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Thermodynamic and spectroscopic (electron spin resonance, electronic and circular dichroism) studies
have been carried out on the complex species which exist in the copper(i1)—glycyl-L-histidyl-glycyl-L-
histidine (HL) system in aqueous solution. The thermodynamic results suggest the formation of three
important species: [Cul]*, [CuH_,L] and [CuH_,L] ", the first being present in the range pH 3.0-5.5, the
second and third in different ratios between pH 5.5 and 7.8. The complex [CuL] * has a pseudo-octahedral
structure, the equatorial plane of which involves the amino group, the first peptide nitrogen, an imidazole
nitrogen and a water molecule; [CuH_,L] has the same donor atoms in the equatorial plane and the other
imidazole nitrogen binds in an apical site, giving a square-pyramidal geometry. For [CuH_,L] ", in which a
second peptide nitrogen is deprotonated, the geometry is distorted and can be considered intermediate
between a square pyramid with a tetrahedrally distorted plane and a distorted trigonal bipyramid. /n vitro
0O, scavenging experiments show that the most active species is [CuH_,L] ". The superoxide dismutase-
like activity has been rationalized by considering the geometry of the copper(ll) complex species.

It is well known that the histidyl residue is a relevant bonding
site for the copper(i1) ion in a number of metalloenzymes.' ™
Furthermore, this residue is present in low molecular weight
complexes that serve as delivery systems of copper(11) to tissues
or that alter the growth rate or the state of differentiation of
cultured cells and organisms.>”7 This biological relevance
explains the number of studies on the co-ordination properties
of histidine-containing peptides. However, mainly metal
complexes of oligopeptides containing one histidyl residue have
been investigated.®'®> Some results on the interaction of
copper(i1) with linear '*!% and cyclic peptides !’ with two
histidyl residues have only recently been reported, in an attempt
better to mimic the binding mode of the histidyl residue in
metalloenzymes.

The reactivity of histidine-containing copper(ir) di- or tri-
peptide complexes toward O, ™ radicals has also been investig-
ated.!®2° The different superoxide dismutase-like activity has
been correlated with the copper(il) complex geometries, as a
result of the different positions of the histidyl residue along the
peptide chain, as well as with the type of donor atoms and the
strength of the ligand fields.

Herein we report the synthesis of the tetrapeptide glycyl-L-
histidyl-glycyl-L-histidine and its complexation with copper(i1).
The species formed in the pH range investigated are determined
by potentiometric measurements and the co-ordination features
of the species present in solution inferred using electron spin
resonance (ESR), visible absorption and circular dichroism
(CD) spectroscopies. Also superoxide dismutase-like activities
(obtained by an indirect assay2') of the species present at
physiological pH values are correlated with the peculiar
arrangement of donor atoms around the copper(ir) ion.

Experimental
Synthesis and Materials.—The tetrapeptide HL was syn-

* Non-S1 unit employed: G = 1074 T.

thesised on a Milligen/Biosearch 9050 peptide synthesizer using
N-(9-fluorenylmethoxycarbonyl) (fmoc) amino acid penta-
fluorophenyl esters (Millipore). The peptide was assembled
starting from fmoc-His-(boc)-Pepsyn KA (Millipore) resin
(boc = tert-butoxycarbonyl) and cleaved from the resin with
95% trifluoroacetic acid (tfa) in water. The product was purified
ona CM Sephadex C-25(NH, * form) column, which was eluted
with a linear gradient from 0 to 0.1 mol dm™ aqueous
ammonium hydrogen-carbonate. The tetrapeptide purity was
checked (i) by high-performance liquid chromatography over
Spherisorb ODS-2 (5 pm) in a 125 x 4 mm column with a
linear gradient of water-MeCN (0:30%,) containing 0.1% tfa
(detection at 220 nm) and (i) by potentiometric titrations with
standard KOH solution. The purity always proved to be higher
than 99.5% and the amino acid analysis data were consistent
with the expected sequence and ratios; m.p. 184-186 °C, «(589.3
nm, 25°C, ¢ 1.0 g 100 cm™® in H,0) = +7.5°. FAB mass
spectrum: m/z 407 (M + H)* (Found: C, 47.30; H, 5.40; N,
27.40. Calc. for C,¢H,,N30s: C, 47.30; H, 5.50; N, 27.50%,).

