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Abstract: Five peptides containing (His-X;)-His or (His-X3)-His
motifs have been designed and synthesized to coordinate Cu(ll).
Structural information was obtained by various spectroscopic
techniques and was used as constraint to search for local
conformational energy minima by molecular mechanics.
Thermodynamic stability constants of the Cu(ll) chelates was
obtained by 'F-NMR. The synthesized Cu(ll)-peptide chelates
were tested as catalysts of some important red-ox processes
occuring in biological systems, in particular oxidation of
ascorbate and dismutation of superoxide ion. The catalytic
efficiency of the five chelates was much lower than that of
ascorbate oxidase. On the contrary, two of them showed kinetic
constants for superoxide dismutation about one order of
magnitude lower than that of the enzyme Cu,Zn superoxide
dismutase. In both cases, the catalytic properties were
dependent on the peptide sequence. The relationships between
structure and activity are discussed to find the structural
parameters crucial for catalytic activity that can be modulated

by appropriate design and synthesis of the peptides.

Much information on copper-containing proteins has
become available during the last years. In particular
composition and 3D structures have been obtained by
biochemical and spectroscopic techniques and reactivity has
been investigated to understand the biological function. In
this regard, it appears that copper proteins can perform a
large variety of biological functions. In fact, this class of
proteins ‘activates’ oxygen allowing it to combine with
carbon compounds (oxygenases) or hydrogen (oxidases) (1),

or carry oxygen reversibly (hemocyanin) or act as electron
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transferring compounds (plastocyanin) (2). The role of copper
proteins in oxygen metabolism shows some peculiarities,
since proteins acting as oxidases catalyze reactions generat-
ing highly reactive oxygen species that are enzyme-bound
intermediates or released into the medium as harmful by-
products. On the other hand the Cu,Zn superoxide
dismutase protects cells from reactive oxygen species
catalyzing the dismutation of the superoxide ion produced
by one-electron reduction of molecular oxygen (3) and does
not show any oxidase or oxygenase activity. A challenging
goal is to understand why members of the copper protein
family show such different behavior in the reaction path-
ways involving oxygen species. To reach this goal two
aspects have to be investigated: the role of the protein matrix
(the hydrophobicity, the electrostatic force field, the steric
hindrance, etc.) and the importance of the structural
arrangement of the copper site. Regarding the second
point, in spite of the large number of studies on this subject,
little is known about the relationships between the
coordination sphere of the Cu(Il) and its catalytic function.
This lack of information notwithstanding the large amount
of available data is mainly due to the complexity of copper
protein architecture, which makes difficult a rational
analysis of experimental data to correlate structure to
reactivity. A possible approach to overcome this problem
is to design and synthesize small compounds on the basis of
a known enzyme structure, which should reproduce the
arrangement of the functional groups of the active site.
These compounds have been indicated as enzyme mimics
(4, 5). In the case of the low molecular weight mimics of
copper enzymes, it can be expected that the catalytic
behavior of these copper complexes reflects the intrinsic
properties of the coordination unit. It follows that knowl-
edge of the relationships between structure and activity of
these complexes permits the deduction of the minimal site
structure needed to accomplish the biological function (6).
Moreover the great advantage of the mimics is that their
function can be modulated by systematic changes in their
amino acid sequence. In this way, structural characteristics
such as flexibility of the coordination site, polarity,
hydrophobicity, can be easily correlated to reactivity. The
mimics are also of interest for their possible technological
applications since these artificial systems showing catalytic
activity are easier to manipulate and are characterized by a
longer lifetime with respect to proteins. Moreover, provided
that some knowledge of the relationships between structure
of the coordination unit and activity has been obtained, the

functional properties of the artificial molecules should be
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changed by modification of some structural parameters, as
required by the specific application.

In an attempt to find some of the relationships between
structure of the copper coordination unit and biological
function, we investigated model complexes between various
oligopeptides and Cul(Il).

These peptides were synthesized to create a binding site
for the copper ion. A systematic study of the structure of the
binding site and of the catalytic activity of these compounds
in some biologically relevant reactions, that is the oxidation
of ascorbate by molecular oxygen and the dismutation of
superoxide ion, was performed as a function of the peptide
sequence. The relationships between structure and catalytic
properties were analyzed to identify the parameters that
optimize the catalytic efficiency toward the ascorbic acid
oxidation and superoxide ion dismutation.

Experimental Procedures
Materials

All chemicals were of the purest grade available.

The Boc-amino acids were purchased from Novabiochem
(Laufelfingen, Switzerland). Ascorbate was from Fluka
(Buchs, Switzerland). Catalase (H,O,: H,O, oxidoreductase,
E.C. 1.11.1.6), Cu,Zn superoxide dismutase (superoxide:
superoxide oxidoreductase; E.C. 1.15.1.1), ascorbate oxidase
(L-ascorbate: oxygen oxidoreductase, E.C. 1.10.3.3) imida-
zole and histidine were from Sigma (St. Louis, LO, USA).

The water used to prepare the solutions was twice-
distilled and then passed through a Milli-Q purification
system (Millipore, Bedford, MA, USA). To avoid heavy metal
ion impurities, the glassware and the solutions were cleaned

as already described (7).
Peptide synthesis

Peptide synthesis was performed by the solid-phase method/
Fmoc strategy (8) on a preloaded Wang resin (Novabiochem)
(0.1 mmol) using an automated peptide synthesizer (Applied
Biosystem model 431A). Fmoc-protected amino acids
were used with the following side chain protection: tert-
butyl (tBu) for Ser, Glu and Asp; trityl (trt] for His;
tert-butylcarbonyl (boc) for Lys; 2,2,5,7,8-pentamethyl-
chromane-6-sulfonyl (Pmc) for Arg. The chain elongation
was performed using 10-fold excess (1.0 mmol) of each
Fmoc-amino

acid, 2-(1H-benzotriazol-1-yl)1,1,3,3-tetra-

methyluronium hexafluorophosphate (HBTU) (0.5 mmol)



and 1-hydroxybenzotriazole (HOBt) (0.5 mmol] (9) in the
presence of diisopropylethylamine (DIEA) (1.0 mmol). N-
terminal acetylation was obtained by treating the peptide
resin with 10% acetic anhydride in NMP. The peptides were
cleaved from the resin and deprotected by treating with
95 :3:1:
1,2-ethanedithiol: ethyl methyl sulfide, for 2 h. The crude

1 (v :v) mixture of trifluoroacetic acid: anisole:

peptides were purified either by ion exchange chromato-
graphy on CM Fast Flow resin (Pharmacia, Uppsala, Sweden)
or by preparative reverse-phase HPLC on a C18 column
(Delta Pak Water, Paris, France). The correct sequence of
peptides was checked by mass analysis on a MALDI TOF
spectrometer (Maldi 1/Kratos-Shimadzu) and the purity was
> 95% by analytical HPLC. The peptides were stored as
lyophilized powder at — 80°C and were dissolved in H,O or
H,0O/D,0, or in the buffer, just before use. The pH or pH-pD
of the solution was adjusted to 7.0. The peptide concentra-
tion in solution was checked by NMR, by comparison of the
intensity of the resonance of the His residues of the peptides
with that of free His under the same experimental
conditions. Alternatively, when tryptophan was present in
the peptide sequence, the peptide concentration was

measured by optical absorption at 280 nm.

