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’ INTRODUCTION

The stereoselectivity in the formation of metal complexes with
peptide ligands has an important impact in the field of medicinal
inorganic chemistry.1,2 The metal-ion coordination of small
peptides is often directly involved in several biochemical pro-
cesses. Many papers about the stereoselective formation of
transition-metal complexes with oligopeptides have been pub-
lished in the last 30 years.3�5 The metal binding properties of
endogenous compounds greatly influence metallostasis6 (metal
homeostasis), and their study may help in the development of
clinical approaches for the treatment of metal-involving
pathologies.7

Carnosine (β-alanyl-L-histidine, LCar), which is found in the
muscle and nervous tissues of several animal species, is the most
widely and abundantly distributed copper(II)-coordinating en-
dogenous dipeptide.8 Though its physiological role is not
completely understood yet, carnosine and other histidine-con-
taining dipeptides (homocarnosine and anserine) act in vivo as
physiological buffers, wound-healing promoters, ion-chelating
agents especially for copper(II) and zinc(II), antioxidants, and
free-radical scavengers.9,10 Its has been proven that carnosine
shows antiperoxidative activity on proteins,11 lipids,12 and
DNA;13 moreover, it acts as an antioxidant and antiinflammatory
agent in lung injury caused by bleomycin administration14 and
ischemia/reperfusion liver injury in rats.15 Hence, carnosine is
widely used for nutraceutical applications.16�19

LCar binding affinity for copper(II) and zinc(II) has been
extensively investigated,20 and it might be crucial in the potential
reduction or prevention of several pathologies, such as ALS,
Alzheimer’s, and Parkinson’s diseases,21,22 in which the two
metal ions are thought to be involved.23 Other types of disorders
may also be treated with metal complexes of carnosine. For
example, it has been shown that the zinc(II) carnosine complex
(polaprezinc) is effective for the repair of ulcers and other gut
lesions.24,25

Notwithstanding the beneficial effect of carnosine in several
biological processes, its potential therapeutic applications are
drastically limited because of hydrolysis by specific dipeptidases,
called carnosinases: CN1, the serum-circulating form secreted by
brain cells into the cerebrospinal fluid,26�28 and CN2, the
nonspecific cytosolic isoform, distributed in several human
tissues and in rodent brains.26,29,30

The chemical modification of L-carnosine is a promising strategy
to reduce its enzymatic hydrolysis;31,32 conjugation of a carbohy-
drate moiety may also improve site-specific transport to different
tissues, which would enhance the peptide bioavailability.33,34

Cyclodextrins (CDs) are cyclic chiral oligomers of D-(þ)-
glucopyranosyl units linked by R-1,4-glycosidic bonds. These
molecules are water-soluble and have the shape of a truncated
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cone with a hydrophobic cavity. A number of CD-based con-
jugates with amines, amino acids, peptides, and aromatic systems
have recently been reported.35�38 CDs are widely used for drug
delivery, as complexing agents, conjugating moieties, stabilizers,
and carrier systems of drugs for their controlled release, espe-
cially in the colon.39�41 Furthermore, CD appropriate function-
alization favors metal-ion complexation36 and thus may improve
applications of the CD chemistry in the field of chiral recognition
and metalloenzyme mimicking.

Recently, carnosine has been conjugated with β-CD,42�44

trehalose,45 glucose, and lactose.46 All of these compounds are able
to scavenge hydroxyl radicals, and their copper(II) complexes
exhibit SOD-like activity.44 Furthermore, they are resistant to the
hydrolytic activity of carnosinase47 and have an antioxidant effect at
concentrations 10�20 times lower than that reported for other
synthetic derivatives.48

D-Carnosine (DCar), the enantiomer of the naturally occur-
ring dipeptide, is not hydrolyzed by carnosinases, is able to cross
the blood�brain barrier, and maintains the same quenching
activity as L-carnosine in vitro;49 hence, its use has been suggested
for the treatment or prevention of oxidative stress-induced
disorders.50

On the basis of the above considerations, we have functionalized
DCar with β-CD (CDDCar) and characterized the compound via
NMR. The proton and copper(II) complex formation constants
have been determined by means of potentiometric measurements.
The spectroscopic investigation [UV�vis, circular dichroism,
electron paramagnetic resonance (EPR)] of the metal complex
system has highlighted similarities and differences with the analo-
gousCDderivative of the natural dipeptide L-carnosine (CDLCar).