Copper(i) nitrate was a ‘reinst’ Merck product. The concen-
trations of stock solutions were determined by ethylenediamine-
tetraacetate titrations using murexide as indicator.2? Stock
solutions of HNO; and KOH were made up from concentrated
HNO; (Suprapur Merck) and from Normex C. Erba vials
respectively, and their concentrations were determined
potentiometrically by titrating with tris(hydroxymethyl)methyl-
amine and potassium hydrogenphthalate respectively. All
solutions were prepared with freshly distilled (four times) CO,-
free water. The ionic strength was adjusted to 0.10 mol dm™ by
adding KNO; (Suprapur Merck). Grade A glassware was
employed throughout. Xanthine, xanthine oxidase and nitro
blue tetrazolium (nbt) were from Sigma.

Electromotive Force Measurements.—The potentiometric
measurements were carried out using two fully automated sets
of apparatus, incorporating Metrohm equipment (burette,
E665; meter, E654; combined electrode, EA125) which were
controlled by an IBM compatible PC and a program written in
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Table 1 Experimental conditions for potentiometric measurements at
25°C (I = 0.1 mol dm™3)

Titrant
cy/ L/ KOH/ Number
mmol dm™>® mmoldm™ mol dm™ pH Range  of points
— 391 0.099 98 2.1-8.5 46
— 3.91 0.1001 2.1-84 46
— 4.89 0.099 98 2.3-8.7 48
— 4.89 0.1001 2.3-89 50
5.03 5.15 0.1006 3.0-6.5 42
5.03 5.15 0.1009 3.1-5.0 30
3.41 3.06 0.1006 3.1-6.0 39
3.41 3.06 0.1009 3.1-6.7 53
6.94 7.03 0.1006 3.0-6.7 40
6.94 7.03 0.1009 3.0-6.7 60

Table 2 Spectroscopic data for copper(ir}-peptide complexes

A/nm
d-d°
Complex Absorbance maximum CD®
[CulL]*c 606 (58) 608 (0.34)
502 (—0.03)
330(0.17)
[CuH_,L"]* 606 (55) 604 (0.04)
498 (—0.05)
335(0.21)
[CuH_,L] 574 (54)
[CuH_,L]" 575(72)

4 g/dm? mol~! cm™ in parentheses. * Ae/dm® mol™! cm™ in parentheses.
¢ This work. ¢ Refs. 13 and 15, HL' = Gly-L-His-Gly.

Table 3 [Isotropic® and anisotropic® spin Hamiltonian parameters®
associated with the complex species formed by the Cu-HL system on
varying the pH of the solution.

pH &iso Aie? AN

45-50 2.118(2) 76(2) 13(2)

6.4 2.113(2) 73(2) 13(2)

7.8 2.105(4) 70(2) -

Complex g A4,° '8 A4,°
[CulL]* 2.237(3) 193(2) 2.047(3) 20(4)
[CuH_L]  2.268(2) 130(2) 2.070(2) 14(2)
[CuH,L]- 23222 143(2) 2.019(3) 11(3)

%298 K, water. ® 150 K, water-methanol (85:15). ¢ Presumed errors on

the last digit in parentheses. ¢ Hyperfine coupling constants in 10*cm™!.

our laboratory. All experiments were carried out at 25.0 *
0.2°C using 5 cm® thermostatted cells. All solutions were
stirred magnetically and maintained in an atmosphere of inert
nitrogen previously saturated by bubbling through 0.1 mol
dm* KNO; solutions. The electrode couples were standardized
on the pH = —log ¢y scale by titrating HNO; with CO,-free
KOH. Solutions containing the ligand and the ligand in the
presence of copper(n1) were titrated with standard KOH. Each
experiment was run simultaneously on both sets of potentio-
metric apparatus to avoid systematic errors and to check for
reproducibility. Experimental details for the potentiometric
titrations are reported in Table 1. Other details are as previously
reported.”

