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1 Introduction
The copper complexes of histidinecontaining peptides naturally occurring in
blood plasma [1,2] can be used as a model
for metal/protein interactions.In fact a low
molecular weight peptide containing
histidine or even histidine itself may
compete with ceruloplasmin for copper in
the blood, significantly altering free ligand
levels. For this reason, the coordination
behaviour of the histidine moiety in copper
(II) dipeptides has been the subject of
much investigation [3-7]. From this point
of view the study under physiological
conditions, namely room temperature and
neutral pH, is crucial for maintaining the
biological significance of the model.
Unfortunately a definitive speciation has so
far been hindered by the strong
dependence on the ligand-to-metal ion ratio
and the multiplicity of possible equilibria,
function of pH, in solution.
ESR may be used to study
paramagnetic metal complexes, and
multifrequency ESR in combination with
computer simulation is a decisive tool for
determining the chemical structure of
copper biosystems under physiological
conditions. For ESR spectra the
requirement of a good fit at different
frequencies put constraints on the precision
of magnetic parameters and allows
definitive assignments, despite the lack of
resolution typical of room temperature
spectra. In this paper the above method
was used in the study of complexes of
copper(II) and Glycylhistidine (GlyHis),
Histidylglycine (HisGly) and p-Alanyl-LHistidine or Carnosine (Cam) formed in
solution in a large range of pH,
concentration and metal/ligand ratios. The
aim was to show how a computer-aided
multifrequency ESR approach can provide
valuable information on the systems under
investigation, avoiding undesirable effects

due to changes in the physical state of
samples.

2 Material and methods
Glycyl-L-Histidine, L-Histidylglycine and
p-Alanyl-Histidine (Carnosine) from
Sigma Chemical Co. were used without
further purification.
Solutions were made with distilled
water and the uncorrected pH was adjusted
with HC1 or NaOH and determined with
an "LCD" Model pH meter. Isotopically
pure 63 CuO (from Oak Ridge National
Laboratory, Oak Ridge , TN) was used for
the EPR experiments. Stock solutions
with 1:2 molar ratio were prepared, [Cu]
= 10-2 M, [peptide] = 2 xlO"2M.
X-band EPR spectra were obtained
with a Bruker 200D SRC X-band
spectrometer, and S-band spectra were
obtained with a microwave bridge by
Medical Advances Inc., Milwaukee, USA.
All the bridges were equipped with loopgap resonators (Jagmar, Krakow, Poland)
operating at v = 9.5 GHz for the X-band
bridge and v = 4.04 GHz for the S-band
bridge. Microwave frequencies were
measured with an XL Microwave Model
3120 counter. The spectrometer was
interfaced with a Compaq Deskpro
486/50L computer with an 8-megabyte
memory and a 50 MHz clock. The data
were acquired using the EPR data system
CS-EPR produced by Stelar Inc., Mede,
Italy.
The CUKOS program for the
simulation of EPR spectra of fast tumbling
copper complexes in an isotropic
environment, written in QuickBasic, is
based on Kivelson's theory of linewidth
[8] and includes the second order shift
equation of Bruno et al. [9] and the further
assumption of Lorentzian lineshapes. A
Monte Carlo calculation method was added
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between two species. Aggregation can
occur [21] and often tedious empirical
approaches for the formulation of good
glasses must be employed. In water,
freezing can change the local pH [20,22],
and Wilson and Kivelson [8] found that
the isotropic g- and A-values of copper
acetylacetonate are actually temperature
dependent. All of these complications can
be avoided by the use of multifrequency
ESR of copper complexes above 0 °C.

to the program. The Monte Carlo method
randomly varied selected spectral
parameters within defined limits in order to
fit experimental data.

3 Results and Discussion
In recent years, data for copper(II)
complexes of histidine and histidine
containing peptides has been generated by
a variety of techniques such as infraredspectroscopy [10], x-ray diffraction [11],
nuclear magnetic resonance [12], circular
dichroism [13,14], thermodynamic [3] and
potentiometric studies [15,16] and ESR at
liquid nitrogen temperature [17,18].

ESR spectra obtained for Cu-Histidine
complexes with a 1:1,1:2 and 1:100 molar
ratios, in the pH range 5-9 are reported in
Refs. [17,18]. At pH= 7.4 and high molar
ratios
the ESR pattern shows a

Table I
Parameters Used to Simulate ESR Spectra for Cupric Ion complex with Dipeptidesa
system
63

giso

Ag

AisO(63Cu) AA

A N is O

x c (ps)b

Ref.

Cu-His

3N

2.098

0.162

61.50

137.4

11.1

85.00

18

4N

2.104

0.159

61.60

143.0

11.0

85.00

18

63

Cu-GlyHis

2.1134

0.171

69.32

174.95

12.4

50.64

this work

63

Cu-(GlyHis)2

2.107

0.166

80.36

195.87

13.5

88.23

this work

63

Cu-(HisGly)2

2.114

0.235

54.4

193.79

11.03

75.00

this work

63

Cu-B-Ala-His

2.1468

0.221

62.91

190.00

12.5

45.00

this work

a

Values for the hyperfine and superhyperfine splittings arc given in G.

b

Correlation times in ps (10~ 12 sec.). 63 Cu magnetogyric ratio 0.70904 s ^

A conventional ESR spectroscopic
approach is to freeze the sample and extract
the magnetic parameters by analysis of the
frozen solution powder pattern. There are
many reasons why this is undesirable.
Vanng&rd [19] called attention to changes
in coordination. Falk et al. [20] observed
the temperature dependence of equilibrium

septet 1:3:6:7:6:3:1 consistent with mixed
glycine-like and
histamine-like
coordination. At higher pH, this species is
in equilibrium with a complex in which
both the histidines are coordinated in the
histamine way (4N). The magnetic
parameters for the two species are
reported in Table 1.
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Fig. 1 shows ESR spectra at X-band for
the complex Cu-GlyHis in a fast tumbling
regime. All the experimental spectra are
paired with the simulations for different
species.