’EXPERIMENTAL SECTION

Chemicals. Commercially available reagents were used directly
unless otherwise specified.

β-Cyclodextrin (Fluka) was dried under vacuum (10�2 mmHg) for
24 h at 80 �C, using a P2O5 trap. D-Carnosine was kindly provided
by Flamma (Milan), while L-carnosine was purchased from Sigma. Thin-
layer chromatography (TLC) was performed on silica gel (60F-254,
0.20 mm, Macherey-Nagel), and the products that were not detectable
under UV light were revealed with a 5% solution of anisaldehyde
in ethanol (containing 5% H2SO4) and Pauli’s reagent for peptide
derivatives.

Copper(II) nitrate was prepared from copper(II) basic carbonate by
adding a slight excess of HNO3; the concentration of stock solutions was
determined by ethylenediaminetetraacetic acid titrations usingmurexide
as an indicator.51

High-purity water (Millipore, Milli-Q Element A 10 ultrapure water)
and grade A glassware were employed.

D-Carnosine ethyl ester (DCarOEt) was synthesized from DCar
(1.00 g, 4.43 mmol) in ethanol (30 mL) at 0 �C with acetyl chloride
(5 mL) as the HCl source. After 2 h, the solvent was evaporated under
vacuum, and the crude product was purified using a Sephadex-DEAE-
A25 anion-exchange column (20 � 600 mm, HCO3

� form) and water
as the eluent.
Synthesis of 6A-[(3-{[(1R)-1-carboxy-2-(1H-imidazol-4-

yl)ethyl]amino}-3-oxopropyl)amino]-6A-deoxy-β-cyclodex-
trin (CDDCar). DCarOEt (0.60 g, 2.36 mmol) was added under
stirring to the appropriate amount of dry iodide-functionalized CD52

(0.60 g, 0.48 mmol) dissolved in N,N-dimethylformamide (DMF;
40 mL). The reaction was carried out at 60 �C under nitrogen. After
24 h, DMFwas evaporated in vacuo at 40 �C. The yellow syrup obtained
was washed with acetone until the acetone remained colorless. The solid

obtained was dissolved in water and precipitated again with acetone. The
precipitate collected by suction was dissolved in water, and the solution
was passed through a column (45 � 500 mm) of CM-Sephadex C-25
resin (NH4

þ form). The column was eluted initially with water
(800 mL) and then with a gradient from 0 to 0.2 M of aqueous
ammonium hydrogen carbonate (4 L, total volume). The collected
fractions were assayed by TLC. Fractions that gave only one spot with
Rf = 0.71 (5:3:1 PrOH/H2O/NH3) were combined and evaporated to
dryness at 40 �C in vacuo to eliminate ammonium hydrogen carbonate.
The residue was dissolved in water and reprecipitated by using acetone.
The product was hydrolyzed by a 1% NaOH solution at room
temperature. After 2 h, the solvent was evaporated and the product
was purified on a CM-Sephadex C-25 column, using water as the eluent.
The collected fractions were combined and evaporated to dryness at
40 �C in vacuo. CDDCar yield: 13%. TLC: Rf = 0.56 (5:3:1 PrOH/
H2O/NH3).

1H NMR: δ 8.20 (s, 1H, 2), 7.05 (s, 1H, 4), 5.04 (d, 1H,
1A) 5.00�4.96 (m, 6H, H-1 β-CD), 4.32 (m, 1H, X), 4.04 (m, 1H, 5A),
3.92�3.64 (m, 25H, H-3, H-5, and H-6 of β-CD), 3.60�3.40 (m, 15H,
H-2, H-4, 6A), 3.24 (m, 1H, H-60A), 3.20 (m, 2H, β), 3.10 (m, 1H, a),
2.98 (m, 1H, b), 2.62 (m, 2H, R). ESI-MS: m/z 1343.8 (M þ 1).
Thermal Analysis. Thermogravimetric analysis of the ligand was

carried out using a Perkin-Elmer TGS-2 instrument. Typically, samples
(ca. 2 mg) were heated from 50 to 800 �C under a nitrogen-controlled
atmosphere (heating rate 10 �C min�1).
Electromotive Force (EMF) Measurements. Potentiometric

titrations were performed with two home-assembled fully automated
apparatus sets (Metrohm E654 pH-meter, combined micro pH glass
electrode, Orion 9103SC, Hamilton microlab 500 series dispenser)
controlled by the appropriate software set up in our laboratory.