Preparation of complexes

Cu(ll) and Zn(II) solutions were prepared by dissolving a
small piece of Cu (purity > 99.8%) or Zn (purity > 99.99%]
in 0.1 M HNO; and o.1 m HCI, respectively.

The complexes were prepared by adding the metal ion to
the peptide solution. The pH was adjusted to 7.0 after
addition of the metal ion solution.

Spectroscopic studies

The "YF-NMR relaxation parameters were measured with a
pulse spectrometer operating at 16 MHz, using a Bruker
Magnet and a home-built unit for pulse generation and
detection. Acquisition and analysis were performed with a
PC using a software developed in our laboratory which was
written in Basic (Microsoft Quick Basic 4.5) on the basis of
National Instruments standard libraries. The longitudinal
relaxation time (T,) was measured using the 9o-t-90 pulse
sequence.

The paramagnetic contribution of Cu(Il) complexes to the
longitudinal relaxation rate (T,p)™", was calculated according
to the relationship:

(Tupl™ = (Tyops)™ — (Tyol
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where (T, ops)™ is the measured relaxation rate of the
solution of the Cu(Il) complex and (T, )™ is that of the
peptide solution before Cu(Il) addition.

'H-NMR spectra were obtained on a Bruker MSL 300
spectrometer. High resolution 1D spectra were acquired by
standard pulse microprograms. 2D TOCSY spectra (10) of
the free peptides were acquired with a spectral width of
10 p.p.m., acquisition time 0.171 s, relaxation delay of 2 s. A
spin-lock time (MLEV-17) of 60 ms was used with 1 K data
points in t, dimension and 128 or 256 increments in t,
dimension. This was zero filled to 2 k X 2 k. Two trim
pulses of 2.5 ms were introduced at the beginning and at the
end of the MLEV-17 sequence. The resonance assignments
were accomplished on a manual basis (11). 3-(trimethyl-
silyl)propionic-2,2,3,3-d, acid (TMSP) was used as reference
for chemical shift assignments.

X-band ESR spectra were obtained at 77 K on a Bruker ER
200D spectrometer. The optical spectra were obtained on a
Perkin-Elmer Lambda 17 instrument.

Molecular modeling of copper complexes

We have performed a molecular mechanics geometry
optimization on Cu(Il)-peptides. A search for energy
minima was conducted using the AMBER force field (12)
and optimizing the geometry with a Steepest-descent
algorithm for a first coarse optimization followed by a
Polak-Ribiere algorithm. The minimization ended when a
RMS (root mean square) gradient of o.1 kcal/(Amol) was
found. The program used was Hyperchem (Hypercube, Inc.)

running on a PC Pentium.
Measurement of catalytic activity

The oxidation of ascorbic acid by molecular oxygen was
followed by spectrophotometry, at 265 nm. The kinetic runs
were carried out in 0.1 M potassium phosphate, pH 7.0, at
25°C. Usually 30 nm catalase was added to avoid possible
side reactions due to H,O, generated in the oxidation
process. The ascorbate spontaneous oxidation was measured
for each kinetic run, before the addition of the complex
between polypeptides and Cu(II) and under our experimental
conditions it was always < o.1 nm/s. Solutions of known
oxygen concentration were obtained by equilibration of the
solutions with N,-O, gas mixtures, in the PO, range o-1
atm, at 25°C. Experimental details of the kinetic run
performance have been previously reported (7).

The superoxide dismutase activity was measured at the
Dropping Mercury Electrode (DME) by the polarographic

J. Peptide Res. 54, 1999 | 491-504 | 493
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method of the catalytic currents (13) and by a method based
on competition with cytochrome ¢ (14). The polarographic
measurements were performed in 0.1 m borate saturated
with triphenylphosphine oxide, at pH 9.9, since the con-
tribution of the spontaneous oxidation of superoxide is
negligible at this pH value. A microcell (volume 8oo uL) was
used for polarographic measurements. The polarographic
method of the catalytic currents is based on the monitoring
of the one-electron reduction wave of molecular oxygen at
increasing concentrations of the Cu(ll}-peptide complex.
Usually the concentration of the Cu(Il}-peptide complex in
these measurements was in the range 1—-20 um and the ratio
[peptide]/[Cu(Il)] was always > 15. The baseline of the one-
electron reduction wave of molecular oxygen was recorded
in the presence of 10 um free peptide. Superoxide dismutase
activity measurements were also performed at pH 7.0 and
9.9 as described by Fridovich (14).

An Amel 466 apparatus was used for polarographic

measurements.

Results and Discussion
Peptide design

A preliminary study was performed to design polypeptides

expected to show a binding site with high affinity for Cu(II).

The starting points for polypeptide design can be summar-

ized as follows:

« The peptides should contain some amino acid residues
believed to be crucial for the binding of copper ions. The
amino acids believed to participate in the binding were
chosen on the basis of their metal ion binding strength
(15), of the hard/soft classification (16) and of the active
site structure of some copper proteins, involved in electron
transfer reactions, such as superoxide dismutase (17),
ascorbate oxidase (18), hemocyanin (19). On the basis of
the reported copper coordination environments, we
decided that the peptides should contain as possible
binding amino acids, three histidines close in sequence,
as found for example in astacin (20), while the fourth Cu(II)
ligand should be a variable group of the polypeptide chain
or the C- or N-terminal group. Cysteine was not included
in the sequence, in order to avoid -SH oxidation during the

experiments.

