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Abstract

Stoichiometry, stability constants and solution structures of the copper(II) complexes of the N-acetylated tetrapeptide HisGlyHisGly
were determined in aqueous solution in the pH range 2–11. The potentiometric and spectroscopic data (UV–Vis, CD, EPR and Raman
scattering) show that acetylation of the amino terminal group induces drastic changes in the coordination properties of AcHGHG

3compared to HGHG. The N atoms of the histidine side chains are the first anchoring sites of the copper(II) ion. At pH 4.7 and 5.6 both
the imidazole rings cooperate in the formation of a 2N equatorial set, while, at higher pH values, 3N and 4N complexes are formed

2through the coordination of peptide N atoms. The log b values of the copper complexes of AcHGHG are by far lower than those of the
IIcorresponding species in the parent Cu –HGHG system.  2002 Elsevier Science Inc. All rights reserved.

Keywords: Copper complexes; His-containing peptides; Tetrapeptides; EPR, Raman, UV-Vis and CD spectra; SOD activity mimics

1. Introduction for studying the biological activity of proteins involved in
fatal disorders like the Alzheimer’s disease [26] or prion

Peptide complexes with transition metals are currently infection [27]. We have recently prepared linear and cyclic
widely studied for their mimic properties of the corre- oligopeptides with an high degree of flexibility by alternat-
sponding metal centres of metalloproteins. In particular, ing residues of histidine and glycine in the backbone [18].
complexation by histidyl residues is found in several The complexation properties of two of them with para-
enzymes and transport proteins [1–5]. Thus, the structures magnetic ions were investigated [19,28]. In particular we
of histidine containing peptides as well as their biological elucidated the copper complexes structures of the tetra-
properties have been widely investigated [6] and especially peptide HGHG in aqueous solution by spectroscopic and

IItheir Cu complexes are largely studied. In particular, potentiometric methods. The whole experimental data
copper(II) complexes of linear and cyclic di-, tri-, tetra-, revealed the ability of this small peptide to form 1:1
penta- and hexa-peptides were extensively examined in complexes with four N in the equatorial plane starting
order to clarify the binding modes of the histidine residues from acidic pH values [28]. Pharmacological studies,
located at different positions of the peptide chains [7–22]. carried out in vitro and in vivo, on the antioxidant
Indeed, copper complexes of histidine-containing small properties of copper complexes of both the free and the
peptides have a striking interest as mimicking of SOD N-acetylated HGHG revealed that this latter compound
activity [23,24], and as enzyme activating systems [25]. was markedly more active, in vitro, against NBT reduction

2The same coordination compounds are considered models exerted by O in the xanthine /xanthine oxidase system2

[29]. The present paper reports extensive studies per-
formed by potentiometric and spectroscopic methods in*Corresponding author. Fax: 139-055-4573531.

E-mail address: mauro.ginanneschi@unifi.it (M. Ginanneschi). order to clarify the stoichiometry and the structure of the
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species formed in aqueous solution within a wide range of program Superquad [31] on an Apple Macintosh LCII.
IIpH values by the Cu –AcHGHG system. This allowed the evaluation of the basicity and stability

constants in the different experimental conditions.

2.2. Spectroscopic measurements and calculations
2. Experimental section

Temperature dependent X-band EPR spectra were re-
N-acetyl-L-histidylglycyl-L-histidylglycine methyl ester

corded with a Bruker ER 200D-SRC spectrometer. The
(AcHGHGMe) was prepared following the same azide

operational frequency (9.44 GHz) was tested with a
method used for the synthesis of the parent HGHGMe

Hewlett-Packard X5-32 B wavemeter and the corre-
[18], as this method does not require imidazole protection.

sponding magnetic field H was calibrated by using a
The hydrolysis of the pure AcHGHGMe (obtained by slow

DPPH solid state sample as field marker ( g 52.0036).DPPHcrystallization from MeOH) to N-acetyl-L-histidylglycyl-L-
The relevant cupric solutions frozen spectra were recorded

histidylglycine sodium salt, used for the spectroscopic
at 100 K by suitably using the flow of the liquid nitrogen

measurements, was performed by leaving to stand for 2
(T577 K) cold vapour for cooling the X band resonance

days a solution of the methyl ester in aqueous methanol at
cavity. Visible absorption data were recorded at room

about pH 9. The precipitate was collected, washed with
temperature on a Shimadzu 1601PC spectrophotometer and