Calculations.—The calculations for calibrating the electrode
system, together with values of the slope were performed using
the ACBA program,?3 which refines the parameters of an acid—
base titration by using a non-linear least-squares method
minimizing the function U = £(V,pq — Veuo)?, Where Vis the
volume of titrant added. SUPERQUAD, 24 which minimizes the
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error-square sum based on measured electrode potentials, was
used for all other data. The distribution diagram was obtained
using DISDI. 25

Spectroscopic Measurements.—Absorption spectra were
recorded on a Hewlett-Packard HP 8452 spectrophotometer
and CD spectra on a JASCO J-600 automatic recording
spectropolarimeter. Both were recorded at room temperature
under the same experimental conditions used for the
potentiometric measurements. The results are summarized in
Table 2.

First-derivative X-band ESR spectra were recorded on a
conventional spectrometer (Bruker model ER 200 D), using a
100 kHz field modulation and a 10 in electromagnet. Quartz
tubes were used to obtain spectra for frozen solutions at 150 K
and a Bruker flat cell for aqueous solutions at room
temperature. Powdered diphenylpicrylhydrazyl samples were
used to calibrate the microwave frequency, while the magnetic
field was measured using a Bruker gaussmeter (type ER 035M),
which leaves markers at preselected values. The complex
solutions were prepared from isotopically pure >Cu, and up to
15% methanol was added to the complex aqueous solution used
for the room temperature experiments, in order to increase
resolution of the frozen solution spectra. The spectra were
recorded on varying the pH of the aqueous solutions from 4.5
to 7.8. For species present at pH ca. 7, spin Hamiltonian para-
meters were obtained by carefully simulating the experimental
spectra using a program devised substantially by Pilbrow and
Winfield.2® The spin Hamiltonian parameters are reported in
Table 3.

Hydrogen-1 NMR spectra were recorded on a Bruker 250
MHz spectrometer at 298 K in D,0. The !H NMR spectrum of
HL at room temperature in D,0O shows two broad signals in the
aromatic region which can be attributed to the histidine side
chains. At low temperature (278 K) there is almost complete
resolution in the same region, probably due to the decreased
rotational degree of the histidine side chains. A complete NMR
study to elucidate the possible conformational states of the
ligand is in progress and will be published elsewhere.

Superoxide Dismutase Activity Measurements.—Superoxide
dismutase-like activity was determined indirectly using the
method of Beauchamp and Fridovich.?! Superoxide ions were
generated by a xanthine—xanthine oxidase system and detected
spectrophotometrically by monitoring the formation of
formazan as the product of nbt reduction by O, ™ at 560 nm.

Reactions were carried out in nbt (100 pmol dm ) and
xanthine (50 pmol dm 3) in a phosphate buffer (10 mmol dm™)
at pH 6.8 and 7.8. An appropriate amount of xanthine oxidase
was added to 2 cm? of the reaction mixture to cause a change in
absorbance (A4 5¢,) of 0.024 min™!, corresponding to a rate of
production of O, of 1.2 pumol dm™3 min!. The nbt reduction
rate was measured for 300 s, both in the presence and absence
of the copper(i1) complexes. All experiments were carried out
at 25 * 0.2°C using 1 cm thermostatted cuvettes, in which
solutions were stirred magnetically. In separate experiments
urate production by xanthine oxidase was monitored spectro-
photometrically at 298 nm, ruling out any inhibition of xanthine
oxidase activity by the systems investigated. The /5, values (the
concentration which causes the 50% inhibition of nbt reduction;
ie. Adsgs = 0.012 min!) of the copper(i) complexes at pH 6.8
and 7.8 are given in Table 4.

Results and Discussion

Thermodynamic Results—The protonation constants for HL
are reported in Table 5. In order to understand which sites are
involved in each protonation step the values are compared with
those of glycyl-L-histidyl-glycine (HL') and glycyl-glycyl-1.-
histidine (HL"), i.e. tripeptides with histidine in non-terminal
and terminal positions, respectively. For HL” the protonation
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Table4 Superoxide dismutase activity of copper(i1) complexes

Complex I50/umol dm™3
[CuH ,L] + [CuH ,L]™“ 43

{CuH_,L] + [CuH_,L] * 1.6
[Cu(LysO),]**¢ 86
[Cu(Tyr0),]%*¢ 45

Superoxide dismutase© 0.04

*pH 6.8. ° pH 7.8. “ Ref. 27; LysO = lysinate, TyrO = tyrosinate.