The residues between the histidines were chosen to give
flexibility to the peptide chain to permit the folding around
the metal ion. Two arrangements have been followed to
introduce the His residues, that is the (His-X,),-His and
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(His-X,),-His motif. In particular, the His-X,-His motif
which forms a flexible region (21) is a part of the
metal-binding sites of several natural metalloproteins
including the ‘zinc-finger’ DNA-binding proteins (22)
and it has been successfully incorporated into cytochrome
c as a synthetic binding site for Cu(Il) (23); moreover the
His-X;-His-X,-His cluster has been observed in the
Alzheimer’s B-amyloid peptide where it probably consti-
tutes a high affinity metal binding site (24). The residues
indicated as X were varied according to the criteria
reported in the following paragraphs, but usually at least
one Ala residue was included.

« Amino acids neutral or bearing positive or negative charge
were included in the various sequences, to investigate the
role of the electrostatic interactions (25, 26).

« Long-range interactions were not usually taken into
account, since the peptides synthesized were too small
to fold in the absence of Cu(Il). In one case Glu -, Lys*
pairs, spaced four residues apart were added, to increase
the probability of formation of an o-helix secondary
structure (27).

« In two cases the N-terminal group has been acetylated to
eliminate the positive charge of the o-NH," group (28).
On this basis we synthesized the peptides listed in

Table 1. In particular:

« peptide 1 contains three His in the sequence according to

the motif (His-X,),-His

peptide 2 is similar to peptide 1, except that Lys and Asp

were substituted by Trp and Leu

peptide 3, 4 and § contain the motif (His-X,),-His

in peptide 3, an Ala residue was added to each of the two
(His-X,) motifs of peptide 1

peptide 4 is as peptide 3, but Ala-Gly-Ser has been
substituted by the more hydrophilic Pro-Arg-Arg and the
N-terminal group has been acetylated

peptide 5 is as peptide 4 except that two Glu, Lys residues
spaced by Ala residues, were included for helix formation.

Effect of metal binding on 'H NMR spectra

"H NMR spectra of peptide solutions were acquired before
and after addition of Cu(ll), in an attempt to obtain
information on the amino acid residues whose spectral
features are modified by the binding of this metal ion. The
selective broadening of lines induced by Cu(ll) ion was
monitored to locate the binding sites. Since in some cases
the information obtained from broadening experiments
could be equivocal (29), optical and ESR spectra were also
acquired and the contribution of Cu(Il) to the longitudinal



Table 1. Amino acid sequence of the synthesized polypeptides

Estimated charge

Peptide  Sequence at pH 7.0*

Peptide 1 NHy-Lys-His-Asp-Ala-His-Gly-Ser-His-Gly- +0.94
COOH

Peptide 2~ NH2-Trp-His-Leu-Ala-His-Gly-Ser-His-Gly- +0.94
COOH

Peptide 3~ NH2-Lys-His-Asp-Ala-Ala-His-Ala-Gly-Ser-His- +0.94
Gly-COOH

Peptide 4  CH3CONH-Lys-His-Asp-Ala-Ala-His-Pro-Arg- +1.94
Arg-His-COOH

Peptide 5 CH3CONH-Ala-Glu-Ala-Ala-Ala-Lys-Glu-Ala- +0.94

Ala-Ala-Lys-His-Asp-Ala-Ala-His-Pro-Arg-Arg-
His-C
OOH

For the polypeptides design see the text. *The charge at pH 7.0 was calculated from

the values of the ionization constants of the free amino acids (49).

relaxation time of '’F nucleus was measured. In fact the
fluoride ion was demonstrated to be a good probe of the
Cu(Il) present in enzyme active sites (30, 31).

The '"H NMR spectra of the peptides were recorded, as
described in the Experimental Procedures section (see
Fig. 1A for peptide 3). The assignments were made on the
basis of 2D TOCSY spectra and pH titrations (not shown).
Cu(Il) titrations were performed and an example of the
spectrum obtained for peptide 3 at [Cu(Il)]/[peptide] = 0.1 is
reported in Fig. 1(B). The addition of Cu(Il) changes the

o e
A ML/WM\N .

abc def

g h m

Corazza et al . Catalytic activity of enzyme mimics

spectral characteristics and the relaxation rates inducing the
progressive broadening of all NMR resonances (see Table 2
where we listed the residues showing remarkable broad-
ening effects during the titration). In particular, a broadening
effect was observed for the protons of the imidazole ring of
the three His residues. The half-height linewidth (Av,,) of
the H*' up-field histidine of the five chelates showed a linear
increase at increasing [Cu(Il)]/[peptide] ratio. From the
titration experiments we found that the broadening induced

by Cu(II) to the H** His resonance of peptide 5 is similar to

Figure 1. "H monodimensional NMR
spectra of the peptide 3 at pH 7.0 (spectrum
1A) and upon complexation with 10% mol/
mol Cu(ll) and 100% mol/mol Zn(II)
(spectrum 1B and 1C, respectively).(a, f) His
H®, H** characterized by a pK, = 6.5,
respectively; (b, e) His H*', H% characterized
by a pK, = 6.9, respectively; (c, d) His H*,
H% characterized by a pK, = 7.2,
respectively; (g) 8-Gly H* (h) 9-Ser HP; (i) 11-
Gly H%(1) (2 + 6 + 10)-His HP; (m) 1-Lys H%
(n) 3-Asp H (o) 1-Lys H; (p) 1-Lys H° (q) 1-
Lys HY; (1) (5 + 7)-Ala HP; (s) 4-Ala H'; *)
impurities. 1 mm peptide was dissolved in
0.1 M phosphate, pH 7.0. The solvent was
90% H,0, 10% D,0O. Cu(ll) or Zn(II) were
added as a solution of 0.1 m Cu(Il) in 1 m
HNO, and 0.1 m Zn(ll) in 1 m HCI,
respectively. The spectra were acquired at

(1)

(1B)

o p

*n A 60° pulse width, 32 k spectrum size, 3 s
repetition time, 128 scans. For the other
experimental conditions, see text.