MeOH and dried (yield: 66%): m.p. 198 8C (dec); nmax CD spectra on a Jasco J600 spectropolarimeter. Raman
(KBr pellet) 3434 (imidazole NH), 3371 (CH CONH),3 spectra were registered using the exciting lines of an–13280 (amide NH), 1656 (amide I), 1566 cm (amide II);

Argon laser, a Jobin-Yvon HG-25 monochromator, an1
d (CD SOCD ), 8.33 and 8.25 (3H, His NH and 23GlyH 3 3 RCA-C31034A cooled photomultiplier and a data process-
NH), 7.64 and 7.59 (singlets, 2H, 23His 2-H), 6.83

ing system.
(overlapped, 2H, 23His 5-H), 4.51–4.36 (2H, 23His a-

Semi-empirical calculations were performed using the
H), 3.85–3.59 (doublets, 4H, Gly a-H), 3.05–2.73 (4H,

software Spartan version 5.1.1 (Wavefunction, Inc., Irvine,
23His b-H ), 1.82 (3H, CH CO); MS (FAB): 471 (M12 3 CA, USA) running on a Silicon Graphics O2 workstation.11) . (Found: C, 43.37; H, 5.29; N, 22.67%.

The geometries were optimized using the PM3 (tm)
C H N O Na?1.5H O requires C, 43.46; H, 5.27; N,18 24 8 6 2 method with transition-metals parameterization.
22.53%).

2.1. Potentiometric measurements 3. Results

The potentiometric apparatus has been previously de- 3.1. Potentiometric studies
scribed [30]. Titrations were performed at a constant
temperature (25 8C) in 0.1 M NaCl with a digital PHM-84 3.1.1. Basicity constants
Radiometer potentiometer, equipped with a pHG211 High The basicity constants (log K) of the tetrapeptides
pH Glass Electrode and a Ref201 Reference Electrode, and AcHGHGMe and AcHGHG were evaluated by poten-
a Metrohm Multidosimat apparatus connected to com- tiometric analysis of the corresponding titration curves
puterised e.m.f. readings (mV), in relation to the volume obtained at 25 8C and 0.1 M NaCl (Table 1). It was
(ml), of the added titrant. A weighed quantity (0.1–0.2 evident that the forward and back-titration of the methyl
mmol) of the ester was dissolved in the glass cell ester with standard solutions of NaOH and HCl, respec-
containing ca. 100 ml of 0.1 M NaCl, under magnetic tively, displayed a hysteresis loop, due to the hydrolysis
stirring. Forward and back-titrations were carried out with reaction in the alkaline region attributed to the esterified
standardized HCl (0.1 M) and NaOH (0.1 M) solutions, carboxyl group. The results of the Superquad program
respectively, under a presaturated nitrogen stream flowing showed a good fit between experimental and computed
over the surface of the solution to avoid contamination of curves if only two and three basicity constants, respective-
CO from the outside atmosphere. In alkaline conditions ly, were considered for esterified and free acyl tetra-2

the hydrolysis reaction took place. This was confirmed by peptides. The log K values reported in Table 2 allowed a
the equivalent decrease of hydroxide ions when the further like attribution of the protonation sites. Unlike the lowest
back-titration with HCl was performed on the hydrolyzed value of log K for AcHGHG attributed to the carboxylate3

compound. At least three replicates in both forward and group, both log K and log K of AcHGHG and AcH-1 2

backward titrations confirmed a good agreement with GHGMe lie in the range of basicity of the imidazole ring.
reliable results. The former compound shows greater values due to the

The complexation study with copper(II) ions was per- negatively charged carboxyl group that causes electrostatic
formed in a similar manner by using three different ligand- interactions through space. This is in accordance with
to-metal molar ratios (1:1, 2:1 and 3:1). The analytical data literature data [32,33] and with the results previously
were processed along with potentiometric data by the reported by us [28] on the parent HGHG peptide. The free,
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Table 1
Basicity constants of the esterified and hydrolyzed tetrapeptide and comparable peptides at 298 K and 0.1 M NaCl

