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Stability constant values and bonding details of the copper(i1) complexes of the B-cyclodextrin functionalized with
the carnosine dipeptide (B-alanyl-L-histidine) at its narrow (CDAHO6) or at its wide (CDAH?3) rim were determined
in aqueous solution. The potentiometric and spectroscopic data (UV-vis, CD and EPR) show that the involvement
of a secondary OH group induces drastic differences in the coordination properties of CDAH3, in comparison with
those of CDAHG6. Direct and indirect assays were carried out showing that the copper(i1) complexes with the two
cyclodextrin derivatives are SOD-mimics with high catalytic activity. In addition the complex species are scavenger
compounds towards "“OH radicals, giving rise to a particular kind of copper(i1) complexes with a combined activity

against two toxic radical species, O,"~ and "OH. The cyclodextrin moiety contributes to the scavenger activity,
without damaging the cellular membranes of neuronal and red blood cells.

Introduction

Carnosine, a naturally-occurring dipeptide (B-alanyl-L-
histidine) was described in 1900 by Gulewitsch and Amiradzi.'
Present in several mammalian tissues, including skeletal muscle
and the brain (up to 20 mM in humans),>”’ carnosine is
synthesized by carnosine synthetase® from its component
amino acids and it is degraded by carnosinase® and not readily
attacked by specific peptidases.!” Many homeostatic and pro-
tective functions have been described,! including antioxidant
and free radical scavenging properties.'*!* It has also been
suggested that carnosine may play a role in copper metabolism
in vivo and its chelating ability to copper(ir) has been invoked to
explain partly its protective activity against the copper-
mediated neurotoxicity of neurons and other biomolecular tar-
gets,"*5 but the chelation of the copper(i) is not detrimental to
the scavenging ability of the dipeptide.'®

Recent evidence suggests that carnosine can inhibit the
aggregation of amyloid peptide'” and that the toxic effects of
amyloid peptide can be prevented or reduced by carnosine.'®
However, exogenous carnosine entering the organism intra-
venously, intraperitoneally, with food or topically to the eye, is
not accumulated by the tissues but is excreted in the urine
or destroyed by carnosinase, present in blood plasma, liver,
kidney, brain and other tissues except muscle.'**” More recently,
N-a-acetylcarnosine has been proposed as a prodrug for
L-carnosine, showing a digestion rate lower than that of
carnosine.!

B-Cyclodextrin (B-CD) derivatives have been synthesized to
be used as drug carriers both as inclusion complexes and as
functionalized derivatives. Recently, biological peptides have
been grafted onto CDs both to increase their solubility and to
reduce their enzymatic digestion rate with proteases.’>** With
this in mind, some carnosine-containing B-CDs have been

T Electronic supplementary information (ESI) available: Tables S1-S5
and Figs. S1-S3: additional experimental and calculated data. See http:/
/www.rsc.org/suppdata/dt/b3/b308168k/
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synthesized and their ability to scavenge "OH radicals has been
determined.**

This paper reports a complete characterization of two
previously synthesized carnosine derivatives, the 6-deoxy-6-(j3-
alanylhistidyl)-B-cyclodextrin (CDAHG6) and the 3“(R)-deoxy-
3*(R)-(B-alanylhistidyl)-24(S)-B-cyclodextrin (CDAH3). The
different conformations of the CD-carnosine derivatives,
obtained by NMR measurements at different pHs, were corre-
lated with the proton complex constant values, determined by
means of potentiometric measurements. EMF measurements
were also carried out to obtain the copper(ir) complex stability
constants at 25 °C and = 0.1 mol dm™ (KNO;). The different
metal complex species were characterized by means of UV-vis,
CD and EPR spectroscopic measurements, pointing out
the role played by the OH groups of the wide rim of the CD
moiety. Direct and indirect assays were carried out to prove the
catalytic SOD-like and "OH scavenger activities of the species
existing in the experimental conditions of the in vitro assays.
The speciation, obtained on the basis of the stability constant
values, allows correlation of the antioxidant activities with the
coordination environment of the metal complexes and with the
conformation of the ligands. The protective effects of the
copper(ir) complexes with CD-carnosine derivatives were
determined in the presence of different kind of cells, showing
that CD moiety is not toxic for the cellular membranes.

Experimental
Materials

B-Cyclodextrin was purchased from Fluka and carnosine from
Sigma; anhydrous N,N-dimethylformamide was purchased
from Aldrich. They were used without further purification.
Thin Layer Chromatography (TLC) was carried out on silica
gel plates (Merck 60-F254). CD derivatives were detected on
TLC by UV and by the anisaldehyde test or by the Pauli test for
the derivatives of carnosine. The synthesis of the ligands (purity
higher than 99%) were carried out as reported elsewhere.**
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Copper(1) nitrate was prepared from copper(ir) basic
carbonate by adding a slight excess of HNO;. The concen-
tration of stock solutions was determined by EDTA titrations
using murexide as indicator.® The excess HNO,; was deter-
mined by Gran’s method?® and by the ACBA computer pro-
gram.”” Stock solutions of HNO; and KOH were standardized
by titration with primary standard tris(hydroxymethyl)amino-
methane (THAM) and potassium hydrogen phthalate, respect-
ively. Potassium nitrate (Suprapur Merck) was used without
further purification. All solutions were prepared with doubly
distilled water. Ketoprofen (KPF) sodium salt dihydrate and
superoxide dismutase (SOD) were obtained from Sigma. All
reagents were of analytical grade, unless otherwise stated.

Phosphate-buffered saline (Suprapur Merck) (PBS, pH 7.4)
consisted of a 1 x 107> mol dm* phosphate buffer and 0.135
mol dm~* NaCl solution. Red blood cells (RBCs) were prepared
from samples of out-of-date (not more than 15 days from the
date stated) packed human erythrocytes, supplied by the local
blood bank, by washing them 4 times with 10-fold volume of
PBS, each time centrifuging the cells at 2500g for 15 min and
carefully removing the supernatant. Erythrocytes from out of
date packed cells gave reproducible results over many days.?®

Spectroscopic measurements

'"H NMR spectra were recorded at 25 °C in D,O at the native
pH and after adding of the stoichiometric amount of DCI or of
NaOD. The spectra were carried out with a Varian Inova 500
spectrometer at 499.883 MHz. The 'H NMR spectra were
obtained by using standard pulse programs from the Varian
library. In all cases the length of 90° pulse was ca. 7 us. 2D
experiments were acquired using 1K data points, 256 incre-
ments and a relaxation delay of 1.2 s. T-ROESY spectra were
obtained using a 300 ms spin-lock time. *C NMR spectra were
recorded at 25 °C in D,O with a Bruker AC-200 spectrometer at
50.9 MHz. DSS was used as external standard.