1 e A 1 ! 1 —
8.0 70 40 pp.m. 30 2.0
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Table 2. Peptide titrations with Cu(ll) and Zn(ll)

Cu(ll) titration* Zn(ll) titrationt

Peptide 1 H®', H® His 2, His 5 and His 8 -t
Peptide 2 H®', H® His 2, His 5 and His 8 =i
Peptide 3 HE®', H®? of His 2, His 6 and His 10
Peptide 4  H®', H®? His 2, His 6 and His 10

Peptide 5 H®', H®? His 12, His 16 and His 20

H®', H®2 His 2, His 6 and His 10; H Asp 3
H®', H®2 His 2, His 6 and His 10; HP Asp 3; H® Lys 1
H®', H®2 His 12, His 16 and His 20; H® Asp 13

In this table we reported the amino acids showing a remarkable modification of the spectral
characteristics during the titration with Cu(ll)* or Zn(ll)- H monodimensional NMR spectra of the
peptides were acquired at pH 7.0 in 20 mm phosphate buffer in the presence of various concentrations
of Zn(I1) and Cu(ll). Only the residues showing remarkable effects upon complexation were listed. *The
half-height linewidth was taken as a significant spectral parameter. {The shift of the resonances was

taken as a significant spectral parameter. {Not measurable.

that of peptide 4 (about 15-16 Hz at [Cu(II)]/[peptide](o.01)
while this effect is weaker in the case of peptides 1-3 (about
1.5-2.5 Hz at [Cu(II)]/[peptide](o.01). From Fig. 1 it appears
that the addition of Cu(Il) also decreases the intensity of
residues which do not participate directly to the binding of
Cu(II). This effect can be explained on the basis of the strong
paramagnetism of Cu(Il) and assuming that Cu(II) is in fast
exchange between the binding site and the bulk, according
to the equilibrium:

peptide + Cu(Il) « peptide — Cu(II)

According to the relaxation theory (32), if fast exchange
conditions hold, the plot of the logarithm of the paramag-
netic contribution to the transversal relaxation rate, log
(T,p)™, versus (T)™!, where T is the absolute temperature,
gave a straight line with negative slope (33). We acquired 'H
NMR spectra of solution of peptide 3 characterized by a ratio
[Cu(Il)]/[peptide] = 0.02, at various temperatures. The T,
values of the histidines were measured from the half-height
linewidth of the resonances. The (T,p)™, was calculated

according to the relationship:
(TzP)_l = [(Tz,obs)_l - (Tz,o)_ll [1]

where (T,,obs) " and (T, o)™ are the T, values in the presence
and the absence of Cu(Il}, respectively. Considering the H>
histidine, whose resonance is at 7.11 p.p.m. from TMSP, in
the range 280-320 K, we obtained the following relation-
ship:

log (Tsp) = — 4.4 X (T]™ + 16.5 [2]

which is in accord with the hypothesis of fast exchange. The
presence of exchanging Cu(Il) in the solution explains the
broadening of the nonbonded resonances.

We attempted to overcome the loss of information due to
the broadening of the NMR spectra of the Cu(Il)-peptide
systems, by preparing and characterizing the complexes of
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the five peptide-Zn(Il). In fact, Zn(Il) shows physico-
chemical characteristics similar to those of Cu(Il). Zn(II)
titrations were performed and the shift of the resonances of
some amino acids, induced by the Zn(II), was taken as a
significant marker of the binding. In Table 2 we report the
resonances which are markedly shifted upon Zn(II) binding.
On this basis, peptides 3, 4 and 5 appear to chelate the Zn(II),
while peptides 1 and 2 show poor affinity toward this ion. In
particular, since under these experimental conditions, that
is at pH 7.0 and in the presence of 2 mm peptide, the
formation of a precipitate following the addition of Zn(II)
was observed, taking into account the solubility of Zn(II) at
pH 7.0 (34), it was estimated that the binding constant
between Zn(II) and the peptides 1 and 2 should be < 10* M.
The shift of the CHP, resonance of the Asp as a function of
the [Zn(II)]/[peptide] ratio was linear in the [Zn(II)]/[peptide]
range 0-100%, according to the relationships:

CHP, shift [p.p.m.] = 5.08 X 107* [Zn(II)]/[peptide]% + 2.624
for peptide 3
CHP, shift [p.p.m.] = 4.66 X 107 [Zn(II)]/[peptide]% + 2.644
for peptide 4
CHP, shift [p.p.m.] = 5.08 X 107 [Zn(II)]/[peptide]% + 2.668
for peptide s.

9F NMR relaxation rates

The strong broadening of the resonances of His residues of
five peptides, due to Cu(Il), results in a loss of structural
information (such as NOE map). In contrast, information
can be obtained by evaluating the paramagnetic contribu-
tion of Cu(II}-peptide chelates to the longitudinal relaxation
rate (T,p)™!, of suitable nuclear probes sensing the para-
magnetic center. In fact the chemical exchange of a weak
Cu(Il) ligand (i.e. the nuclear probe) in large excess with



respect to the Cu(Il) center, propagates the paramagnetic
enhancement of the nuclear relaxation rate of the bound
nuclei to the nuclei in the bulk solution. We decided to use
the *°F ~ion as a nuclear probe of the Cu(Il) ion (30-32). The
primary structure of the five peptides reported in Table 1
suggests that each of them may bind Cu(Il) in a different
way. In particular the possible presence of simultaneously
existing species in the Cu(ll)}-peptide system should be
taken into account when [Cu(II)]/[peptide] > 1. Assuming
that n species, simultaneously existing in the solution
contain Cu(II), the (T,p) of the nuclear probe depends on the
concentration of the copper species according to the

relationship:

(Typ) ' = i: Rip[L — Cu(ID)], (3]

i=1

where [L — Cu(Il)]; is the concentration and Rjp the molar

1

relaxivity (M~ s7*) of the ith Cu(ll)-containing species,
respectively (35).

To investigate the presence of these species, we measured
the (T,p) of the five peptides listed in Table 1 as a function of
the [Cu(Il)]/[peptide] ratio (see Fig. 2). From Fig. 2 there
appears a linear increase of (T,p) at increasing Cu(Il)
concentration, up to [Cu(Il)]/[peptide] =~ 1 followed by a
change of the slope at [Cu(Il)]/[peptide] = 1. The experi-
mental data were fitted to eqn 3, by substituting the term
[L — Cu(IT)] on the basis of the chemical equilibria and the
mass balances and assuming that at the maximum, two
different Cu(Il)-peptide complexes are present at [Cu(II)]/
[peptide] = 1.5 (see Fig. 2). The floating parameters were the
ratio between the thermodynamic stability constants (K,/
K,), and the relaxivities (R,p and R,p) of the two complexes.
The fitting was satisfactory provided that K, »K,, indicating
that one copper species is predominant at [Cu(II)]/[peptide]
= 1. This species should be a chelate characterized by a
[Cu(II)]/[peptide] ratio of 1 and by a stability constant higher
than those of the other possible complexes. At [Cu(Il)]/
[peptide] = 1 more copper complexes should be present.
From Fig. 2 it appears also that the 1/1 complexes between
Cu(Il) and peptides 1—3 show similar molar relaxivity values

1

(of the order of 10° M~ s7*), while the relaxivity values of the
complexes between Cu(Il) and peptides 4 and 5 are about one
order of magnitude higher (see also Table 4 where the Rp

values are listed).
Optical and ESR spectra

Electron-absorption and X-Band ESR spectra have been
acquired for probing the structure of the various Cu(Il)

Corazza et al . Catalytic activity of enzyme mimics

complexes (see Fig. 3). The data obtained from these spectra
are summarized in Table 3 together with the spectroscopic
characteristics of the complexes of Cu(Il) with ethylendia-
minetetracetic acid (Cu(Il)-EDTA) and with histidine
(Cu(II)-(His),).