Peptide log b log K
2HL H L H L H L NH –Lys NH –Lys N–Im N–Im COO2 3 4 2 2

Ac–HGHG–OMe 6.564(8) 12.430(7) 6.56 5.87
Ac–HGHG 6.945(9) 13.264(8) 16.51(1) 6.94 6.32 3.24

aAc–GGH 7.18 10.26 7.18 3.08
bAc–EVHHQK–NH 10.39 17.21 23.15 27.07 10.39 6.82 5.94 3.922
bAc–EVRHQK–NH 10.19 16.45 20.49 10.19 6.26 4.042
cAc–AKRHRK–NH 11.03 20.90 27.03 11.03 9.87 6.132

dc(DD)-bisHim 7.28 13.82 7.28 6.54
dc(EE)-bisHim 7.17 13.76 7.17 6.58

Values in parentheses are standard deviations.
a Ref. [41].
b Ref. [26].
c Ref. [42].
d Ref. [23].

protonable, primary amino group, of the tetrapeptide sponding geometries, particularly the equatorial ligand
atoms donor set and the relevant charge, can be proposed.HGHG strongly suppressed the basicity of the neighboring

II3 Fig. 2 shows the X-band EPR spectra of the Cu –imidazole N . In the N-acetylated derivative, the closer
AcHGHG complexes at different pH values at roomimidazole log K increased of about 1 unit (6.32 in
temperature (RT) and in Table 3 the relevant paramagneticAcHGHG, 5.33 in HGHG), while a lower increasing
parameters are collected. The EPR lineshapes of the cupricpattern was observed for the other imidazole ring (6.94 in
complexes (Fig. 2) were investigated referring to theAcHGHG, 6.54 in HGHG).

IImaxima in the plot of the Cu –AcHGHG complex speciesOn the basis of these results we can reasonably attribute
distribution (Fig. 1). By comparison, in the ‘‘pure’’ RTthe first protonation step of both forms of the ligand

IICu –H O spectrum (pH 2.3; g .g 52.0023)molecule to the imidazole nitrogen close to the carboxyl 2 iso electron

[34,35] the overall linewidth overlaps the four isotropicgroup.
cupric hpf splittings [I-Cu(63,65)53/2] in an unique
unresolved signal [g (298 K)52.190(5),3.1.2. Stability constants averaged

II DH (298 K)5150(5)G], while the liquid nitrogenThe stability of the Cu –AcHGHG (CuHL) system was averaged

temperature (LN) spectrum ( g .g .g ; kgl.evaluated by potentiometric analysis at 25 8C in 0.1 M i ' electron

g ) displays axial structure with hpf cupric resolutionNaCl and with three different ligand/metal(II) molar ratios electron

of the g region. Adding the tetrapeptide to the cupric(1:1, 2:1 and 3:1). To fit potentiometric data by the i

Superquad program, different species were considered and solution (metal-to-ligand molar ratio51:1) noticeably
21 1the best model refined the five species CuHL , CuL , changes both the RT and LN lineshapes, exhibiting EPR

2 22CuH L, CuH L and CuH L . parameters typical of significant interaction copper(II)-21 22 23

The stability constants (log b ), reported in Table 2, ligand while the pH decreases to 1.9. Raising the pH at
were used together with log K values to compute the 2.9, the cupric solution displays evolution of the LN and
species distribution curves (Fig. 1). RT lineshapes, suggesting changes of the coordination

IImode of Cu –AcHGHG complex. As a tentative hypoth-
3.2. X-band EPR esis the pH 1.9 spectra could be assigned to an ‘‘outer

IIsphere’’ coordination [(Cu –H O)–AcHGHG], being the2

Due to the electronic nature of the copper(II) (electronic ligand located in the second coordination sphere (dipolar
2ground state E ), in the presence of significant tetragonal interaction), while at pH 2.9 the actual spectra could beg

elongation of the O original coordination sphere the explained assuming the direct binding of the tetrapeptideh
IIS51/2 unpaired electron is mainly located in the cupric with the Cu (CuHL species). Taking into account the

3d AO [34]. The temperature and pH dependent Blumberg–Peisach approach [36] the f5g /A ratio ( f52 2x 2y i i