The titration cell (2.5 cm3) was thermostatted at 25.0( 0.2 �C, and all
solutions were kept under an atmosphere of argon, which was bubbled
through a solution having the same ionic strength and temperature as the
measuring cell.

KOH solutions (0.1 mol dm�3) were added through a Hamilton
buret equipped with 1 cm3 syringes. The system was calibrated on the
pH=�log [Hþ] scale by titratingHNO3with CO2 free base. The values
of E�, Ej, Kw, and the Nernstian slope of the electrodic system were
determined in separate experiments by titrating nitric acid with CO2-free
sodium hydroxide. The ionic strength of all solutions was adjusted to
0.10 mol dm�3 (KNO3).

In order to determine the stability constants, solutions of the lig-
and (protonation constants) or the ligand þ Cu2þ (copper complex
constants) were titrated with 0.1 mol dm�3 sodium hydroxide . The
ligand concentration ranged from 2.4 to 4.0 � 10�3 and from 3.4 to
4.2 � 10�3 mol dm�3 for the protonation and complexation experi-
ments, respectively. A minimum of three independent runs were
performed to determine the protonation constants, while eight inde-
pendent experiments were run for the copper(II) complexation con-
stants. An excess of ligand was used in order to avoid precipitation of the
copper hydroxy species: Cu2þ/ligand ratios ranged from 0.8 to 0.9, with
each run comprising 85�95 points. The initial pH was always adjusted
to 2.4. To avoid systematic errors and verify reproducibility, the EMF
values of each experiment were taken at different time intervals.

The HNO3 excess in metal stock solutions was determined by Gran’s
method.53,54 Other details were as previously reported.42

To obtain protonation and complexation constants, the potentio-
metric data were refined using Hyperquad,54 which minimizes the error
square sum of the measured electrode potentials through a nonlinear
iterative refinement of the sum of the squared residuals, U, and also
allows for the simultaneous refinement of data from different titrations:

U ¼ ∑ðEexp � EcalcÞ2

where Eexp and Ecalc are the experimental and calculated electrode
potentials, respectively.
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The species distribution as a function of the pHwas obtained by using
the computer program Hyss (www.hyperquad.co.uk).
Spectroscopic Measurements. 1H NMR spectra were recorded

at 25 �C in D2O with a Varian Unity Plus 500 spectrometer at 499.883
MHz. The 1H NMR spectra were recorded by using the standard pulse
programs from the Varian library. In all cases, the length of 90� pulse was
ca. 7μs. The two-dimensional (2D) experiments were acquired using 1K
data points, 256 increments, and a relaxation delay of 1.2 s. DSS was used
as the external standard. The CDDCar concentration was about 5 �
10�3 M. The pH values were adjusted by DCl or NaOD solutions.

UV�vis spectra of the copper(II) complexes were recorded on a Cary
500 spectrophotometer (Varian) in 1-cm-path-length quartz cells.

Circular dichroism spectra of the ligand and its copper(II) complexes
were recorded on a Jasco 810 spectropolarimeter at a scan rate of 50 nm
min�1 and a resolution of 0.1 nm. The path lengths were 1 or 0.1 cm, in
the 190�800 nm range. The spectra were recorded as an average of 10 or
20 scans. Calibration of the instrument was performed with a 0.06%
solution of ammonium camphorsulfonate in water [Δε = 2.40 (mol
dm�3)�1 cm�1 at 290.5 nm]. The 200�800 nm spectral range was
covered by using quartz cells of various path lengths. The results are
reported as ε (molar adsorption coefficient) and Δε (molar dichroic
coefficient) in mol�1 dm3 cm�1.

A Bruker Elexsys E500 continuous-wave EPR spectrometer driven by
a PC running an XEPR program under Linux and equipped with a Super
X-band microwave bridge operating at 9.3�9.5 GHz and a SHQE cavity
was used throughout this work. All spectra were recorded at 150 K using
quartz tubes with 3 mm inner diameter. Solutions of 63Cu(NO3)2 and
the ligand at different molar ratios were prepared in water, containing a
small quantity of methanol (<10%) and varying the pH by the addition
of potassium hydroxide. The g ) and A ) values were taken directly from
the experimental spectra.

The copper(II) complexes were prepared without adjusting the ionic
strength with KNO3 because it was verified that the salt addition did not
modify the spectra.