Optical spectra have been acquired in the region between
300 and 8oo nm and have been characterized in terms of
wavelength and intensity of absorption bands of the most
intense transitions in the visible region (see Table 3). Brill
et al. (36) suggested that when oxygen atoms are replaced by
nitrogen atoms in the first coordination sphere of Cu(Il) ion,
the wavelength maximum (A,.,) shifts to a shorter
wavelength and the extinction coefficient usually increases.
In particular crystal structure analysis and studies per-
formed at pH values close to 7 have shown that one
molecule of EDTA chelates the Cu(Il) by two nitrogen atoms
and four carboxylate oxygen atoms (37) while in the case of
Cu(Il)-(His), two terdentate histidine anions chelate the
Cu(ll) by either imidazole and amino nitrogen and carbox-
ylate oxygen atoms (15, 38). The absorption maxima for
these two complexes are in agreement with the proposed
structure since Am .y shifts from 735 nm for the Cu(Il}-EDTA
to 641 nm for Cu—(His),. On this basis the copper ion
appears chelated by peptides 1—3 mainly by N ligands while
N and O ligands should be involved in the Cu(II) binding by
peptides 4 and 5.

The X band ESR spectra of the Cu(II) complexes have been
acquired at 77 K, the Landé g factor and the hyperfine
splitting constant A have been calculated and their values
are reported in Table 3. To identify the donor atoms, a
comparison between the ESR parameters reported in Table 3

Table 3. Optical and magnetic parameters of
Cu(ll)-peptide chelates

Amax Smax el Ay
Cu(ll) complex (nm) (M 'cm™) (gauss)
Cu(I)-(Histidine),* 641 45 2.250 182
Cu(I)-EDTAT 735 78 2.348 135
Cu(ll)-peptide 13 567 67 2.226 195
Cu(ll)-peptide 2; 557 63 2.195 211
Cu(ll)-peptide 3} 578 53 2403 120
Cu(ll)-peptide 4} 702 27 2413 117
Cu(ll)-peptide 5% 686 28 2398 123

Optical and ESR spectra were recorded in 20 mm phosphate buffer
at pH 7.0. The instrumental ESR settings were as in Fig. 5. *The
complex stoichiometry was taken from Kruck and Sarkar (50); the
spectra were acquired at 1 mm Cu(ll), 2 mm histidine. ¥The spectra
were acquired at 1 mm Cu(ll), 1 mm EDTA. {The concentration of
the complexes was about 1 mm for the optical experiments and, as
reported in Fig. 5, for the ESR experiments. In all the experiments
equimolar concentrations of Cu(ll) and peptides were present.
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Figure 2 Dependence of the (T,p) of the F~
on the [Cu(Il)]/[peptide] ratio. The solution
contained: 22 pum peptide 1 (O), 30 um
peptide 2 (A), 30 um peptide 3 (A), 15 um
peptide 4 (@), 50 um peptide 5 (<) in

so mm Hepes, 0.5 m F 7, pH 7.0. The
titration was performed by adding the
desired amount of 0.1 mm Cu(Il) in 1 mm
HNO;. The T, values were measured at
16 MHz as described in the Experimental
Procedures. The solid lines were obtained
by fitting the experimental data to eqn 3
assuming n = 2. The fitting was
characterized by a ratio MS;cg/MS, s

> 2000, where Ms,., = regression
variation from the dependent variable and
Ms,, = residual variation.

(s

(T1p)*

0.0 0.5

[Cu(Il))/[peptide]

with those reported in the Peisach-Blumberg plot (39) has
been performed. According to this plot, g-values increase
while the A values decrease as O replace N donor atoms and
the regions of compounds O ligated, N ligated, and with
different ligand coordination are set off. The comparison
between the data of Table 3 and the Peisach-Blumberg plot
further supports the coordination of Cu(Il) by N donor atoms
in peptides 1—2 and by N and O donor atoms in peptides 3-5,
respectively. Among the N donor atoms the nitrogen of the
imidazole ring appears the more favorite coordinating group,
as shown by the broadening of 'H NMR spectra (see
Table 2). This datum is also in accord with the findings of
Aiba et al. (40) who observed that small peptides such as
Gly-His bind to Cu(Il) through the imidazole nitrogen

1500

1.5

atoms. A fourth nitrogen atom can be provided by the N-
terminal residue but an involvement of cupric ion interac-
tion with peptide nitrogen atom cannot be excluded.

It appears likely that the O donor atoms in peptide 3-5
could be provided by Asp residue which is markedly shifted
upon Zn(II) titration. However, Asp residue resonances are
not selectively broadened at [Cu(Il)]/[peptide] < 10% and an
involvement of a water or a terminal carboxylic O could be

hypothesized in the Cu(Il) coordination.