X-band EPR lineshape analysis characterizes magnetic and tetragonal distortion factor) could be interpreted assuming
II 2structural features of the Cu –AcHGHG complexes on the an equatorial ligand interaction via the –COO residue

basis of the S51/2 Electron Spin Hamiltonian, which (four O atoms in the planar donor set with corresponding
accounts for the Zeeman electron interaction ( gbHS) charge of 11). The RT spectra (Fig. 2a,b) refer to the
modulated by the cupric hyperfine interaction (AIS) and above species, the upper ones relevant to the first deriva-
the subsequent nitrogen superhyperfine interaction tive mode, the lower ones to the second derivative mode.
(S A I S). As a function of the experimental conditions Raising pH induces important variations on the cuprici i i

different cupric species are identified and the corre- EPR features; particularly, in the pH range of 4.5–7.0 the
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Table 2
Stability constants of copper(II) complexes of Ac–HGHG (concentration constants at 298 K and 0.1 M NaCl) and comparable peptides

Peptide log b

CuH L CuHL CuL CuH L CuH L CuH L2 21 22 23

Ac–HGHG 11.04(10) 6.49(3) 0.40(4) 26.13(4) 216.41(5)
aAc–GGH 4.24 22.26 29.61 218.86

bAc–EVHHQK–NH 21.03 16.21 10.18 2.86 26.31 216.722
bAc–EVRHQK–NH 14.01 1.93 26.66 216.832
cAc–AKRHRK–NH 23.70 12.45 3.98 25.94 216.922

dc(DD)-bisHim 11.09 6.65 20.28 28.39
dc(EE)-bisHim 10.97 6.49 20.40 28.79

elog K*
2 2 2 2 21N (N ) 2N (N , N ) 3N (2N , N ) 3N (N , 2N ) 4N (2N , 2N ) 4N (N , 3N )Im Im Im Im Im Im

Ac–HGHG 22.22 26.54 212.86 213.07 219.39 223.35
aAc–GGH 22.94 29.44 216.79 226.04

Ac–EVHHQK–NH 22.12 27.03 212.97 214.35 223.522

Ac–EVRHQK–NH 22.44 214.52 223.112

Ac–AKRHRK–NH 23.33 214.58 223.052

c(DD)-bisHim 22.73 27.56 214.10 215.67 222.21
(EE)-bisHim 22.79 27.57 214.16 215.96 222.55

Values for ionization of the first, second and third amide groups

pK (amide) pK (amide) pK (amide)1 2 3

Ac–HGHG 6.09 6.53 10.28
Ac–GGH 6.50 7.35 9.25
Ac–EVHHQK–NH 6.03 7.32 9.172

Ac–EVRHQK–NH 8.592

Ac–AKRHRK–NH 8.472

c(DD)-bisHim 6.93 8.11
c(EE)-bisHim 6.89 8.39

a,b,c,d eRefs. as in Table 1. log K*5log b(CuH L)2log b(H L) [H L with Ac–EVRHQK–NH , Ac–GGH; H L with Ac–AKRHRK–NH andj n 2 2 3 2

Ac–EVHHQK–NH for CuH L but H L for CuL, CuH L and CuH L species; H L or HL with Ac–HGHG and c(DD)-bisHim and c(EE)-bisHim].2 2 2 21 22 2

RT and LN signals indicate the contemporary presence of the CuL; the Blumberg–Peisach analysis assigns it to
different cupric species (CuHL, CuL, CuH L complexes) 2N2O equatorial coordination set, with a corresponding21

in accordance with the plot of Fig. 1. Here, at pH 4.7, the charge of 11. There are no shpf resolutions for this
CuHL species is not EPR detectable due to the overlapping complex, due to the actual DH largely overlapping thei

of the previous cupric complexes, predominant in this underlying N signals. Accordingly, the present EPR pa-
experimental condition. At pH 5.5 the major complex is rameters allow us to evaluate an upper limit for such an

shpf interactions, as A (N)#DH /4. Again raising the pH,i i

IIFig. 2. X-band EPR spectra of the Cu –AcHGHG system (ligand-to-
IIFig. 1. Computed species distribution curves for the Cu –HGHG system metal ratio51:1) at RT. pH52.9: (a) first derivative, (b) second deriva-