Table5 Protonation constants for HL (at 25 °C and / = 0.1 mol dm™
KNO,) and some histidine tripeptides

Peptide  logK,, logKy, — logKy,  logKy,  Ref.
HL“ 8.00(2) 6.95(2) 6.00(3) 2.57(3) This work
HL’ 7.98 6.35 — 2.72 10
7.995 6.50 — 3.08 13
HL"® 7.96 6.64 — 292 10

“ o In parentheses. * HL” = Gly-Gly-L-His.

Table 6 Stability constants for copper(i1)-HL complexes at 25 °C and
[ = 0.1 mol dm™ (KNO,)

log B*
Cu?* + L~ + H* == [CuHL]?** 15.35(3)
Cu?* + L~ ==[CuL]* 12.626(3)
Cu?* + L™ =={CuH_L] + H* 7.01(1)
Cu?* + L ==[CuH,L]™ +2H*  —0.05(3)

* 5 in parentheses.

constant of the imidazole nitrogen is higher than that in HL',
suggesting that the imidazole nitrogen of the terminal histidine
residue is more basic than that of the histidine in a non-terminal
position. Hence, we tentatively attribute the second protonation
step to the nitrogen of the C-terminal imidazole and the third
step to the protonation of the first imidazole nitrogen, even if
these constants are very likely macro-constants containing
contributions from the protonations of both histidines. The first
and the fourth protonation steps refer to the amino nitrogen
and the carboxylic oxygen, respectively.

For the copper()-HL system the following species were
considered: [CuHL]**, [CuL]*, [CuH ,L], [CuH L],
[CUHZL]3+1 [CulelL]2+= [Cu2H72L]+’ [CU2L2]2+,
[Cu,H ,L,]" and [Cu,H_,L,], with the first three species as
the base model and the other species introduced, as usual, in
different combinations. Previously studied hydrolytic equili-
bria 28 were also included in the data processing. The statistical
parameters were improved by adding [CuH_,L]~ to the base
model (SUPERQUAD: ¢ = 5.2and 1.6and x> = 18.5and 5.9
without and with this species, respectively). All the other species
were always rejected as being negative or excessive by the
program when added to the base model. The species [CuHL]**
never exceeded 5% of the total copper(ir).

A species distribution diagram (Fig. 1) shows the major
species in the pH range 3.0-5.5 is [CuL]*, which has a high
stability constant (Table 6) compared to other similar copper(r)
di- or tri-peptide complexes. By comparing this value with those
for copper(n1)-L-histidyl-L-histidine or vr-histidyl-p-histidine
{(His-His) complexes'* the donor atoms involved in the co-
ordination and the reason for the large log B value may be
deduced. In [CuL”"]" (HL"" = His-His) (log B = 11.10),
it is proposed that copper(i) binds to N~, NH, and N(3)
(imidazole) by taking into account the spectroscopic data
also.'* Analogously, we can assume that the [CuL]* species is
an NNN bound complex with the terminal NH,, the
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Fig. 1 Species distribution diagram obtained by pH-metric measure-
ments on the Cu-HL system at 25°C, [ = 0.1 mol dm™ (KNO,);
[HL] = 4.11 mmol dm™. 1, Free metal ion; 2, (CuHL]?*; 3, [CuL]";
4,{CuH_,L]; and 5, [CuH_,L] "~

deprotonated peptide nitrogen, and the first imidazole nitrogen
[i.e. not the C-terminal imidazole as in the copper(i1)-His-His
complex] binding to the metal. This difference can contribute to
the larger value of log B for [CuL]"* compared to [CuL""""]*.
According to Brookes and Pettit,?® the empirical formula
[CuL]"* represents a complex of real stoichiometry M(HL)H _,
in which the terminal imidazole is protonated.

The similarity in the value of log B for the [CuHL]2* species
and [CuHL""]** (log B = 15.77) suggests that the same donor
atoms may be involved in the bonding to the metal ion, namely
the terminal NH, and the N(3) of the first imidazole.