The parallel spin-Hamiltonian parameters of [Cu2(CDDCar)2H�2]
were calculated using the GNDIMER program, which uses the dipole�
dipole as the only source of anisotropic coupling between the two CuII

ions.55

Molecular Modeling Simulations.Molecular modeling calcula-
tions were performed by Hyperchem 8.0 software (trial edition) in three

steps. In the first, the atomic charges of the ligands (CDLCar and
CDDCar) were calculated (semiempirical method PM3), and the
conformational search was used to determine the suitable structure of
the molecular systems. In the second step, the ligands were inserted into
boxes containing 1500 water molecules and minimized (Molecular
Mechanics, Amber force field). Finally, any ligand was coordinated with
the metal ion and the resulting dimeric complex species inserted into a
box containing 4500 water molecules and minimized (algorithm Polak-
Ribiere, conjugate gradient; termination condition = 0.01 kcal Å�1

mol�1). Several cycles of geometry optimization�molecular dynamics
were applied to evaluate the possible presence of local minima in the
geometry refinement.

’RESULTS AND DISCUSSION

Synthesis and NMR Characterization. 6A-[(3-{[(1R)-1-car-
boxy-2-(1H-imidazol-4-yl)ethyl]amino}-3-oxopropyl)amino]-
6A-deoxy-β-cyclodextrin (CDDCar; Figure 1) was synthesized
from iodide-functionalized β-CD through nucleophilic substitu-
tion. The carboxylic group of D-histidine was protected by
esterification with ethanol. The final product was purified by
ion-exchange chromatography.
The 1H NMR spectrum of CDDCar is reported in Figure 2.

The signals were assigned by 2D spectra (COSY, TOCSY,
HSQC, ROESY; see Figures S1�S12 in the Supporting In-
formation). In addition to the signals due to the CD moiety, the
protons of imidazole resonate at 8.20 and 7.05 ppm; the ABX
system of histidine resonates at 4.32, 3.47, and 2.97 ppm. The
signal due to H-5 is detected at 4.04 ppm. The diastereotopic
H-6a and H-60a protons resonate at 3.50 and 3.24 ppm, as is
typically observed for these kinds of derivatives.36 The chemical
shift values of H-5 and H-6 suggest that this compound is in its
zwitterionic form.42 The downfield shifts of the signals due to
H-6, H-5, and β-CH2 in comparison to the spectrum recorded at
basic pH suggest the involvement of an amino group in the first
protonation spectra. No correlation between the carnosine and
the CD moiety is detected in the ROESY spectra, as reported for
the CDLCar epimer.42

The NMR spectra carried out at basic and acidic pH do not
markedly differ from those reported for the CDLCar epimer. The
histidine residue is bound to CD through the β-alanine chain,
and no enantiospecific interaction is indicated by the NMR
spectra, unlike other similar systems in which the chiral molecule
is directly bound to the cavity.56

Proton Complex Formation. The protonation equilibria of
the ligands are given in eqs 1�3, where L is the anionic form of

Figure 1. Schematic representation of CDDCar.

Figure 2. 1H NMR (D2O, 500 MHz) of CDDCar (5.0 � 10�3 mol
dm�3) at pH 7.
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the ligand (DCar or CDDCar).

L� þHþ a HL ð1Þ

HLþHþ a H2L
þ ð2Þ

H2L
þ þHþ a H3L

2þ ð3Þ
Analysis of the titration data for DCar and CDDCar provides

the protonation constants for the amino and imidazole nitrogen
atoms as well as for the carboxylate group. The proton complex
formation constant values are given in Table 1; for clarity, we
have also reported the groups they refer to.
DCar has the same protonation constant values as those of its

enantiomer LCar,42 as expected. The CDDCar protonation
constants do not differ significantly from those of the analogous
L diastereoisomer (CDLCar).42 On the contrary, their compar-
ison with those of the parent dipeptide (DCar) shows a
significant decrease in the protonation value of the amino group
(ca. 1.5 logarithmic units), as reported for other amine�CD
derivatives.57,58 Small or no changes are observed for protonation
of the imidazole and carboxylate groups. The basicity drop of the
amino group in the CD derivative results from a smaller enthalpy
contribution to its protonation in comparison with that of the
free dipeptide, as was found for the analogous trehalose
derivatives;45 the less favorable enthalpic value might be ascribed
to an intramolecular hydrogen bond between the amino group
and a CD primary OH group as well as to the steric and
hydrophobic effects of the CD cavity.42,45

Copper(II) Complex Formation. The equilibria for the for-
mation of the copper(II) complexes are given in eq 4, where L is
the anionic form of the ligand (DCar or CDDCar; the charges of
the copper(II) complexes have been omitted for the sake of
clarity).

mCu2þ þ lLþ hH a CumLlHh ð4Þ
The overall stability constant βmlh is defined by eq 5.

