45 EPR parameters,
R, =0.8619). If Cu,L, or CuH_;L(b) was considered in addition
to the accepted complexes the R, parameter also decreased. On
the other hand, assuming two isomers with the composition
of CuH_,L both regression parameters increased (59 EPR
parameters, R = 0.99828 and R, = 0.8985). However, the
increase of the R, value is within the experimental error (0.04%),
therefore the presence of a further isomer is not justified. Further
details of the method and the evaluation procedure have been
described previously.*4

Determination of the superoxide dismutase activity

The SOD-like activity was studied at 298 K using the indirect
method of Nitroblue Tetrazolium (NBT) reduction.”” The
superoxide anion was generated in situ by the xanthine/xanthine
oxidase reaction, and detected spectrophotometrically by mon-
itoring the reduction of NBT at 560 nm. The reactions were
carried out in a phosphate buffer (5 x 107 M), containing
NBT (5 x 107 M) and xanthine (1 x 10~* m). The reaction was
initiated by adding an appropriate amount of xanthine oxidase

to generate AA4sq = 0.025-0.028 min~'. The NBT reduction rate
was measured in the presence and absence of the investigated
system ([Cu*],, = 0-1 x 107° M). Control experiments, in the
presence of Cu,Zn-SOD (0-5 x 10~* M) were also carried out.
In separate measurements, the activity of xanthine oxidase was
monitored following urate production by spectrophotometry at
298 nm, to rule out any inhibition induced by the copper(ir)—
hhgh system. The SOD-like activity was then expressed by the
1C,, values (concentration that causes 50% inhibition of NBT
reduction).

Determination of the catecholase activity

The oxidation of 3,5-di-tert-butylcatechol (H,dtbc) in the pres-
ence and absence of the copper(11)-hhgh system was monitored
spectrophotometrically on a Unicam Helios o spectrophotome-
ter at 298 K by following the increase of the 3,5-di-tert-butyl-o-
benzoquinone absorption band at 400 nm (¢ = 1900 M
cm™') in O,-saturated 86 wt% methanol-water mixture. For
the determination of the pH in this mixed solvent, the glass
electrode was calibrated by standard aqueous buffer solutions
(pH = 4.0, 7.0 and 10, Sigma) and then the actual pH was
calculated by adding 0.28 units to the pH-meter reading,
according to the method of Bates.® The ionization constants
of water in 86 wt% methanol-water is pK, ~ 15.6.* The auto-
oxidation of 3,5-di-tert-butylcatechol was also determined for
each substrate concentration and pH applied, and was then
subtracted from the overall effect in order to obtain the extent
of the oxidation reaction catalyzed by the copper(i)-hhgh
complexes. The kinetic studies were carried out by the method
of initial rates, but in some cases the integral method (up to 95%
conversion) was also used. The reported data are the average
of three parallel experiments. The maximum deviation from the
main value did not exceed 10%.
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