Modeling the structure of Cu(ll)-peptide complexes

The 3D structure of Cu(Il}-peptide complexes was proposed
following a molecular mechanics study based on AMBER

1000

)

Figure 3. ESR spectra of Cu(Il)-peptide
complexes. The spectra were obtained at

77 K, 9.42 GHz, in 20 mm phosphate,
pH 7.0, modulation frequency 100 KHz, scan
width 1000 G, scan time 500 s, time

constant 2 s, microwave power 20 mW. (A)
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Table 4. Thermodynamic stability constants of the
complexes between peptides and Cu(ll)

Competitor  Kpt Rpt
Peptide ligand* (V) m'sTh
Peptide 1  EDTA 43 +£25x%x 10" 2.1 x10°
Peptide 2  EDTA 1.6 + 0.1 X 10" 1.4 x 10°
Peptide 3  EDTA 23 + 1.1 x 10" 0.7 x 10°
Peptide 4  Maleate 1.4 + 0.5 x 107 2.4 x 10°
Peptide 5 Maleate 16 + 1.3 x 108 9.2 x 10°

The thermodynamic stability constants of the peptide—Cu(ll)
complexes (Kp) were calculated by measuring the (T;p)™" of a
solution containing the competitor ligand and Cu(ll) at
increasing peptide concentration. The measurements were
performed in 50 mm Hepes containing 0.5wm KF, pH 7.0;
peptides 1, 2, 3: 30 um Cu(ll), 30 um EDTA, peptide 1, 2, or 3
were varied in the range 10-400 um; peptide 4 and 5: 7 um
Cu(ll), 100 mm maleate, peptide 4 or 5 were varied in the range
10-300 pm. *The values of the stability constants (K¢) reported
in the literature were K¢ = 3.16 X 10'> m for Cu(ll)-EDTA and
Kc = 7.94 X 10" M~ for Cu(ll)-maleate. {Rp values as calcu-
lated from the (T;p)™" of 1 uw peptide-Cu(ll) complex in 50 mm
Hepes, pH 7.0, containing 0.5 m KF. Rc values calculated from
the (T;p)™"' of 1 um ligand—Cu(ll) complex in 50 mm Hepes,
pH 7.0, containing 0.5wm KF were 1.8 X 10°m's1 and
46x%10° m" s for EDTA-Cu(ll) and maleate-Cu(ll)
complexes, respectively.

force field (12). AMBER force field lacks of all the parameters
related to the copper atom. The necessary parameters were
obtained from the literature (41, 42). To model the copper
binding site we followed a bonded approach based on
spectroscopic data of copper ligands obtained from ESR,
optical and NMR measurements on the Cu(ll)-peptide
complexes. Energy minimization produced for Cu(Il)-pep-
tide 1—5 complexes a tetrahedral geometry for the copper
coordination site (see Fig. 4 where the projections of the
structure of the complexes are reported). Peptides 1 and 2
bind the copper atom with Ne of the three His residues and
with the N-terminal of Lys and Trp, respectively. Peptides
3—5 coordinate Cu with the Ne of the three His residues and
with the carboxyl group of Asp. From the 3D structures it
can be seen that the copper atom in peptide 4 and 5
complexes is more exposed to the solvent and a fifth
bipyramidal coordination of a water molecule is plausible.
Moreover peptide 5 forms a helix as expected from the

planned sequence.

Thermodynamic stability constants of the Cu(ll)-peptide

complexes

The thermodynamic stability constants of the wvarious
Cu(Il)-peptide complexes were estimated by allowing the
peptide to compete for Cu(Il) with a ligand having a known
binding constant. The paramagnetic enhancement of the

Corazza et al . Catalytic activity of enzyme mimics

Table 5. Initial reaction rates
(vo) of the ascorbate oxidation
in the presence of the
Cu(ll)-peptide complexes

Vo X 108

Cu(l)-complex  (ms™")
=2 < 0.01
Cu(ll)-peptide 1 1.3
Cu(ll)-peptide 2 2.0
Cu(ll)-peptide 3 6.2
Cu(ll)-peptide 4 13.0
Cu(Il)-peptide 5 171
cu(int 1.9

Ascorbate oxidase} 7500

The initial reaction rates of the
ascorbate oxidation (vo) were mea-
sured in 0.1 m potassium phos-
phate, at pH 7.0 and 25°C in the
presence of 30 nm catalase. The
assay solution contained 0.6 mm
ascorbate, 0.24 mm O, and 3 um
Cu(ll); the peptide was in large
excess with respect to the Cu(ll),
that is [peptide]/[Cu(ll)] = 15. *No
addition of Cu(ll). +Cu(ll) ion was
added as Cu(ll)(NOs), in the
absence of copper chelating spe-
cies. {The experimental v, was
measured in the presence of 5 nm
Cu coordinated to ascorbate oxi-
dase; the reported value was
extrapolated to 3 um coordinated
copper ion, assuming a linear
dependence of v, on ascorbate
oxidase concentration.

longitudinal relaxation rate of the '°F ~ion was measured to
monitor the equilibrium between Cu(Il), the peptide (P) and
the competitor ligand (C). We measured the (T,p]™" of
solutions containing the Cu(Il}-peptide-ligand system as a
function of the [ligand]/[peptide] ratio at constant Cu(l)

concentration and, under the condition:
[Cul, < [C] + [P]

where [Cu], is the concentration of the added Cu(Il). The
molar relaxivity (Ry;) of Cu(Il) was calculated, that is:

_(Twp)”!
Ry = 7[8;}0 4]

According to eqn 3 and assuming as previously reported
that the Cu(Il) forms one predominant chelate with the
peptide (P-Cu(Il)) and one with the competitor ligand (C-
Cu(Il)), the Ry of the system is given by the following
relationship:

RM = RPXP + RCxC [5]

where R, Rc are the molar relaxivities and x,,, xc are the
molar fractions of the P-Cu(ll) and C-Cu(Il) chelates,
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Figure 4. Proposed molecular structure of the Cu(ll}-peptide complexes. The models were obtained by introducing the structural data into a
molecular mechanic simulation program as described in the text. (1) Cu(ll)-peptide 1 complex. The ligands are: Ne of His 2, His 5, His 8 and the
N-terminal of Lys; (2) Cu(II)}-peptide 2 complex. The ligands are: Ne of His 2, His 5, His 8 and the N-terminal of Trp; (3) Cu(II}-peptide 3
complex. The ligands are: Ne of His 2, His 6, His 10 and the carboxyl group of Asp; (4) Cu(ll)-peptide 4 complex. The ligands are: Ne of His 2,
His 6, His 10 and the carboxyl group of Asp; (5) Cu(ll}-peptide 5 complex. The ligands are: Ne of His 2, His 6, His 10 and the carboxyl group of

Asp.

respectively. Introducing the stability constant of C-Cu(II)
and that of P-Cu(Il), that is:

_ [C—Cu(ID)] [P — Cu(ID)]
K= acaq) ™ = picu(n)
into eqn 5 we obtain:
(R[C*]RP)
Cul,

Ry =R, - x {[c10 ~ [Culy + ([Cul, + [C)

2x (;g_( — 1>
Kp &)2 (6]

| (10 = 1culy + (caly + ) x 4

_4x ((E_z) _ 1) x [Culy x [P] x %}1/2}

where [Cu], and [C], are the total concentration of the Cu(II)
and of the competitor ligand, [Cu(II)] is the concentration of
the free Cu(Il), [P] and [C] are the concentrations of the
unbound peptide and of the free competitor ligand,
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respectively. The ligands used as peptide competitors
were chosen on the basis of their Rc and K¢ values. In
particular we chose competitors with an Rc value about
one order of magnitude lower than Rp and with K¢ values
comparable to Kp. To this regard preliminary competition
trials were performed utilizing various Cu(Il) ligands. On
the basis of the results obtained, we used EDTA in the case
of peptides 1-3 and maleate ion in the case of peptides 4
and s.