The formation of [CuH_;L]and [CuH_,1.] " isfavoured more
than the analogous species of tripeptides containing one histidyl
residue; 1%!3 for example for [CuH_,L] and [CuH_,L] "~ log B
values are 5.66 and — 3.70, respectively.!® However, on the basis
of simple thermodynamic considerations, one would expect the
fourth nitrogen involved in [CuH_;L] to be the imidazole
nitrogen and that involved in [CuH_,L]~ to be the peptide
nitrogen. In fact, the deprotonation constant of [CuH_,L] to
give [CuH_,L7]™ (7.06) is greater than what would be expected if
complexation involved the imidazole nitrogen (6.95) from the
histidine, since metal complexation generally decreases ligand
protonation constants.

Spectroscopic Results.—Ueda et al.'® have recently published
a complete spectroscopic study (UV/VIS, CD and ESR) on
copper(i1) complexes with L-histidyl-glycyl-L-histidyl-glycine
and L-histidyl-L-histidyl-glycyl-glycine. However, since only
the pH values of the solutions were reported without any
information on the stoichiometry of the actual species under
study then unfortunately no comparison with our data can be
made.

The ESR spectra were obtained from solutions containing
copper(in) ions with HL in a 1:1 ratio at pH 4.5 and in the pH
range 6.1-7.8. From room temperature ESR spectra isotropic g
and A4 values were determined and are reported in Table 3. Fig. 2
shows two ESR spectra at different pH values where one
absorbing species predominates. Other complex species may
be present (Fig. 1), but their concentration is negligible
compared to that of the major one. Fig. 2(a) presents the
isotropic spectrum of [CuL]* at pH 4.5, while Fig. 2(b)
shows the spectrum at pH 6.4, in which the prevalent species
is [CuH_,L]. The magnetic parameters are not very different,
the hyperfine coupling constant of [CuH_,L] being only
slightly lower than that of [CuL]". Both ESR spectra show
superhyperfine structure with seven distinct lines, which can
be attributed to three nitrogen donor atoms being involved in
the co-ordination equatorial plane of the appropriate
copper(ir) complex. The pattern of the seven lines is quite
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Fig.2 Room temperature ESR spectra of the Cu-HL system in water
(ligand to metal ratio 1.07:1, [Cu?*] = 3.84 mmol dm 3) at (a) pH
4.5, [CuL*] = 3.35 mmol dm3, [CuH_L] =04 mmol dm>3,
[CuH_,L "} = 2.6 pmol dm™3; and (b) pH 6.4, [CuL*] = 0.13 mmol
dm3, [CuH_,L] = 2.4 mmol dm™3, [CuH_,L~] = 0.77 mmol dm™3
(microwave frequency = 9.761 GHz; microwave power = 50 mW;
modulation frequency = 100 kHz; field modulation amplitude = 2.5
G; time constant = 200 ms, scan time = 500 s); and (c) second
derivative spectrum at pH 4.5 (modulation frequency = 12.5 kHz, time
constant = 500 ms, scan time = 200 s)

regular indicating that the three nitrogen donors are quasi-
equivalent.

The frozen solution spectrum at pH 4.5 is characterized by a
single species (Fig. 3), the parameters of which were attributed
to the [CuL]"* complex. The low g, value and the high 4,
constant are characteristic of copper(i1) complexes with three or
four nitrogen atoms in the equatorial plane. However, the room
temperature ESR spectrum showing a superhyperfine structure
with a seven-line pattern indicates that three nitrogen donors
are involved in the co-ordination sphere of the copper(i)
complex (Fig. 2), as already seen from the thermodynamic
results. The co-ordination in the equatorial plane is probably
completed by a water molecule. The high value of the parallel
hyperfine constant suggests that this species has more distant
apical solvent molecules.