100 G

two species are reported in Table 1. With a
molar ratio of 1:2 and physiological
conditions, the two species occur
simultaneously present in solution and the
overall ESR spectrum is reported in Fig.
lb paired with the simulated spectra. The
best fit in Fig. lb is obtained for a pattern
in which 62% of the monomeric species is
considered together with 38% of the biscomplex. As the fit is reasonable, the
concomitant presence of the two species
can be supposed. A similar best fit
procedure was performed for S-band. Fig.
2 shows the expansion of the second
derivative of the mi = +3/2 component for
the monomeric species of Cu-GlyHis in
the X and S-bands.

A

Fig. 1. Exp. (
) and simulated (- • - ) ESR
spectra for Cu-GlyHis at pH = 7.3. a) monomeric
species, b) 62 % monomeric species + 38 % biscomplex, c) bis-complex.

Fig. la represents the monomeric species
obtained for a 1:1 molar ratio and pH=7.3.
This species is readly obtained for a molar
ratio of 1:2 at lower pH. Fig. lc shows the
ESR spectrum of the bis-complex. This
species is obtained when there is a large
excess of the ligand with respect to the
metal. Magnetic parameters for the above

Fig. 2. Expanded 2nd derivative experimental mj =
+3/2 component
(
~) paired with
simulation (-••-) for the monomeric species CuGlyHis at: a) X-band, b) S-band.

The procedure proposed [23] is based on
the relative intensities of the patterns of the
three center lines in order to discriminate
between three and four nitrogen
coordination. The simulations are adjusted
until the best fit is obtained. In this case a
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three nitrogens coordination (amino,
peptide and imidazole) from the ligand
molecule accounts for a very stable
monomeric species. The process of
simulation was initiated by reading the
approximate values of all parameters from
the spectra. The g-tensor values were
adjusted by fitting the spectra at X-band
with the highest sensitivity to these
changes. The simulations for liquid phase
EPR spectra started with a Monte Carlo
calculation method. This method randomly
varied selected spectral parameters within
defined limits in order to fit experimental
data. When a good fit was obtained at one
frequency the magnetic parameters were
tested at the other frequency and the
parameters were varied by an iterative
process until the best fit was obtained in
the X- and S-bands for the two physical
states of the samples. The use of second
derivative displays was a crucial step in
obtaining a good set of parameters. In
Fig. 2, second derivative, (or second
harmonic), display emphasizes sharp
features and discriminates against broad
features. This display is particularly useful
for analyzing superhyperfine patterns.
Shoulders in the spectrum become peaks
with precisely defined turning points that
are useful for accurate measurements of
coupling constants. The correlation times
(xc) reported in Table 1 are consistent with
the proposed speciation at pH=7.3.
Despite the fact that HisGly is chemically
similar to GlyHis, ESR spectra obtained
under similar conditions are strikingly
different. The relative parameters are
reported in Table 1. A big difference in
Ai so is evident: 54.4 G for Cu-(HisGly)2
and 80.4 G for Cu-(GlyHis)2. Data
obtained at low temperature confirmed this
assignment. In the case of the Cu-HisGly
complex, if excess HisGly is present, there
may be bis-complex formation in which
deprotonation of the peptide-NH linkage
is suppressed [24]. Voelter et al.
confirmed this hypothesis with 13 C NMR
experiments at pH 7, at which the glycine
moiety is not involved in copper ligation
[25]. The ligation is pure histamine-like
coordination with two imidazole nitrogens
and two amine nitrogens in the first
coordination sphere of copper. This
arrangement is in agreement with the EPR
results previously obtained for histidine
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[17,18]. In fact in the case of Cu-HisGly,
the carboxyl group is blocked by peptide
bonding in favour of a total histamine-like
coordination whereas in the histidine
complex a mixture of histamine-like
glycine-like structures has been proposed
on the basis of experimental findings
[17,18,25].
Fig. 3 shows the ESR spectra obtained for
Cu-Carn with a 1:2 molar ratio at pH=5.6
paired with its simulation.

Fig. 3. Experimental ESR spectrum for Cu-Carn at pH
= 5.6 (——) paired with simulation

(-•-).

Low pH was explored because at pH=7 a
very distorted ESR pattern, previously
attributed to a predominant dimeric
species, is obtained. If we increase the
ligand concentration up to 1:100 molar
ratio, a very different spectrum arises
which is shown in Fig. 4 with its
simulation.

Fig. 4. Experimental Cu-Carn ESR spectrum (
)
for
1:100
molar ratio paired
with
simulation ( - • - ) .

This spectrum is attributed to the Cu(Carn)4 complex and has very different
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magnetic parameters. In this case, our data
confirms results reported in the literature
[26] for experiments at low temperature.

4 Conclusions
The ESR features of the above copperdipeptide complexes show very different
coordination behaviour for homologue
Species under similar solution conditions.
At physiological pH, the predominant
histidine species present in solution are a
histamine-like and a mixed histamine-like
glycine-like complex. Under the same
conditions HisGly only shows the
histamine-like coordination whereas for
GtyHis, two species (monomeric and the
bis-complex) characterized by different
magnetic parameters occur simultaneously.
For Carnosine, a dimeric species is
dominant and is possibly in equilibrium
with a monomeric form.
A good characterization of the real species
present in solution can be achieved only by
exploiting the sensitivity of a computer
aided multifrequency ESR approach. A
crucial role is played by a procedure based
on the high selectivity of the second
derivative display.
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