EPR spectra were recorded on a Bruker ER 200D X-band
spectrometer driven by a Bruker ESP 3220 data system
equipped with standard low-temperature apparatus. All spectra
were recorded at 150 K using quartz tubes with 3 mm inner
diameters. The microwave frequency was calibrated with the use
of powdered DPPH samples (g = 2.0036), while the magnetic
field was carefully measured during each spectrum scan by
means of a Bruker gauss meter, type ER 035 M.

Solutions of *Cu(NO,), (2 mmol dm~?) and ligand in water—
methanol (95 : 5), adjusted to the required pH, were used to
record the EPR spectra. Solutions containing 10% in methanol
were used in the presence of 1-adamantanol. For copper(ir)
complexes with CDAH3 as ligand the g, and A, values were
taken directly from the experimental spectra. For CDAHG6, the
parallel spin-Hamiltonian parameters were calculated using the
GNDIMER program, which uses the dipole—dipole as the only
source of anisotropic coupling between the two copper ions.”

Electronic and CD spectra were recorded on a Hewlett-
Packard HP 8452 spectrophotometer and a JASCO J-810
dichrograph, respectively. Calibration of the CD instrument
was performed with a 0.06% solution of ammonium cam-
phorsulfonate in water (Ae = 2.40 M~ cm™" at 290.5 nm). The
spectral range between 200 and 700 nm was covered by using
quartz cells of various path lengths. Dilution of the solution
was therefore not required. Results are reported in terms of ¢
(molar adsorption coefficient) and Ae (molar CD coefficient) in
M 'cm™.

EMF Measurements

Potentiometric titrations were performed with a computer-
controlled Metrohm digital pH meter (Model 654) and
Hamilton digital dispenser (mod microlabm). The titration cell
(2.5 ml) was thermostated at 25.0 + 0.2 °C and all solutions
were kept under an atmosphere of argon, which was bubbled

through another solution at the same conditions of ionic
strength and temperature. KOH solution was added through a
Hamilton burette equipped with 0.25 or 0.50 cm?® syringes. The
combined microelectrode (ORION 9103SC) was calibrated on
the pH = —log[H "] scale by titrating HNO; with CO, free base.
The ionic strength of all solutions was adjusted to 0.10 mol
dm™® (KNO;). The analytical concentrations of Cu** were
varied from 1.5 X 107 to 7.5 x 107* mol dm™*. Four different
ligand to metal ratios (between 2.7 : 1 and 1 : 1.5) were
employed. Other details were as previously reported.*

Calculations of the electrode system, E° values and ligand
purity were performed by the least-squares computer program
ACBA.” The HNO;, excess in metal stock solutions was deter-
mined by Gran’s method.?® Calculation of the formation con-
stants of the copper(11) complexes were performed by means of
the least-squares computer program SUPERQUAD.*' The
species distribution as a function of pH was obtained by using
the computer program DISDI.*

Superoxide dismutase indirect assay

SOD-like activity was determined by the indirect method of
Nitro Blue of Tetrazolium salt (NBT) reduction.®® Solutions
containing Cu(NOj;), (107°-1077 mol dm™?) and the ligand in
phosphate buffer (5 x 107 mol dm™, pH 7.4) were used. The
ligand was used in a range of large ligand/metal ratios (from
1 : 1 to 1000 : 1). The superoxide anion was enzymatically
generated by the xanthine-xanthine oxidase system and
spectrophotometrically detected by monitoring the formation
of the reduced reporter molecule which absorbs at 560 nm.

An appropriate amount of xanthine oxidase was added to
2 ml of reaction mixture (NBT 5 x 107 mol dm 3, xanthine
5 x 107 mol dm™*, in phosphate buffer 5 x 107 mol dm™ at
pH 7.4) in order to cause a AAsq nm min~' of 0.024. This corre-
sponds to an O,"” production rate of 1.1 x 107® mol dm™*
min~'. The NBT reduction rate was measured in the presence
and in the absence of the investigated complexes for 300 s. All
measurements were carried out at 25 + 0.2 °C using 1 X 1 cm
thermostatted cuvettes. Urate production by xanthine oxidase
was spectrophotometrically monitored at 298 nm, ruling out
any inhibition of xanthine oxidase activity.

The Iy, (the concentration which causes the 50% inhibition
of NBT reduction) of copper(i1) complexes at pH 7.4 was
calculated.

Pulse radiolysis assay

Pulse radiolysis was performed by using electron pulses (=20 ns
duration) from the 12 MeV electron linear accelerator at the
FRAE-CNR Institute in Bologna. The irradiations were
carried out at room temperature, 22 * 2 °C, on samples con-
tained in Spectrosil cells of 2 cm optical path length. Solutions
were protected from the analyzing light by means of a shutter
and appropriate cutoff filters. The monitoring light source
was a 450 W Xe arc lamp. The radiation dose per pulse was
monitored by means of a charge collector placed behind the
irradiation cell and calibrated with a N,O-saturated solution
containing 0.1 mol dm™® HCO, and 0.5 x 107* mol dm™}
methyl viologen (1,1’-dimethyl-4,4'-bipyridinium dication;
MV?") using Ge = 9.66 x 107* m? J™! at 602 nm.** G(X) repre-
sents the number of moles of species X formed or consumed
per joule of energy absorbed by the system.

The radiolysis of water predominantly produces the species
shown in eqn. (1) where the values in parentheses represent the
yields expressed in terms of G-values (umol J').%

H,0 — ¢,, (0.27), "OH (0.28) and
H' (0.062), H, (0.047), H,0, (0.073), H* (0.27) (1)

Reaction of O, ~ radical with Cu—-CDAH3 and Cu-CDAHS6.
If the solutions are saturated with oxygen in the presence of
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1072 mol dm* formate ion, the following reactions take place in
the irradiated solution:

€ +0,— 0, )

H' + 0,— HO,’ 3)

HO," S H' + 0, pK, = 4.69 @)
"OH + HCOO™ — CO,"~ + H,0 )
CO,” +0,— CO, + 0, 6)

Under these experimental conditions the superoxide radical
anion is generated within less than 1 ps after the pulse, with a
yield of 0.61. Since the dose used was ~16 Gy, the concentration
of O,"” was =107 mol dm™. The characteristic absorption
band of O, ™ in the UV region* enables the direct measure-
ments of its decay at 250 nm.

Reaction of "OH radicals with Cu—-CDAH3 and Cu—-CDAH6.
Samples containing either Cu—CDAH3 or Cu-CDAHG6 were
irradiated after saturating the aqueous solutions with N,O.
Under these experimental conditions the e,,~ are converted into
‘OH according to reaction (7)

€y +NO+H,0—"OH+OH +N, (7

and the yield of this species increases to ca. 0.55. Since the dose
used in our experiments was ~16 Gy, the concentration of ‘OH
generated is 107> mol dm .