The competition experiments were performed for each
peptide measuring the Ry values of solutions at constant
[Cul,, [Cl, and variable [P],. The Rp and R values were
calculated from (T,p) of solutions containing the complexes
P—Cu(II) and C—Cu(II), respectively. This set of experimental
data, in addition to K¢, was used to fit eqn 6, with Kp as a
parameter. The results obtained are summarized in Table 4.

From this table it appears that the peptides are characterized



by high Kp values, as expected on the basis of the criteria
followed for peptide design. Moreover the Rp values (in
particular for peptides 4 and 5) are higher than those of many
low molecular weight Cu(II) complexes and close to that of

the Cu,Zn superoxide dismutase (30).
Ascorbate oxidation catalyzed by various Cu(ll)-peptide chelates

The complexes between Cu(ll) and the peptides listed in
Table 1 were tested as catalysts of ascorbate oxidation by
molecular oxygen.

The ascorbate oxidation rates (v,) were measured in the
presence of 3 um Cu(Il)-peptide chelate (see Experimental
Procedures) and are reported in Table 5. In this table we
reported also the v, values obtained when a Cu(NO,),
solution was added to the reaction medium in the absence of
peptides, to obtain a 3-um Cu(Il) concentration. Under these
conditions the Cu(II) present in solution is slightly bound to
water molecules and to nitrate, phosphate ion or to
ascorbate itself, the latter compound being a weak complex-
ing agent at pH 7 (43). The five Cu(Il}-peptide chelates
induced a significant increase of the oxidation rate of
ascorbate (under our experimental conditions the sponta-
neous oxidation in the absence of the metal complex was
< o.1 nM s~'). However, the activity of the Cu(ll)-peptide
chelates was small in comparison to that of the enzyme
ascorbate oxidase measured under the same experimental
conditions.

We investigated the possibility that the electron transfer
between ascorbate and oxygen occurs by a series of one-
electron steps and the intermediate reaction products are
released into the solution. To this regard we tested the
involvement of superoxide ion in the ascorbate oxidation
and ESR spectra searching for the ascorbyl radical (A7)
resonance were recorded. In particular the rate of ascorbate
oxidation catalyzed by the five Cu(Il)-peptide complexes in
the presence and in the absence of 5 um Cu,Zn superoxide
dismutase was recorded and it was observed that this
enzyme reduced the ascorbate oxidation rate catalyzed by
the various copper chelates by about 50%. A similar effect of
Cu,Zn superoxide dismutase in the oxidation of ascorbate by
molecular oxygen, catalyzed by Cu(Il)-(His), or by Fe(III)-
EDTA was found. This effect was proposed to demonstrate a
reaction mechanism where superoxide ion (O, is gener-
ated and acts as an active reaction product since it reacts
with ascorbate itself or with ascorbyl radical (44). Moreover
the ESR spectrum of 0.5 mm ascorbate, in the presence of
0.25 mm oxygen and 5 um Cu(Il}-peptide in 0.1 M potassium
phosphate at pH 7.0 was recorded and the characteristic
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resonance of the ascorbyl radical was observed (45). These
results demonstrate that both the oxidation of ascorbate and
the oxygen reduction catalyzed by the five Cu—polypeptide
complexes occur through one-electron steps and the
products A~ and Oz are released into the solution. Also
the oxidation of ascorbate catalyzed by ascorbate oxidase
occurs through one-electron steps, as in the case of Cu(Il)-
peptides, where the ascorbyl radical is the intermediate
reaction product. However, in the case of the enzyme,
oxygen reactive species are not released into the solution
since molecular oxygen is reduced directly to water. This
behavior is due to the involvement of more than one copper
ion of the enzyme in the electron transfer from ascorbate to
molecular oxygen.

Lineweaver-Burk plots of experiments carried out at
various oxygen or ascorbate concentrations showed a
saturation of the reaction rate by these two substrates
indicating that in spite of the quite low oxidase-like
catalytic activity, the Cu(Il)-peptide chelates behave like
an enzyme and suggest that future modifications of the
peptide sequence will improve the activity of the chelates as

catalysts of the ascorbate oxidation.
Superoxide ion dismutation catalyzed by Cu(ll)-peptides

The activity of the Cu(Il}-peptides as catalysts of superoxide
dismutation was tested by amethod based on the inhibition of
the cytochrome c¢ reduction by superoxide ion (at pH 7.0 and
9.9) (14), and by the polarographic method of the catalytic
currents (at pH 9.9) (13). The data obtained by the two
methods indicated that the Cu(Il)-peptide chelates are
characterized by a superoxide dismutase activity. In parti-
cularwe calculated the kinetic rate constant (kg) of the overall
superoxide dismutation reaction catalyzed by the various
Cu(Il}-peptides that have been synthesized in this laboratory
and the kg values obtained are reported in Table 6. From this
table there appears to be good agreement between the values
obtained by the polarographic method (13) and cytochrome c
method (14)which permits the calculation of the absolute and
relative values of kq, respectively.