βmlh ¼ ½CumLlHh�
½Cu�m½L�l½H�h ð5Þ

The experimental titration curves can be satisfactorily fitted by
considering the equilibria shown in eqs 6�11.

Cu2þ þ L� þHþ a ½CuLH�2þ ð6Þ

Cu2þ þ L� a ½CuL�þ ð7Þ

Cu2þ þ L� a ½CuLH�1� þHþ ð8Þ

2Cu2þ þ 2L� a ½Cu2L2H�2� þ 2Hþ ð9Þ

2Cu2þ þ L� a ½Cu2LH�1�2þ þHþ ð10Þ

Cu2þ þ L� a ½CuLH�2�� þ 2Hþ ð11Þ
The stability constant values of the copper(II) complexes of

the ligands are reported in Table 2. Typical protonation and
copper(II) complexation curves are shown in Figure 3. The large
difference between the protonation (continuous line) and com-
plexation (broken line) curves is indicative of a marked extra-
proton displacement resulting from the formation of strong
copper(II) complexes. The distribution diagrams for the copper
complex systems with CDDCar and CDLCar42 are reported in
Figure 4.
The species distribution of the copper(II) complexes with

DCar and LCar42 are similar to each other with only minor
differences (data not shown). As for protonation, the introduc-
tion of the CD moiety modifies the species distribution of the
copper(II) complexes of both LCar and DCar. The copper(II)
species distribution for CDLCar and CDDCar (Figure 4) shows
that CuLH and CuL form up to pH 6.5; the dimer Cu2L2H�2 is

Table 1. Stability Constant Values for the Protonation of the
Ligands (DCar, CDLCar, and CDDCar) at 25� C and I = 0.10
mol dm�3 (KNO3)

liganda

equilibrium group DCar CDDCar CDLCar42

L � þH þ a LH amino 9.36(3) 7.83(2) 7.69

LHþH þ a LH2
þ imidazole 6.78(6) 6.63(2) 6.60

LH þ þH þ a LH3
2 þ carboxylate 2.58(6) 2.73(3) 2.66

a 3σ in parentheses.

Table 2. Stability Constant Values for the Copper(II) Com-
plexes of the Ligands (CDLCar and CDDCar) at 25� C and
I = 0.10 mol dm�3 (KNO3)

liganda

equilibrium CDDCar CDLCar42

Cu2 þ þ L � þH þ a ½CuLH�2 þ 11.42(3) 11.58

Cu2 þ þ L � a ½CuL� þ 6.36(2) 6.92

Cu2 þ þ L � a ½CuLH � 1� þH þ 1.3

2Cu2 þ þ 2L � a ½Cu2L2H � 2� þ 2H þ 3.47(2) 6.33

2Cu2 þ þ L � a ½Cu2LH � 1� þH þ 3.51(6)

Cu2 þ þ L � a ½CuLH � 2� þ 2H þ �9.30(2)

a 3σ in parentheses.

Figure 3. CDDCar protonation curve (continuous line) and proton
displacement caused by the presence of copper(II) (broken line).



4921 dx.doi.org/10.1021/ic200132a |Inorg. Chem. 2011, 50, 4917–4924

Inorganic Chemistry ARTICLE

the main species at physiological pH, and CuLH�2 is detected
only for the complex system with CDDCar (Figure 4B). The log
β values for the Cu2L2H�2 species of the CD conjugates with
LCar and DCar (6.33 and 3.47, respectively; Table 2) differ
markedly. The last peculiar difference has also been reported for
the analogous derivatives with trehalose,45 for which the deriva-
tive with DCar is less stable than the analogous diastereoisomer
with LCar. However, the marked difference observed for the
carnosine dimeric derivatives cannot be explained solely based
on the thermodynamic data. To this end, spectroscopy may be of
some help because it provides information on the coordination
geometry that might originate the difference between the con-
stant values of the dimers.
Spectroscopic Data. The spectroscopic data for the copper-

(II) complexes of CDDCar are reported in Table 3 together with
those of CDLCar.42 The complex species were studied at pH
values where they reached themaximum of formation (Figure 4).