The error in catalytic constants is 15%.

Photohemolysis assay

Irradiation for photohemolysis tests was performed using a
Rayonet photochemical reactor equipped with eight “black
light” phosphor lamps with an emission in the 310-390 nm
range with a maximum at 350 nm. The incident photon flux on
3 ml of investigated sample in quartz cuvettes (optical length
1 cm) was 6 x 10'® quanta s™', which is of the same order as the
solar fluence incident on skin. A “merry-go-round” irradiation
apparatus was used to ensure that all parallel samples received
equal radiation. The experimental procedures of irradiation
and the light intensity measurements have previously been
described.”

Photohemolysis experiments were carried out with red blood
cell (RBC) suspensions in the presence of ketoprofen (KPF)-
containing copper(i1) nitrate (1071077 mol dm™®) and CD
derivatives in a 2 : 1 ratio with respect to the copper(1r) ion; the
metal ion and the ligands were premixed. In all experiments,
the KPF concentration was equal to 4 x 107> mol dm,
which corresponds to the value used in previous photo-
sensitization experiments *® and very close to blood serum KPF
levels after oral administration.? After the addition of RBCs,
the samples were irradiated using the UVA source previously
described.

Photohemolysis experiments were carried out in PBS
by measuring the decrease in the absorbance at 650 nm as a
function of time, measured from the beginning of the irradi-
ation (delayed hemolysis time), since the optical density due
to scattering cells is linearly proportional to the number of
intact RBCs.* All the photohemolysis values were obtained by
analysis of a sigmoidal Boltzman fit.

Each series of tests was performed with aliquots from the
same sample of blood. Results were expressed as a percentage
of total hemolysis by comparison with a sample in which the
cells had been completely hemolyzed by brief sonication. The
irradiation time ranged between 5 and 10 min and the delayed
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semihemolysis times (Z5,) were in the range 40-350 min. No lysis
was observed during this time when cells were irradiated in the
absence of the photosensitising drug and/or metal complexes or
incubated with these compounds in the dark.

An absorbance of 0.5 corresponded to 3.3 x 10° cells ml™'.
From the ratio between the 75, values in the presence and in
the absence of the copper(i1) complexes a protection factor F
was calculated. This factor is independent on the irradi-
ation time and the use of different blood samples gave repro-
ducible results. Further details can be found in previous
papers.’4!

Exicitotoxicity assay

Mixed cortical cell cultures containing both neurons and
astrocytes were prepared from fetal mice at 14-16 d of
gestation, as described previously.* Cultures were kept at 37 °C
in a humified 5% CO, atmosphere. After 3-5 d in vitro, non-
neuronal cell division was halted by 1-3 d exposure to 10 uM
cytosine-B-arabinoside, and cultures were shifted to a mainten-
ance medium identical to plating medium but lacking fetal
serum. Subsequent partial medium replacement was carried out
twice a week. Only mature cultures (13-14 d in vitro) were used
for the experiments.

Brief exposure to 1 X 107* mol dm ™ NMDA (10 min), in the
presence or absence of ligands and respectively copper(ir) com-
plexes (all solutions 1 x 107* mol dm™), was carried out in
mixed cortical cultures at room temperature in a HEPES-buff-
ered salt solution containing (in mmol dm~3): 120 NaCl, 5.4
KCl, 0.8 MgCl, 1.8 CaCl,, 20 HEPES, 15 glucose. After 10 min
(NMDA) the solutions were washed out, and cultures were
incubated at 37 °C for the following 24 h in medium stock (MS)
(MEM-Eagle’s supplemented with 15.8 x 107° mol dm™
NaHCO; and glucose <25 x 107° mol dm ). At the end of the
incubation, neuronal degeneration was examined by phase-
contrast microscopy and quantified after staining with trypan
blue. Stained neurons were counted from three random fields
per well.*?

Results and discussion

Conformational analysis of unprotonated and protonated
CDAH3 and CDAHG6 species

CDAH3. The NMR spectra of CDAH3, in the native
zwitterionic form have previously been described.* A rigid dis-
position of the chain, due to the self-inclusion of the imidazole
residue, has been found. At basic pH, the CH, protons beta to
the amino group, diastereotopic at pH 7, became equivalent
and appear as a triplet at 2.32 ppm. The a-CH, protons remain
diastereotopic at 2.62 and at 2.79 ppm. The evident up-field
shift of the ethylenic protons is due to the deprotonation of the
NH group. The signals due to the 3A and 4A are up-field
shifted at 2.73 and at 3.91 ppm as a consequence of deproton-
ation. The molecule becomes more asymmetric and six groups
of signals appear in the H-1 region. The coupling constant
values between H-1A and H-2A (Jj 5o = 7 Hz) and between 2A
and 3A (J,, 34 = 10 Hz) indicated that 1A, 2A, 3A protons are
axial. Furthermore, the coupling constant value for H-3A with
H-4A (J34 44 = 3.5 Hz) indicated an equatorial orientation of
the H-4A proton. These data, compared with the calculated J
for D-glucopyranosid rings, suggest that the altrose residue is in
1C, = %S, conformational equilibrium shifted towards the 'C,
conformation, as typically described for this class of com-
pounds.**=* The involvement of the NH in the H-bond form-
ation, in a similar way of the native CD, can be hypothesized as
found for similar CD-derivatives.*’*® The diastereotopicity of
the protons of the ethylenic chain of carnosine, especially of the
a-CH,, suggesting the rigidity of the chain, is in keeping with
this hypothesis. The ROESY spectra show cross-peaks between



the H-2 and H-5 protons of imidazole and the H-3,5,6 region
and between H-2 and H-5A, as in the case of the spectra of the
zwitterionic form. This indicates the self inclusion of imidazole
in the cavity, thus the protonation of the amino group does not
influence the interaction of the heterocyclic ring with the CD
hydrophobic cavity.

At basic pH and at native pH, where the self-inclusion of
imidazole ring is observed, the addition of 1-adamantanol
(1-ad) induces evident modification to the spectra, especially in
the region of the chain and the altrose unit. It is evident that the
CH, protons beta to the amino group are not diastereotopic,
differently than in the CDAH3 alone at the same pH, in keeping
with the freedom of the chain.