Furthermore it appears that the five Cu(ll}-peptide
chelates have a remarkable dismutase-like activity which
in the case of peptide 4 is about 1/50 than that of Cu,Zn
superoxide dismutase. This indicates that the designed
Cu(Il)-peptide chelates behave much more like superoxide
dismutase than ascorbate oxidase. High superoxide dismu-
tase activity of low molecular weight complexes between
Cu(Il) and histidine-containing oligopeptides was observed
by other authors (46-48). However, the peptides studied by
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Table 6. Kinetic constants for superoxide
dismutation observed in the presence of
the Cu(ll)-peptide complexes

kg X 10%* (v™' s7")

Cu(ll)-complex pH 7.0} pH 9.9% pH 9.98
Cu(ll)-peptide 1 0.70 0.10 0.17
Cu(ll)-peptide 2 0.15 0.12 0.14
Cu(ll)-peptide 3 0.06 0.05 0.10
Cu(ll)-peptide 4 38.00 1.10 1.08
Cu(ll)-peptide 5 11.00 1.30 1.30

Cu(Iny = = =

*Kinetic rate constant for superoxide dismuta-
tion.
tMeasured from inhibition of the cytochrome ¢
reduction. The solution contained: 0.1 m phos-
phate, pH 7.0, 0.03um catalase, 0.5 mm
xanthine, 50 pm Fe(lll)-cytochrome c. The super-
oxide generation was started by the addition of
xanthine oxidase and was of the order of
0.02 um s™'. The kq values were calculated
assuming that the kinetic rate constant of
Fe(lll)-cytochrome ¢ reduction by superoxide
is1.4 X 10°v" s atpH 7and 0.9 X 10°w"s™"
at pH 10 (51).
$As 1 except that the buffer was 0.10 m borate
pH 9.9; the measurements were run in triplicate
and the standard deviation was < 8%.

these authors contained two to four amino acids among
which Gly residues were present and did not simulate
copper-enzymes binding sites.

Relationships between structure and catalytic activity

The possible relationships between the structure of the
copper environment, which had been varied on the basis of
the rational approach that was reported previously, and the
catalytic activity were investigated. From an analysis of the
spectroscopic information, the stability constants and
activity data, it appears that the peptides of Table 1 can be
divided into two groups:

« Peptides 1 and 2 which coordinate the Cu(Il) mainly by
nitrogen atoms. These peptides form complexes with Cu(II)
characterized by a high stability constant (of the order of
10'* M), by a relatively weak linebroadening effect on 'H
resonances of noncoordinating residues and by a molar
relaxivity with respect to '°F ~ of the order of 10° m™* s7".

Furthermore these peptides do not coordinate the Zn(II).

Peptide 4 and 5 coordinate Cu(Il) by nitrogen and oxygen
atoms and also coordinate Zn(II). These Cu(ll)-peptide
complexes are characterized by stability constants of the
order of 107-10% M™* and by a very high molar relaxivity (of
the order of 10° M~ s™). They also show a strong
linebroadening effect on 'H resonances of noncoordinating

residues.
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From the data of Tables 5 and 6 it appears that the two
groups are also distinguishable on the basis of their catalytic
activity. In fact from the data of Tables 5 and 6, the second
group shows the highest ascorbate oxidase- and superoxide
dismutase-like activity.

These characteristics can be explained from the mole-
cular structure shown in Fig. 4. In fact, in the complexes of
peptide 4 and s, the (His-X,),-His motif gives flexibility to
the polypeptide chain which folds leaving the Cu(ll) site
opened from one side, whereas Cu(ll) in the complexes of
peptide 1 and 2 is less accessible. The accessibility of Cu(II)
to weak copper ligands such as fluoride ion, and substrates
such as ascorbate or superoxide, can explain the relatively
high values of the relaxivity of '°F~ and of the catalytic
activity that has been measured. In fact, it appears that
access to Cu(Il), rather than the charge around the copper
coordination environment, is responsible for the different
behavior of the two groups of Cu(Il) complexes. However, a
contribution of the surface charge is indicated from the
dismutase-like activity data, since the ky values obtained at
pH 7.0 and 9.9 of the Cu(Il)-peptide complexes containing
amino acid residues bearing NH," groups in the peptide
sequence, decrease at alkaline pH values (see peptides 1, 4
and 5). This indicates that the electrostatic interaction
between the positive charges and superoxide facilitates the
catalytic event. However, the effect of pH on kg values could
be partially due to the modification of the coordination
geometry of the complexes. An indication of the effect of
the positive charge-bearing residues is indicated by the
superoxide dismutation and the ascorbate oxidation rates
when the sequence of the three neutral spacers Ala-Gly-Ser
was substituted by Pro-Arg-Arg bearing a 2+ charge
(compare Cu(Ill}-peptide 3 with Cu(ll)-peptide 4). This
increase was retained after the addition to the backbone
of peptide 4 of an oligopeptide, which contains four Ala
residues and two couples (Glu-Lys*), capable of helix
stabilization by salt bridges (compare Cu(ll}-peptide 4
with Cu(Il)-peptide s).

Peptide 3 shows anomalous behavior since some features
of the Cu(Il}-peptide 3 complex are similar to those of the
first family (optical characteristics, and linebroadening
effect), and other features are similar to those of the
second family (ESR parameters, involvement of Asp residue
in the metal coordination, coordination of Zn(II)). This
behavior can be explained since the sequence of peptide 3 is
similar to that of peptide 1 (apart from two Ala residues
required to create the (His-X,)-His motif).

In previous studies performed on superoxide dismutase a
good correlation between the dismutase-like activity and



the paramagnetic contribution to the F~ relaxation rate (Rp)
(30) was observed, since F~ behaves as a superoxide ion (25).
To this regard, the plot of the experimental molar relaxivity
of the Cu(Il}-peptide complexes (see the Rp values reported
in Table 4) versus their kq values at pH 7 (see Table 7) is
fitted by the linear equation: Rp = 6.02 X 107> kg + 1.57
(r = 0.996). This linear relationship indicates the strong
correlation between the catalytic properties and the spectro-
scopic characteristics, which, in turn, are dependent on the
active site structure.

In conclusion, notwithstanding that the results obtained
up to now do not permit general conclusions on the
structure—function relationships in small peptides chelating
the Cu(Il) to be drawn, they do permit the conclusion that
some structural aspects are crucial for the catalytic activity
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of the synthesized peptides. In particular: both the (His-X,),-
His and (His-X,),-His motifs permit flexibility in the peptide
coordination structure around the Cu(ll) ion, but the
stability constants of the (His-X,),-His motif are about 5-6
orders of magnitude higher. In contrast, only the His-X,-His
motif is suitable for Zn(II) coordination.

The paramagnetic contribution of the five Cu(II)-peptide
complexes to the F~ relaxation rate is very high if compared
to that of the majority of low molecular weight Cu(Il)
complexes and close to that of the enzyme Cu,Zn super-
oxide dismutase. In particular the molar relaxivity of the
Cu(Il)-peptide 4 complex is the highest and is in accord with
the electrostatic field induced by the high positive charge of
this peptide (+ 1.94 at pH 7).
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