(ligand-to-metal ratio 1:1) at 25 8C in 0.1 M NaCl. Each species M H L tive. pH58.4: (c) first derivative, (d) second derivative. pH510: (e) firstp q r

is indicated by subscripts p, q and r. derivative, (f) second derivative.
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Table 3
IITemperature and pH dependent X-band EPR parameters of the Cu –AcHGHG system (ligand-to-metal ratio51:1)

a apH g g g DH kgl A A A A (N) kAl A (N)iso i ' iso iso i ' ' iso

b2.3 2.190 2.421 2.091 150G 2.201 #5.1 15.8 #2.1 – #6.5 –
1.9 2.178 2.377 2.073 155G 2.174 #5.3 13.3 #2.4 – #6.4 –
2.9 2.170 2.364 2.065 160G 2.165 #5.4 16.9 #2.9 – #7.4 –
5.5 2.149 2.292 2.051 2.131 #6.5 17.2 #2.5 #0.6 #6.8 #1.1
7.0–10.0 2.106 2.250 2.039 2.109 7.2 18.3 #2.7 0.8 #8.2 1.1
$10.8 2.096 2.200 2.045 2.097 8.3 19.7 #3.2 #1.2 #8.4 1.5

21 23 23 21[Cu ]51310 M; A :60.6310 cm ; g :60.006.i i
a Values evaluated from the formulae: kgl51/3( g 12g ), kAl51/3(A 12A ).i ' i '
b IICu –H O system.2

at pH 6.5 the minor CuH L species is EPR undetectable 3.3. Raman spectra21

due to the presence of both the previous CuHL and the
new CuH L complexes. Raman studies of the cupric complexes of AcHGHG can22

From neutral pH to 11, the CuH L cupric species and offer useful information for identifying the type of bonds22

the new CuH L complex are in equilibrium; in particular, with the metal ion and the different interaction sites of the23

at pH 8.4 the CuH L species is predominant (Fig. 2c,d). ligand. The same approach was employed for the parent22

The RT spectrum displays a resolved shpf structure in the tetrapeptide HGHG [28]. As in the case of HGHG, the
cupric m 511/2 and 13/2 lines, while the corresponding variations of the Raman spectra of AcHGHG in aqueousI

LN spectrum exhibits partial shpf resolution in the top of solution, at different pH values, are related to the forma-
the g region. Moreover, the RT spectrum exhibits a tion of different complexes with the chelated ion.'

significant m (Cu) dependence of the hpf splittings and a A spectral analysis of these complexes, however, needsI

noticeable DH variation, particularly on the fourth a correct assignment of the Raman bands observed for theisotropic

hpf absorption. This spectral behaviour is typical of large free ligand. The strongest Raman bands of the free ligand
and unsymmetrical cupric species and underlines the HL can be attributed to the histidine residue, as already
importance of the original g and A structural anisotropies observed for the non-acetylated compound. A comparisoni i

not completely averaged in fast motion conditions [34,36]. between the strongest Raman bands of AcHGHG and His
The actual RT septuplet testifies for the magnetic inter- with the predominant attribution [37] is proposed in Table
action of the unpaired electron with three equatorially 4; the Raman spectra of the free ligand are reported in Fig.
bound nitrogen atoms (3NO atom donor set), with an 3. Concerning the peptide backbone, the Raman bands

21equatorial charge intermediate between 0 and 21. Values observed with medium intensities at 1030–1050 cm are
of pH higher than 10 induce further changes in the cupric assigned to C–N stretchings of the peptide bonds. The

21lineshapes, as shown in Fig. 2e,f. Here, the CuH L amide III band occurs at ca. 1270 cm , overlapped by the23

species is now identified in the RT spectrum, being its strong C–H bending vibration of the histidine residue. The
21m 513/2 high field line partially overlapped to that of amide I band is observed at ca. 1650 cm as a weakI

21the previous CuH L species. Accordingly, the relevant shoulder of the histidine band at ca. 1630 cm . The band22
21LN spectrum is broadened due to the presence of both the observed in alkaline medium at ca. 1395 cm is attributed