The ROESY spectra indicate that the 1-ad is included in the
cavity, replacing the imidazole ring. The presence of 1-adam-
antanol also induces some modification of the chemical shifts
of the altroside residue. The H-3A and H-5A protons are at
2.73 ppm and at 3.98 ppm. The H-5A is up-field shifted by as
much as 0.22 ppm, suggesting an orientation of the 5A inside
the cavity rather than outside as in a 'C, conformation. The
Jiaaa and Jy, 54 18 5 Hz, higher than the CDAH3 without 1-ad,
while the J, ,4 is not changed (7 Hz). This modification could
suggest a different contribution of the conformers in the equi-
librium 'C, < °S,.*

The conformational modification of the altrose residue,
induced by a guest, could modify the coordination ability and
the complexing features of the set of donor atoms involved in
the complexation with the metal ion, as previously reported for
similar systems.*”*®

The 'H NMR spectra, at acid pH, show the shift of some
protons. The ethylenic protons are further down field shifted
because the amino group is completely protonated. The imid-
azole protons are down shifted in keeping with the protonation
of imidazole nitrogen. The coupling constant value between
H-1A and H-2A (J,4 4 = 6.5 Hz) indicates that 1A, 2A protons
are axial, suggesting the 'C, < °S, conformational equilibrium
exists but a larger amount of °S, can be hypothesized in com-
parison with the unprotonated forms, similar to the inclusion
complexes with 1-ad. The ROESY spectra of the CDAH3 at
acid pH, do not show NOE-correlation between the imidazole
ring and the CD protons. This indicates that the self inclusion
of the heterocyclic ring is unfavored by the protonation of
imidazole residue.

CDAH6. The NMR spectra, at native pH, have previously
been discussed,? excluding the inclusion of imidazole in the
cavity. The 'H NMR spectra of CDAHS6 in the presence of 1-ad
were now carried out and no evident modification was
observed.

At basic pH, the ligand is deprotonated and an evident
downfield of SA at 3.88 ppm and of 6A at 2.91 and 2.68 ppm is
observed. Also the ethylenic chain protons are shifted up-field,
especially the a-CH, protons. This shift is in keeping with the
deprotonation of the amino group. The ROESY spectra suggest
that no interaction of the chain with the cavity exists, differently
from the CDAH3. The high multiplicity of the signal due to
protons of the ethylenic chain, especially of the  protons to the
amino group, could suggest the involvement of the peptide
chain or of the imidazole ring in the hydrogen bonding form-
ation with the OH groups of narrow rim. The spectra, at acid
pH, show the downfield shift of the imidazole ring protons,
in keeping with the protonation of imidazole. The $-CH, and
a-CH, are now evidently diastereotopic suggesting that the pro-
tonation of imidazole ring seems to induce the rigidity of the
chain. The ROESY spectra do not show NOE peaks between
the chain and the H-3 and H-5 CD protons. This stiffening is
not due to the self-inclusion of carnosine chain. Thus the pro-
tonated imidazole could interact more than the unprotonated
form with the 6-OH rim forming hydrogen bonds as reported
for similar systems.*>

Table 1 Stability constant values for proton complex formation of
AH, CDAH6 and CDAH3 at 25 °C and I = 0.10 mol dm™* (KNO;)
(30 in parentheses)

Equilibrium logK

AH™ + H" = AH 2.57(1)
AH + H" = AHH)"* 6.78(1)
AHH)" + H" = AH(H),** 9.40(1)
CDAH6~ + H" = CDAH6 2.66(3)
CDAH6™ + H* = CDAH6(H)* 6.60(2)
CDAH6(H)" + H" = CDAH6(H),** 7.69(2)
CDAH3™ + H" = CDAH3 2.62(1)
CDAH3 + H" = CDAH3(H)"* 6.47(2)
CDAH3(H)" + H" = CDAH3(H),** 7.47(2)

Proton and copper(i1) complexes: formation and bonding details

The formation reaction equilibria of the ligands with protons
and copper(1l) ions are given in eqn. (8), where L is the anion
form of CDAH6 or CDAH3 (for the sake of clarity, charges on
the copper(11) complexes have been omitted)

mCu®* + /L + hH < Cu, LH, (8)

m

The stability constant f,,, is defined in eqn. (9)
B = [Cu, L H)/[Cu]"[L]H]" ©)]

Analysis of the titration data for CDAH6 and CDAH3,
in the absence of copper(mr), provides the formation constants
for amino and imidazole nitrogen protonation as well as for
carboxylate group (eqns. (10)—(12))

L~ +H" S HL (10)
HL + H* S H,L* (11)
H,L* +H® < H,L** (12)

The proton complex formation constants, determined in
this study, are given in Table 1 together with those found for
carnosine (AH).

The equilibria necessary to fit the experimental titration
curves for the solutions of copper(ir) complexes formed with
the CDAH ligands under study are given in eqns. (13)—(16).

Cu** + HL < [CuLHP* (13)
Cu®* + L S[Cul]* (14)

Cu*" 4+ L <[CuLH_]+ H" (15)
20w + 2L SS[Cu,LH ] + 2H" (16)

Two additional equilibria were needed for CDAH3 (eqns.
(17) and (18))

Cu** + 2L~ S [CuL,] (17)

Cu** + L” S[CulLH_,]” +2H" (18)
the [CuL,] complex being a minor species.

The stability constant values of the copper(i1) complexes of
CDAH6, CDAH3 and AH are reported in Table 2.

The attachment of carnosine to the B-CD changes signifi-
cantly the protonation constants of the amine nitrogen of the
two isomers. Their log K values are nearly 2 logarithmic units
lower than the log K value pertinent to the amino group of AH.
Comparing the basicity of the histidine imidazole nitrogens,
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Table 2 Stability constant values for copper(i1) complexes of AH,
CDAH6 and CDAH3 at 25 °C and I = 0.10 mol dm~* (KNO;) (35 in
parentheses)

Equilibrium logp
Cu®* + AH = [Cu(AH)P** 13.54(3)
Cu®* + AH = [Cu(AH)]" 8.49(5)
Cu®* + AH = [Cu(AH)(H_))] + H* 2.98(5)
2Cu?" + 2AH = [Cuy(AH),(H_,)] + 2H" 8.06(6)
2Cu*" + AH™ =[Cuy(AH)(H_)]*" + H* 5.35(8)
Cu?* + CDAH6 = [Cu(CDAH6)** 11.58(2)
Cu?* + CDAH6 = [Cu(CDAH6)]" 6.92(2)
Cu** + CDAH6~ = [Cu(CDAH6)(H_))] + H* 1.3(2)
2Cu?* +2CDAH6 = [Cu,(CDAH6),(H_,)] + 2H" 6.33(3)
Cu?* + CDAH3 = [Cu(CDAH3)]** 11.68(1)
Cu?* + CDAH3™ = [Cu(CDAH3)]* 8.33(1)
Cu?" + 2CDAH3™ = [Cu(CDAH3),] 12.73(5)
Cu** + CDAH3™ = [Cu(CDAH3)(H_))] + H* 2.83(2)
2Cu?" +2CDAH3™ = [Cu,(CDAH3),(H_,)] + 2H" 7.77(3)
Cu** + CDAH3™ = [Cu(CDAH3)(H_,)]” + 2H* —3.95(2)

slight differences can be observed, while the protonation con-
stant values of the carboxylate groups do not show appreciable
differences.