In the pH range 6.1-7.8, the frozen solution ESR spectrum
appears to be complicated by the presence of two other
absorbing species (Fig. 4), the ratio of which depends on the
solution pH. The change in the intensity ratio of the ESR signals
due to the two species on going from pH 6.1 to 7.8 allows each
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Fig.3 Frozen solution ESR spectrum of the Cu-HL system (ligand to
metal ratio 1.07:1) in water—methanol (85:15) (aqueous solution pH
4.5)at 150 K (microwave frequency = 9.443 GHz, microwave power =
20 mW, modulation frequency = 100 kHz, field modulation ampli-
tude = 2.5 G, time constant = 500 ms, scan time = 500 s)

®)
(a@

270 280 290 300

B/mT

Fig.4 Frozen solution ESR spectrum of the Cu-HL system (ligand to
metal ratio 1.07:1) in water—-methanol (85:15) (aqueous solution pH
7.8) at 150 K (only the parallel absorption lines are shown) (a)
[CuH_,L]", and (¥) [CuH_,L] (microwave frequency = 9.443 GHz,
microwave power = 20 mW, moculation frequency = 100 kHz, field
modulation amplitude = 8 G, time constant = 500 ms, scan time =
500 s)

spectrum to be attributed to one of the two species present in the
system. From the speciation study, the formation of [CuH_,L]~
increases on increasing the pH of the solution. Hence, the
absorptions were assigned to [CuH_,L] and [CuH_,L]", the
magnetic parameters of which are reported in Table 3. It is
important bear in mind that above pH 6.1 the concentration of
[CuL]" is negligible. The [CuH_, L] complex shows an increase
in g, and g, values and a dramatic decrease in the 4, value
compared to [CuL]*. Since at pH 6.4 [CuH_,L] is the
prevalent species and the room temperature ESR spectrum
shows seven superhyperfine lines, it may be thought that the
second deprotonated imidazole nitrogen atom is forced to co-
ordinate to copper(i1) in one of the two apical positions, thus
leading to a square-pyramidal geometry. The shifts in the values
of the magnetic parameters®® would be merely due to the
formation of a five-co-ordinated adduct in which the set of
donor atoms involved on the equatorial plane was not
substantially changed. The low value of 4 and the relatively
high g, value are suggestive of apical interaction.®! Hence, in
[CuH_,L] the amino nitrogen, the first peptide nitrogen, the
first imidazole nitrogen and the water molecule form the
equatorial plane, and the second imidazole nitrogen links
apically to copper(ir).

In the species [CuH_,L]~ the second peptide nitrogen is
deprotonated. The much higher g value and the relatively low
A hyperfine constant [with four nitrogen atoms to be
accommodated around the copper(i) ion and the complex
being negatively charged] and the rather low g, value indicate
quite a distorted geometry. This could be due either to the
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Fig.5 Proposedstructuresof [CuL]"* (a),[CuH_,L](),[CuH_,L]  (c)

formation of a tetrahedrally distorted plane3? with four
nitrogen atoms (two from peptide groups, one from the amino
group and the fourth from an imidazole group) in a distorted
square-pyramidal geometry, or a distorted trigonal bipyramid
with two imidazole nitrogen donor atoms along the apical sites
and two peptide nitrogens with the amino nitrogen in the
equatorial positions, ie. the geometry of [CuH_,L]™ is
intermediate between a tetrahedrally distorted square pyramid
and a trigonal bipyramid. The latter geometry could result in
the low g, value, which approaches that of the free electron, as
would be expected for a copper(i1) complex with a d,: orbital
mixing into the ground state.>3

The differences in the frozen solution ESR spectra of the three
species were not as evident from the results of the room
temperature study. It may be that the low temperature
experiments show differences which are somewhat levelled by
vibrational and rotational motion at room temperature. This
behaviour, which is a little uncommon for copper(i1) complexes,
is probably due to the great flexibility of the ligand as already
suggested by the NMR study.