CuH L and CuH L signals. The isotropic parameters of to the symmetric stretching mode of the carboxylate group.22 23
IIthe CuH L nonuplet suggest the occurrence of a slightly The Raman bands of the Cu –AcHGHG coordination23

larger nitrogen shpf splitting, due to the interaction of the compounds undergo marked variations in aqueous solution
S51/2 electron with four nearly equivalent nitrogens at different pH values (Fig. 4). In order to correctly
equatorially positioned. Correspondingly, the Blumberg– compare the Raman spectra of the different complexes, the

22 21Peisach approach indicates an equatorial charge of 21. SO ion vibration at ca. 980 cm has been chosen as the4

Getting back to the previous acidic conditions the overall reference. At pH 2 the ligand does not interact with the
spectral sequence displays complete reversibility of the metal ion, because the Raman spectrum closely resembles
total chemical equilibrium. Temperature dependent X-band that of the free peptide. The occurrence of the asymmetric
EPR measurements carried out at lower metal-to-ligand stretching mode of the bonded carboxylate at ca. 1595

21molar ratios (from 1:2 to 1:5) and pH range 3–10 do not cm , together with the symmetric stretching band at ca.
21 IIshow significant variations on the corresponding 1370 cm , shows interaction of this group with Cu ion.

lineshapes; correspondingly, higher metal-to-ligand molar These bands could be clearly detected from pH 4.75 to 6.5.
ratios (1.5:1, 2:1), under the same experimental conditions, At alkaline pH values the nitrogen atoms, belonging to the
account for the presence of the previous cupric complexes histidine residues as well as to the peptide bonds, are
in the presence of the free copper(II)–H O species. involved in coordination with the copper ion. Indeed, the2
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Table 4
Raman bands of AcHGHG and His at different pH

pH 3 pH 8.7 Assignment

Ac–HGHG His Ac–HGHG His

994 992 990 992 Ring deformation
1194 1196 0

1236 1236 0

1270 1270 1274 1268 Ring CH bending
1286 Ring stretching

1326 1334 1322 1324 Ring breathing
1440 1440 1440 1440 CH bending2

1489 1490 1490 1494 Ring stretching1ring CH bending
1578 1572 Ring stretching

1629 1630 0

21occurrence of the band at 1585 cm is related to the ring nantly protonated; hence, this spectral evidence can be
stretching of metal-bound histidine [38]. Moreover, the reasonably attributed to coordination of the histidine

21peak observed at about 1405 cm can be attributed to the residue, resulting in deprotonation of the imidazolium ring.
deprotonation of amide nitrogens through the binding of

II 21Cu . This matches what is proposed for the 1420 cm 3.4. Visible and CD spectra
band observed in aqueous alkaline medium in the case of
other oligopeptides including histidine and glycine residues Visible optical spectra were obtained for solutions
[39]. In particular, at pH 8.4 the interaction of two containing ligand-to-metal ratio 1:1 and 2:1, and for

–3 –2imidazole rings and two peptide nitrogens can be pro- concentrations varying from 5310 to 2310 M. The
posed. At pH 12 the intensification of the peptide C–N spectra are characterized by a broad d–d transition in the
stretching modes suggests that a third nitrogen atom of the visible range. At pH 5.8, corresponding to the maximum of

IIbackbone can be involved in the coordination with Cu . the CuL species, the visible band is centred at 660 nm with
Finally, in a weakly acidic medium, at pH 5.5–6.5, it is a broad shoulder at lower energies. As the pH is raised
possible an interaction of, at least, one imidazole ring with from acidic to alkaline values, an increase of the ab-

IICu , due to the decreasing intensities of the imidazolium sorbance and a progressive blue shift was observed in the
21bands at ca. 1190 and ca. 1490 cm . Until pH ca. 6.5 the

two histidine imidazoles of the free ligand are predomi-

IIFig. 4. Raman spectra of Cu –AcHGHG in aqueous solutions at
Fig. 3. Raman spectra of AcHGHG in aqueous solutions at different pH: different pH: 2.0 (A); 4.75 (B); 5.55 (C); 6.45 (D); 8.4 (E); 12.0 (F).