Thermodynamic data for proton complex formation of
3-functionalized CDs are scant. Previous data concerning
the 3*-deoxy-3*-(2-methylaminopyridine)-24(S),3*(R)-B-cyclo-
dextrin and the 3“-[1-(2-amino)ethylamino]-34-deoxy-24(S),
34(R)-B-cyclodextrin showed logK values of amino group
protonation lower than those of the parent molecules, the dif-
ferences being higher than 2.5 logarithmic units.*”*® In these
functionalized B-CDs, the NH group replaces one 3-OH group
usually involved in a network of H-bonding with the 2-OH
group. The basicity decrease was attributed to this replacement,
with the lone pair of amine nitrogen less available to interact
with the hydrogen ion.*’*® The NMR data of CDAH3 and pre-
vious results on similar systems,*® at basic pH, indicate that
also the amino group of carnosine is involved in the H-bonding
network of the wide rim of the macrocycle, explaining the
observed decrease of basicity. NMR spectra give information
not only about the initial state of the molecule (unprotonated
species), but also of its final state (protonated species). The
protonated amine group appears to be involved in a non-
covalent interaction. This contribution could counterbalance
the less favorable initial state for the proton complex formation.
The possible favorable (enthalpy) contribution should be com-
pensated by the unfavorable (entropy) contribution due to the
stiffening effect caused by the additional constraint. These
opposite effects can explain the resulting basicity decrease.

NMR spectroscopy permitted the determination of the dis-
position of imidazole ring with respect to the cavity. At basic
pH, the heterocyclic residue is inside the hydrophobic cavity.
Due to the proton complex formation, the hydrophobic inter-
action is lost because the protonated imidazole leaves the cavity.
The favorable contribution of the interaction of lone pair of
imidazole nitrogen with the hydrogen ion is counterbalanced by
the unfavorable contribution due to the removal of hydro-
phobic interaction with the cavity. The more or less equal con-
tributions result in the slight decrease of imidazole basicity in
CDAHS3 in comparison to AH.

The decrease of the amino nitrogen basicity has been found
for a number of aliphatic and heterocyclic diamines attached to
the narrow rim of the B-CDs by means of the primary amine
nitrogen.>'->* The existence of an intrachain hydrogen bonding,
the interaction with the primary OH groups of the rim as well
as the steric and hydrophobic effects of the cavity have been
used to explain the lower basicity in comparison with the parent
ligands.**-** The NMR spectra of CDAHG6 at different pH, do
not give evidence of an intrachain interaction for the proton-
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ated and unprotonated amino nitrogen species. The basicity
decrease of CDAHG6 can be attributed to the breaking of a
hydrogen bonding of the NH group with primary OH residue.

The logK value of the imidazole nitrogen protonation of
CDAHG6 is only 0.18 logarithmic units lower than that for the
same protonation centre of AH. The NMR data show that the
heterocyclic residue is placed on the rim, probably interacting
with the OH residues of the rim. The protonation complex
formation results in a stiffening of the chain. The two opposite
effects can explain the slight variation of the log K value in
comparison to the parent system.

Different species distribution profiles have been obtained for
copper(i) complexes of CDAH6 and CDAH3 in the pH range
studied (Figs. 1 and 2). At physiological pH, the main species of
copper(11)-CDAH3 system is the monomeric [Cu(CDAH3)H_,]
complex, while the prevailing complex of copper(1)-CDAH6
system is the dimeric [Cu,(CDAHG6),H_;] species. The
copper(1) complexes of CDAHG6 are less stable than the analo-
gous species of AH. The differences in the stability constant
values parallel the difference in the amine nitrogen protonation
constants. Thus the same donor atoms are involved in the
coordination to copper(11).

100

80

60

40

20

% formation relative to Cu

Fig. 1 Species distribution diagram for the copper(1i1)-CDAH3 system
(1 : 1), G = 32 mmol dm™*. 1 [Cu*]; 2 [Cu(CDAH3)P*"; 3
[Cu(CDAH3)]"; 4 [Cu(CDAH3)H_,J; 5 [Cuy(CDAH3),H ,]; 6
[Cu(CDAH3)H ,] .
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Fig.2 Species distribution diagram for the copper(i1)-CDAH6 system
(I : 1), C, = 32 mmol dm™> 1 [Cu®*]; 2 [Cu(CDAH6)**; 3
[Cu(CDAHG6)]*; 4 [Cu(CDAH6)H _,]; 5 [Cu,(CDAH6),H _,].

The UV-vis and CD data, previously reported,> support this
hypothesis that has been verified by the EPR parameters
determined for the dimeric species. The spectrum of [Cu,-
(CDAH6),H_,] complex, obtained at pH = 7, exhibits Am =
1 transition resolved into a seven line pattern with apparent
intensities of 1 : 2:3:4:3:2:1 and a peak-to-peak width
of about 80 Gauss, this pattern arises from coupling of two
copper(1r) nuclei (/= 3/2) of a dimeric species and it is similar to
the spectrum of the [Cuy(AH),H_,] obtained in the same
experimental conditions (see Table S1, ESI1).% On the basis of
the magnetic parameters of [Cu,(AH),H_,] species, the struc-
ture of this complex has been assessed:*”*® each copper ion
is chelated by amino and amide nitrogens and a carboxylate



N

-

Fig. 3 Tentative structures of (a) the [Cu,(CDAH6),H

oxygen of one ligand, with a coordination environment
featuring two five- and six-membered chelate rings, while the
imidazole 3-nitrogen of an other ligand molecule binds the
copper(1) ion in the equatorial plane. A similar structure can be
proposed for the analogous copper(i1) complex with CDAH6
(Fig. 3(a))

The increase in g, and the decrease in A, values for the
[Cu,(CDAHG6),H _,] complex, in comparison with the magnetic
parameters of the [Cu,(AH),H_,] species, indicate a decrease
of the strength of the equatorial field. This is due both to
the decreased basicity of the amino group in the complex of
the B-CD derivative and to a slight distortion from a square
planar geometry caused by the steric hindrance of the macro-
cyclic moiety. The imidazole rings bridging the two molecules
probably causes a distortion of the coordination geometry
(Fig. 3(a)). The previously reported red shift of the d—d transi-
tion band and the increase in the ¢ value*®® in comparison with
the value pertinent to the copper(i1) complex with the parent
ligand,* support this conclusion.