Visible optical spectra were obtained for solutions containing
the copper(n1) ion and HL in equimolar ratio, varying the pH of
the solution. The complex [CuL]* shows an absorption maxi-
mum in the visible region at 606 nm (¢ = 58 dm? mol™! cm™!)
which is typical of a CuN; chromophore as already found for
[CuL”"]* (615 and 620 nm for the pure and the meso
isomers, respectively).'* On raising the pH of the solution to 6.5
a blue shift from 606 nm is observed, due to the formation of
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[CuH_,L] and [CuH_,L]". From the speciation study the
concentration of each of the latter two species may be obtained
and hence their absorption maxima calculated at 574 (¢ = 54)
and 575 nm (e = 72 dm> mol™ ¢m™), respectively. The blue
shifts are the consequence of the successive co-ordination of the
imidazole and peptide nitrogens, in that order, to the copper(i1)
ion. The difference in the € values and the similar A, value
(despite further nitrogen co-ordinated in [CuH_,L] ”) reinforce
the conclusion drawn from the ESR study. In fact, a lower
ligand field is expected for highly distorted arrangements as well
as an increase in the intensity of the absorption bands.>**
The CD spectra were obtained under the same experimental
conditions as the absorption spectra, but only at pH 4.5 where
the major species is [CuL]*. The CD spectrum of this species
shows three bands (Table 2). The two in the visible region at 608
and 502 nm are assigned to d,,—d,:_,: and d,, ,,—
d,:_,: transitions, respectively. The band at 330 nm is
assigned to charge transfer from an imidazole nitrogen to
copper(if). These data are virtually coincident with those
previously reported '3!3 for the complex [CuH_,L’] (Table 2),
in which it has been proposed that copper(11) is co-ordinated by
three nitrogens, namely an imidazole, an amine and a peptide
nitrogen. This confirms the structures proposed on the basis of
thermodynamic and ESR data which are shown in Fig. 5.

Superoxide Dismutase-like Activity.—Many low molecular
weight complexes of copper(i) are known to be catalysts for
superoxide dismutation.'®?” The overall reaction is shown in
equation (1). As already underlined in previous studies,!®-3° the

Cu" +20,” + 2H* — Cu" + H,0, + O, (1)

knowledge of the correct speciation of the system under
working conditions (i.e., the knowledge of all the species
actually present in the solution under study) plays a central role
in the determination of any reasonable structure-activity
relationship.

We measured the catalytic activity of the complexes with
oxygen radicals at pH 6.8 and 7.8, under conditions described in
the Experimental section. As shown in Fig. 1, [CuH_,L] is the
major species at pH 6.8 (63.4%), but at pH 7.8 the solution
contains only 15%; of this species and 85%; of [CuH_,L] . Using
DISDI, 2 the concentration of free copper(i1) ion was calculated
to be always less than 0.05% under the conditions described
here, and that of copper(i1) complexes of either phosphate or
xanthine even lower. The catalytic activity measured in the
presence of an excess of ligand was identical to that with no
excess, thus excluding any contribution from the ligand. Our
results show higher activity at pH 7.8 than at pH 6.8 (Table 4). It
is worth noting that the increase in superoxide dismutase-like
activity parallels the increase in the concentration of the
[CuH_,L]™ complex and at pH 7.8 both the percentage of this
species and the activity with superoxide are about 2.5 times
higher than those at pH 6.8. This suggests either a lack of
activity of the [CuH_,L] species or a higher activity of
[CuH_,L]".

The different behaviour of the two species toward the O,
radical ion may be due to differences in their structures.!8-36-37
Two important requirements for the superoxide dismutase-
mimicking of copper() complexes are: (i) the presence of at
least one free co-ordination site to allow the reaction with the
superoxide anion, and (i) the possibility for stabilization of the
copper(1) in a pseudo-tetrahedral arrangement. Therefore, given
the geometrical features of the species present at the physio-
logical pH values, inferred on the basis of thermodynamic and
spectroscopic studies, the higher activity of [CuH_,L]~ can be
rationalized by the highly distorted geometry of this species,
which is probably able to stabilize copper(1). However, the
presence of [CuH_;L] has little or no influence on the
superoxide dismutase-like activity which is probably due to the
co-ordination environment of this species (a square pyramidal
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geometry of four nitrogen and an oxygen from a water
molecule) that may prevent the attack by the O, radical ion.
This is probably because the copper(n) is tilted away from the
equatorial plane and buried in the cavity caused by the
tetrapeptide as a consequence of the axial co-ordination of the
terminal histidine to the metal ion. It is possible that in
[CuH_,L]™ the attack of the O, occurs in an equatorial
position, via an expansion of the co-ordination sphere from five
to six.
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