21 222.9 (A); 5.1 (B); 8.7 (C). Dotted band at |980 cm refers to SO ion vibration.4
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Table 5
Spectroscopic data for copper(II) complexes of AcHGHG

Species UV–VIS CD
21 21 21 21

l (nm) ´ (M cm ) l (nm) ´ (M cm )
a aCuL 660 38 622 10.026

b317 20.022
a aCuH L 564 119 575 10.52422

b347 12.062
c301 21.799

a aCuH L 555 125 593 11.51623
a477 20.645
b,c319 11.873

a d–d transition.
b 21N →Cu charge transfer transition.Im
c 2 21N →Cu charge transfer transition.amide

pH range 6–9, with no evidence of isosbestic points. At pH 4.5, we could suggest that, also for CuHL complex the
3 2imidazole N and –COO groups are involved in thepH corresponding to the predominance of the CuH L22

coordination. The experimental value of log K* (Table 2),species, the l is located at 565 nm. Notably uponmax

which is higher than those obtained for histidine-con-further increasing pH from 9 to 12, an additional blue shift
taining peptides where the carboxy terminal group is notof 10 nm is observed with evidence of an isosbestic point
available for the coordination [26,41,42], may support thisaround 600 nm.
suggestion [43]. For the species CuL the CD spectrumParallel CD measurements were carried out on the same

IIshows a CT transition N →Cu at 317 nm while the EPRsystem. In Table 5, that shows the absorptions registered at Im
23 21pH values corresponding to the maximum percentage of parameters A 517.2310 cm and g 52.292 are con-i i

the computed species in the distribution curves, we report sistent with 2N atoms in the planar coordination; accord-Im

the UV–vis and CD data taken at pH values corresponding ingly, similar values were observed for copper(II) com-
to the major species. The first, well structured, CD plexes coordinated by two molecules of imidazole [44] and

IIspectrum is observed when CuH L species is formed at in the Cu –AcEVHHQK–NH system [26]. The low22 2

pH above 7. Large CD perturbations are observed in protonation constant of the CuL species (4.5) is compar-
concomitance with the transition from the CuH L to the able to that of peptides with imidazole nitrogen coordina-22

3CuH L species suggesting the occurrence of an important tion [22], suggesting that a second imidazole N is23

conformational rearrangement around the copper ion. involved in the bonding with the metal ion. On the other
hand, the log b of this species is very close to that found

II IIfor the CuL species of the Cu -c(DD)-bisHim and Cu -
4. Discussion c(EE)-bisHim systems, containing two N in the planeIm

(Table 2). At pH 5.6, the species CuL is predominant but
The values of ligand protonation constants are collected in equilibrium with four other species (Fig. 1). Tentatively,

in Table 1. The values of the reported log K allow a like we can say that the visible spectrum (l 5660 nm) is inmax

attribution of the subsequent protonation steps. At the accordance with the calculated l for 2NOO9 (2N ,max Im
2metal-to-ligand equimolar or lower ratios (1:2, 1:3) the COO , water) equatorial set (665 nm) [45]. At this pH, the

pH-metric titration curves account for the presence of five Raman spectrum shows only a very weak signal corre-
IIspecies for the Cu –AcHGHG system, in the pH range sponding to the imidazolium ring breathing, probably due

3–11 (Fig. 1). No binuclear species nor bis-complexes to the small amount of the free ligand in equilibrium. The
were detected on the basis of potentiometric and spectral relevant calculated structure is depicted in Fig. 5a.

1data. The H NMR spectra in D O of the equilibrium Increasing the pH, the CuH L complex is formed. The2 21
1mixture, at any pH, do not provide useful information as deprotonation constant for CuL~CuH L1H is 26.0921

detectable signals arise from the basis line only when the and can be assigned to the coordination of deprotonated
ligand-to-copper ratio is more than 30. For such high molar amide group (Table 2). The log K* value for the CuH L21

ratios the coordination species may be quite different from complex is close to the log K* calculated for the same
those detected in our experimental conditions [40]. species of other complexes where two N are involved inIm

IIAs shown by potentiometry, the CuHL and CuH L the equatorial plane. Again, the log b constants for Cu –21
II IIcomplexes are minor species and cannot be fully character- AcHGHG, Cu -c(DD)-bisHim and Cu -c(EE)-bisHim

ized by spectroscopic methods. However, on the basis of systems are comparable (Table 2); this strongly suggests,
IIthe EPR spectrum of Cu –AcHGHG system at pH 2.9 and for our species, the presence of two N and one peptideIm