The stability constant values for copper(ir) complexes of the
CDAH3 ligand are not different from those of the analogous
species formed with AH. The different basicity of the amine
group of CDAH3 is reflected only in the monoprotonated
complex [Cu(CDAH3)]** for which the involvement of
the amine nitrogen results evident. To rationalize the trend
observed for the other complexes, in comparison with those of
the parent ligand, the coordination of additional donor atoms
should be considered. The logK value of [Cu(AH)]* species,
larger than that of other similar dipeptides, has been explained
assuming that the coordination environment in the AH
copper(11) complex was formed by a chelate ring between the
amine nitrogen ed the deprotonated amide nitrogen, with the
contemporary protonation of the histidine imidazole nitro-
gen.*®> The same donor atoms could be bound to copper(1) in
the [Cu(CDAH3)]" complex, with the formation of one further
chelate ring involving the rim OH group that is coplanar with
the NH residue. This additional chelate ring formation can

c) | Nfo-

bu- N

\

-

-
-

_,], (b) [Cu(CDAH3)(H_,)] and (c) [Cu(CDAH3)(H_,)]” complexes.

counterbalance the lesser tendency of amine group lone pair to
interact with the metal center in comparison to that of the
amine group of AH. The spectroscopic data are characterized
by: (i) d-d transitions at 620 nm in the absorption spectrum
(blue shifted in comparison to that of [Cu(AH)]" species with
Jmax = 630 nm and ¢ = 38 M~! cm 71),* (ii) the CD spectrum
which exhibits the charge transfer bands due to NH — Cu**
(Amax = 268 nm), N~ — Cu?" (306 nm), OH — Cu?* (A, = 500
nm); these spectroscopic data clearly support the coordination
environment suggested on the basis of log K values (Table 2).

The g, and 4, values (Table 3) are typical for a square planar
geometry.® By adding 1-ad to a solution containing the [Cu-
(CDAH3)]" species (pH = 4.5), the EPR spectrum shows the
signals typical of dimeric species (data not reported), that is the
formation of [Cu,(CDAH3),H_,] is favored. The guest substi-
tutes the imidazole ring inside the cavity and the copper bond
with the OH group is broken. The CD data are consistent with
this change of the set of donor atoms. In fact, by adding the
I-adamantanol the OH — Cu?" CT band at 500 disappears,
and the CD bands in the visible region are similar to those
found in the dimeric species of copper complex with AH, even
if the 4,,,, = 603 nm (¢ = 160) value is shifted to a longer wave-
length.®* The involvement of OH group in the copper(ir)
coordination group can be used to explain the similarity of
log K values for the monodeprotonated species (Fig. 3(b)), while
the [Cu(CDAH3)H _,]” complex formation could be favored by
the deprotonated OH group of the rim (Fig. 3(c)) or by the
binding of an OH™ group from a water molecule.

In the pH range from 4.5 to 7.2, EPR spectra are character-
ized by the presence of more than one species, in accordance
with the species distribution profile. As a consequence, all the
spectroscopic data cannot be used to support the bonding
details concerning the [Cu(CDAH3)H_|] and the [Cu,-
(CDAH3),H_,] species. Above pH 8, the [Cu(CDAH3)H_,]”
complex formation predominates; the blue shift of the d-d
transition in the absorption spectrum, the CT bands due to N,
— Cu* (Apax = 240), NH — Cu** (Jpax = 277), N~ — Cu®*
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Table 3 Spectroscopic data for copper(ir) complexes with CDAH3 ligand

Species UV-vis //nm &M em™! CD A/nm Ae/M ™' em™! EPR g A% 107*/em™! pH
[Cu(CDAH3)]" 205 15200 220 15.00
250 4000 268 1.40 2.235 196 4.5
620 50 306 —0.78
500 —0.14
628 —0.39
[Cu(CDAH3)]" + I-ad 205 14800 220 18.50 - - 45
243 3900 268 1.95
638 60 339 0.31
622 0.22
[Cu(CDAH3)H ] - - - - - - -
[Cu(CDAH3)H |- 240 ~1.60
595 100 277 1.90 2.225 188 8.7
325 —0.50
480 —0.06
550 0.15
630 —0.19
760 0.10
[Cu(CDAH3)H | + l-ad 215 ~1.57
595 100 241 —1.60 2.225 179 8.7
280 1.35
329 —0.25
480 —0.06
540 0.05
620 -0.35
755 0.21

(Amax = 325) and O™ — Cu*" (A, = 480) as well as the lower g
value indicate a tetragonal coordination geometry with a set of
donor atoms in the equatorial plane constituted by three nitro-
gens (NH,N",N,,) and a deprotonated OH group (Table 3).
The involvement of the hydroxyl group of the B-CD rim is
indicated by the fact that, while, up to neutral pH, the CT band
disappears by adding the 1-ad (see Table S2, ESI {), at basic pH
the CT band is not influenced; the ionized OH group gives rise
to a tight bond with the copper(i) ion. The slight decrease of
the hyperfine coupling constant (4, =188) of [Cu(CDAH3)-
H_,]” complex in comparison to that of [Cu(CDAH3)]" is
attributed to the strong bond of the negatively charged oxygen
atom, with the disposition of imidazole nitrogen not com-
pletely coplanar with the other donor atoms. The inclusion of
1-ad in the B-CD cavity does not alter the number of donor
atoms in the equatorial plane, in fact the g, value is not
modified. The A4 value decrease suggests a further distortion
of the tetragonal geometry, while the possible involvement
of the carboxylate group, perhaps in axial position, cannot be
excluded.

Antioxidant activity

Low molecular weight mimics of SOD, containing transition
metal ions, have been proposed **** to overcome the limitations
of the use of SOD enzymes as therapeutic agents and pharma-
ceutical tools.®> Cellular permeability, longer half-life in the
blood, potential for oral delivery and lower cost are the param-
eters in favor of the use of these compounds. However for these
systems, the reliability of the method employed to determine
their SOD activity is critical.

The SOD activity is principally measured by two methods:
(i) the xanthine—xanthine oxidase system, in which O, " is pro-
duced in the presence of oxygen and can be detected by reduc-
tion of cytochrome ¢ or NBT;* and (ii) the pulse radiolysis
method, in which controlled amounts of O, ™ are rapidly pro-
duced in a solution containing the enzyme and its consumption
can be followed by UV-vis spectroscopy.*

The first is an indirect method, as O, ™ scavenging is detected
by the decrease in the rate of cytochrome ¢ or NBT reduction,
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Table 4 SOD-like activity (Fridovich assay) for copper(1r) complexes
of functionalized cyclodextrins with carnosine (L/M = 1000, phosphate
buffer 5 x 107* mol dm ™, pH 7.4)

System I,“ % 107/ mol dm?
SOD 0.14

Cu-CDAH6 2.4

Cu-CDAH3 43

Cu-AH 8.0

Cu-HPO, 10.6

“ The standard uncertainties are + 20%.

while the second allows the direct measurement of O, ~
consumption.

In the indirect method, it is important to verify that there
were not interferences: (i) the complex is not participating in
the reaction with the detector molecule; (ii) it does not cause
inhibition of the xanthine/xanthine oxidase production of
0, or (iii) it does not react with H,O, or oxygen products of
self dismutation of O, . Furthermore, the initial concentration
of substrate could not be in large excess compared to that of
the putative catalyst. This can lead to a false interpretation of
catalytic activity, when there is a fast stoichiometric reaction
with superoxide. On the contrary, the pulse radiolysis method
allows precise measurements of the rate of dismutation of O, .

In this context we report the antioxidant data of these
copper(r) complexes by using both the indirect and direct
methods and, in addition, some biological tests of the com-
pounds including neurotoxicity in vitro and protection from
photohemolysis.

Table 4 reports the SOD-like activity (expressed as I5;) of the
copper(i1) complexes of the two isomers determined by the
indirect assay of NBT, and for comparison, the I, values®®
pertinent to SOD and [Cu(HPO,)].

Being aware that copper() forms labile complexes,
the stability constant values here reported were used to
obtain the concentrations of the different complex species
present in the experimental conditions of the assay, according
to the simulation approach previously reported.*’ At pH 7.4,



the [Cu(CDAH6)H_,] complex is the main species for the
Cu-CDAHG6 system, while the [Cu(CDAH3)H_,]” complex is
the predominant species for the Cu—CDAH3 system (see Table
S3, ESI ). The Iy, value indicates that the copper(11) complex of
the CDAHG6 isomer is a SOD-like compound more active than
the complex of the CDAH3 isomer, both being more active
than the [Cu(HPO,)] species and the [Cu(AH)H_,] species.

The pulse radiolysis results agree with those of the indirect
method. In the absence of copper(i) complexes the O, dis-
appearance was slow and followed second-order kinetics with
ky=10°M™'s7!, in good agreement with the literature **% (data
not shown). On the contrary, in the presence of either Cu—
CDAH3 or Cu-CDAHG6 the reaction was clearly accelerated
and the time profile for the O, ~ decay (see Fig. S1A,B, ESI¥)
was described well by first-order kinetics with pseudo-first
order rate constant, k,,, of 1.25 x 10* and 2.10 x 10° s™' for
Cu-CDAH3 and Cu-CDAHSG6, respectively. By taking into
account that the complexes concentration was lower than the
initial O,"~ concentration, it is clear that the both complexes
were functioning in a catalytic fashion. This was corroborated
by the fact that the kinetics observed did not change during
repeated electron pulses on the same solution. The second order
rate constants for Cu—-CDAH3- and Cu-CDAHG6-catalyzed
disproportionation of superoxide anion were obtained by using
eqn. (19), in according to that reported for other copper(in)
complexes with catalytic activity.®”¢®

kcat = kobs/[complex] (19)

The k., values were similar for both complexes being 2.3 X
10° and 1.9 x 10° M 57! for Cu-CDAH3 and Cu-CDAHBS6,
respectively, and did not change significantly with the complex
concentration. The results obtained account for a high super-
oxide dismutase activity of the two compounds. In fact, the
related catalytic rate constants are of the same order of magni-
tude of the native enzyme.®® Control experiments carried out
with the ligands alone up to 10 uM ruled out any effects of
these species on the rate of O, ™ disappearance.

Fig. 4 shows the transient absorption spectrum taken 6 ps
after the pulse and obtained after the reaction of "OH radicals
with a 107 mol dm™* aqueous solution of Cu-CDAH6. The
spectrum is characterized by a relevant absorption below
280 nm, a shoulder around 300 nm and a better-defined band in
the 350-400 nm region, respectively.
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0.01f Time / ps
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Fig. 4 Absorption spectrum obtained from the pulse radiolysis of

N,O-saturated 10™* M solution of Cu—~CDAHG6 and taken 6 ps after the

pulse. The inset shows the build-up monitored at 240 nm.

The shape of the spectrum obtained is very similar to that
observed in the case of the pulse radiolysis of the ligand alone
and reported in one of our recent investigations.?* This study
pointed out that both the imidazole and the B-CD subunits of
CDAHG6 behave as competitive sites for the scavenging of the

'OH radicals. The close resemblance of the transient spectra of
ligand and complex strongly suggests that also for the latter, the
above scenario may come into play. This picture rules out, of
course, any participation of the copper ion in the scavenging
process. Actually, although Cu®* could in principle quench the
"OH radical with formation of Cu®" species,””! no spectral
evidence accounting for the formation of these species was
observed. This is in good agreement with what has been
recently reported by Tamba and Torreggiani in the case of
Cu(11) complexes with carnosine.”

The time profile showed in the inset of Fig. 4 is described
fairly well by a first order fit with a pseudo-first order rate
constant, kg, ~1 X 10°s™!. A bimolecular quenching constant
kcucoans ~1 X 101 M~ s, related to the reaction of ‘OH with
Cu-CDAHG6, is obtained by using eqn. (20).

k('OH + complex) = kops/[complex] (20)

Such a value did not change significantly with the concen-
tration of the complex, confirming that under these experi-
mental conditions "OH radicals react almost exclusively with
the quencher. Furthermore, it is interesting to note that this
bimolecular quenching constant is basically similar to that
reported for the ligand alone.**