II 2of the Raman spectrum of the parent Cu –HGHG taken at N equatorially bound. When the CuH L complex looses21
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due to a second deprotonated peptide group in place of one
N [26,46]; this is also suggested by the blue shift of theIm

visible spectrum (564 nm, Table 5) in accordance with the
2 2calculated l (565 nm) for N , 2N COO equatorialmax Im

IIset. In the CD spectrum the ct transitions N →Cu at 347Im
IInm and N →Cu at 301 nm are clearly detectable.amide

Moreover, the observation of l at 564 nm is indicativemax

of a three or four nitrogens in-plane coordination, the A i

value reflecting some apical interaction. Bonomo and
coworkers claimed, for the copper(II)–AcHGGG–NH2

complex, in the same pH range, a planar coordination with
2N , 2N and a water molecule, being the apical positionIm

occupied by another amide nitrogen [46]. These authors
found for this species l 5626 nm; the blue shift showedmax

IIby Cu –AcHGHG complex (Table 5) is probably due to
the in-plane carboxylate group and to the imidazole
coordination in the apical position. The EPR and Raman

1 3data did not indicate whether His or His is bonded in the
3equatorial plane. Molecular models demonstrated that His

2nitrogen and COO group cannot cooperate together in the
equatorial plane; on the other hand, the substitution of the
carboxy group with a water molecule resulted in a higher
value of the calculated l (584 nm); consequently, themax

1equatorial position of His is supported only by the visible
spectrum. The coordination of the third amide nitrogen
occurs at higher pH values (pK 510.28, Table 2) com-3

pared to those of other N-blocked peptides containing
histidine residues [26,42]. Thus, the species CuH L23

becomes predominant only at pH ca. 11 (Fig. 1). The EPR
23 21parameters (A 519.7310 cm , g 52.200) and thei i

appearance of a nonuplet in the RT spectrum are in
accordance with a 4N donor set in the equatorial plane
[46]. Although the calculated equatorial charge accounts

2for the presence of three N amide atoms, the pH value
relevant to the maximum concentration for this species
could induce, in principle, the deprotonation of the pyrrole
imidazole nitrogen from the previous species [47]. The
log K* (223.35) of this copper complex is comparable to
those of the ligands Ac–EVHHQK–NH , Ac–EVRHQK–2

NH and Ac–AKRHRK–NH (Table 2), suggesting the2 2

same coordination mode, i.e. through deprotonation of a
peptide nitrogen. This hypothesis is supported by the
Raman spectra which indicate the involvement of a higher
number of peptide nitrogens in respect to the CuH L22

species. However, the hypothesis of the formation, at this
pH value, of an imidazolate ion cannot be completely
discarded. The Vis spectra of this species, taken at pH 11,
11.5 and 12 did not substantially differ either for the lmax

II or for the log ´. Because at this pH the concentration of theFig. 5. Optimized structures of the main HL/Cu complexes at (a) pH
5.6, (b) pH 7.0 and (c) pH.8, obtained from PM3(tm) semi-empirical CuH L complex is negligible, we could observe that the22
calculations. d–d transition energy at 555 nm is significantly red shifted

if compared to the maximum (523 nm), calculated for in
the next proton, the CuH L species is formed, being plane 3NN9 set involving three peptide nitrogens. This22

predominant in a wide pH range (7–9) of the solution. The shift could be due to strong apical nitrogen coordination
temperature dependent EPR line shapes indicate the pres- [46], caused, in our case as for the GGGH system [22], by
ence of a 3NO donor group in the equatorial plane (Fig. 2), one imidazole residue. In a previous paper [29], we have
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shown that both Cu–HGHG and Cu–AcHGHG systems magnitude lower than that of the corresponding species of
decreased the rate of NBT reduction induced by superox- HGHG, where the NH group is involved in the coordina-2

ide ion in vitro at pH 7.4 and in phosphate buffer. Their tion.
activity was compared to suitable concentrations of copper
sulphate in the same conditions. The values of IC (0.6750
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