Cu-CDAH3 exhibited spectral and kinetic features similar to
Cu-CDAH6 (data not shown). Thus, the picture emerging
from these results suggests that the chelation of Cu(1) is not
detrimental for the scavenging ability of the ligand. However it
was interesting to note that the metal ion tunes the relative
distribution of "OH between the two different sites of attack
(i.e. B-CD or imidazole). We gained direct insights about the
amounts of the OH-imidazole adduct formed in each case by
subtracting from the transient spectrum of the complex, the
spectrum taken at the same dose and delay time in the case of a
10~* mol dm™* solution of B-CD alone.** The difference spectra
obtained for the two complexes, with only the contribution of
the resonance-stabilized radical formed at the level of the imid-
azole ring (see Fig. S2, ESIT), show (i) no drastic differences in
the extinction coefficient of the OH-adducts for the two com-
pounds, as reasonably expected, and (ii) the spectra are not
affected by the ground state absorption of the complexes in the
spectral region shown, so from the values of the A4 obtained,
one can readily note that the amount of the OH-imidazole
adduct generated in the case of Cu—-CDAHG6 is about 40% lower
than Cu—-CDAH3. This finding is the opposite of what is found
for the ligands themselves where the *OH exhibited higher pref-
erence for the imidazole ring of CDAH6 than the CDAH3.*
Only in the case of the Cu—CDAHG6 system, the dimeric species
(40%) (see Table S4, ESI 1) exists in the experimental conditions
of the assay. As depicted in Fig. 3(a), the structural peculiarities
of such dimer species are such that the direct attack of "OH
radical on the imidazole centers could be significantly hindered
due to steric factors. Furthermore it is also worth noting that
the formation of imidazole-OH adduct for Cu—-CDAH3 was
about two-fold higher than the ligand alone. This finding is in
good agreement with the exit of the imidazole ring from the CD
cavity upon copper complexation both in the [Cu(CDAH3)H_,]
and the [Cu(CDAH3)H_,]” species (Fig. 3(b) and (c)). In fact,
we demonstrated that in CDAH3, the imidazole moiety is
included within the CD cavity and thus it was remarkably
hindered against “OH reaction.?*

Photo- and neuro-protective activities

It is well known that Ketoprofen shows lytic action when
irradiated in the presence of red blood cells (RBCs).3"
This photosensitizing activity can be explained on the basis of
Ketoprofen photochemistry.” The photohemolysis results show
that the complexes are able to reduce the KPF induced photo-
sensitization processes in a dose-dependent way (see Fig. S3,
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ESI ). Actually, KPF alone showed a 75, ranging between 40 and
90 min (depending on the irradiation time), whereas samples of
KPF-containing the complexes show a lengthening of 5, up to
values of about 300 min. At physiological pH, the predominant
species for the two isomers are the [Cu(CDAH6)H_,] and the
[Cu(CDAH3)H_,]” complexes, respectively (see Table S5, ESI ).
The protective activities of native SOD and [Cu(HPO,)] are
reported for comparison. These latter data are in good agree-
ment with those reported elsewhere,*** excluding any effect
of the cyclodextrin cavity both on the photodegradation and
photosensitization mechanism of Ketoprofen, inasmuch as
these effects, observed in unfunctionalized cyclodextrins, occur
only at higher concentrations.”

Excitotoxicity refers to the ability of glutamate or related
excitatory amino acids, like N-methyl-D-aspartate (NMDA), to
mediate the death of central neurons after intense exposure.”
Such excitotoxic neuronal death has been involved in the devel-
opment of ischemic brain injury and the pathogenesis of other
diseases, due to oxidative stress’® and/or apoptosis.”

The addition of single ligands AH (100 nmol dm™~100 pumol
dm™?), CDAH6 (100 nmol dm>~100 umol dm~*), CDAH3 (100
nmol dm™-~100 umol dm ™) or copper ions (1-100 umol dm?)
did not affect neuronal death induced by NMDA, while a good
neuroprotective effect is observed after the addition of respect-
ive copper(ll) complexes in an analytical concentration of 100
pumol dm~ (Fig. 5). Again the CD moiety positively affects the
protective effect of copper(ir) complexes, excluding a damage to
the cellular membrane. Considering the experimental error, the
inhibition of neuronal death seems to be very similar for all
complexes, this fact is due to the typology of assay where the
role of the ROS is an important factor but not the only one.
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Fig. 5 Neuroprotective activity of ligands and copper(i1) complexes in
primary neuronal cultures in excitotoxicity assay. All solutions used are
1 x 107* mol dm™>. Values represent mean = SEM of 6-15 individual
determinations. p < 0.05 (One-way ANOVA + Fisher’s PLSD) vs. the
control (NMDA alone).

Concluding remarks

Many metal complexes are known to react with and be reduced
by superoxide or oxidized by its conjugate acid, but may never-
theless not act as a catalyst. Thus, the determination of true
catalytic superoxide reactivity is critical to the claim that a
complex is a SOD mimic.

Our data show that both the copper(i1) complexes with the
CD-carnosine derivatives are effective SOD-like compounds.
In addition to their high catalytic activity, the copper(i1) com-
plexes also display a protective action against Ketoprofen
induced photohemolysis and a neuroprotective effect with
respect to the neuronal death induced by NMDA.

The usefulness of copper(ir) complexes has been questioned
because the metal ion forms labile complexes and the reduced
species may react with H,O,, the product of dismutation of
0,"", to generate hydroxyl radicals.® The CD—carnosine deriv-
atives and their copper(i1) complexes are scavengers of "OH
radicals and spectroscopic data allows the correlation of this
activity with the structural features of the coordination com-
pounds. In fact comparing the conformation of the side chain
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moiety in the free ligand (determined by NMR) with that of
the metal bounded ligand (determined by EPR and CD), the
tuning role of the metal ion in the distribution of the "OH
between the two different sites of attack (the B-CD and the
imidazole residue) is brought to light.

The potentiometric data allows the species distribution
profiles to be obtained in the experimental conditions of the
different assays. The complex species survive in very dilute solu-
tions and the prevailing metal complexes can be determined.
This approach® can permit speculation about the structure—
activity correlation of the two copper complexes formed by
the two cyclodextrin isomers. During the catalytic process, the
copper(m) ion of SOD abandons the square planar arrange-
ment (with a water molecule in apical position) to assume a
pseudotetrahedral stereochemistry, typical of Cu(1),**® this
raises the question about obtaining a SOD-mimic in which the
ligand is able to provide a flexible coordination environment to
facilitate the redox cycle Cu(i)/Cu(1), that is a ligand with a set
of donors able to accommodate both the tetragonal copper(ir)
and the trigonal Cu(l) geometric requirements of the two
ions. The [Cu(CDAH6)H_,] complex, the main species in the
Fridovich, as well as in the photohemolysis assay, is more active
in comparison with the [Cu(CDAH3)H_,] "' complex, the pre-
vailing species existing in the same experimental assays. Due to
the coordination of the deprotonated OH group, the copper(ir)
ion experiences, in the complex with the CDAH3 derivative, a
more rigid coordination plane in comparison to that in the
complex with the CDAH6 isomer. Being aware that the donor
atoms are different from those present in the enzyme, the
stiffening in the copper(i1) complex of the CDAH3 isomer can
be proposed to be responsible for the lower catalytic activity
compared to that of the copper(ir) complex with CDAH6.

In conclusion, a combined thermodynamic and spectroscopy
approach is useful not only to give a complete characterization
of complex species in solution, but also to correlate their
structural features with biological activities.
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