In the UV�vis spectra at pH 8.0, where [Cu2(CDDCar)2H�2]
is themain species (Table 2), the d�d transition band is red-shifted
by 37 nm and the ε value is larger than that of copper(II)�DCar. A
similar band shift was also reported for the copper(II) complexwith
CDLCar,42 and it was ascribed to the lower ligand-field strength.
This effect is also due to the lower basicity of the β-alanine amino
group bound to the CD moiety. The λmax (641 nm) and ε (139
M�1 cm�1) values of the copper(II) complex with CDDCar are
very close to those reported for the metal complex with CDLCar
(λmax = 644 nm; ε = 142 M�1 cm�1).
The dichroic bands of the dimeric species of CDDCar and

CDLCar (Table 3) are similar in terms of λmax and the absolute
value, while they have opposite signs. Thus, the dichroic bands of
the copper(II) complex with CDDCar may be assigned by
analogy with the analogous complex with the diasteroisomer
CDLCar.42 The nf π* transition of the carbonyl chromophore
and the π f π* transition of the imidazole ring are responsible
for the dichroic band at 213 nm. The bands centered at 281 and
320 nm can be assigned to the charge-transfer transition from the
amino group and the deprotonated amide to Cu2þ, respectively,
while those at 575 and 735 nm give the same signals as those
detected in the copper(II)�DCar spectra and are to be ascribed
to the d�d transition. The greater Cotton effect of the copper-
(II)�CDDCar complex with respect to that of DCar is in
keeping with the data reported for similar systems,36 for which
such a difference was ascribed to the CD cavity. Thus, the
UV�vis and circular dichroic parameters for the Cu2L2H�2

species suggest the same coordination geometry for both copper-
(II) complex systems.
The EPR spectrum (X band) of a frozen (77 K) aqueous

solution containing an equimolar concentration of Cu2þ and
CDDCar at pH 7.5 exhibited aΔm = 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 G. This pattern results from the
coupling of the two copper(II) nuclei (I = 3/2) involved in the
dimeric species. EPR simulation for the copper(II)�CDDCar
dimer was carried out to determine the magnetic parameters
(Table 4). The values of the analogous copper(II) dimeric
species with CDLCar are also reported for comparison.42

The EPR spectra for [Cu2(CDDCar)2H�2] show values (g ) g
g^ g 2.04) that are typical for axial copper(II) complexes having
coordination geometries with dx2�y2 ground state. The A ) and g^
values for [Cu2(CDDCar)2H�2] are slightly smaller and larger,
respectively, than those of the analogous species with CDLCar,
while g ) values are practically the same. Lower A ) and higher g )

values are usually observed when copper(II) complexes undergo a
strong tetrahedral distortion or when five-coordinated adducts with
square-pyramidal stereochemistry form.59,60 In the present case, the
similarity between the g ) values suggests that the two diasteroi-
somer complexes should have the same coordination environment
in the equatorial plane, in keeping with the spectroscopic results:
the coordination environment for [Cu2(CDDCar)2H�2] can be
proposed in agreement with that of the analogous diastereisomeric
complex [Cu2(CDLCar)2H�2]

42 and with the crystallographic
data of the LCar dimeric complex.61 In the dimeric complexes of

Figure 4. Species distribution diagram for the copper(II)�CDLCar42

(A) and the copper(II)�CDDCar (B) systems (1:1.2 metal/ligand;
CL = 3.5 � 10�3 mol dm�3).

Table 3. Spectroscopic Data for the Copper(II) Complexes of CDDCar and CDLCar42

ligand pH UV�vis λ/nm (ε/M�1 cm�1) circular dichroism λ/nm (Δε/M�1 cm�1)

CDDCar 8.0 641 (139) 735 (�0.11), 575 (1.04), 320 (�0.41), 281 (�1.57), 213 (�10.06)

11.0 631 (137) 591 (0.40), 320 (�0.19), 265 (�0.94), 215 (�7.55)

CDLCar 7.2 644 (142) 715 (0.60), 593 (�2.89), 312 (0.71), 275 (2.60), 215 (19.00)
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CDDCar, each metal-ion coordinates amino, amide nitrogen, and
carboxylate oxygen of one molecule of CDDCar and is bonded to
the second molecule of the ligand by imidazole 3-nitrogen co-
ordination. The ligands in the dimeric structure have a head-to-tail
orientation (Figure 5). The slightly higher g^ and lower A ) values
are an indication of some kindof apical perturbation, as reported for
analogous systems.52

The EPR simulation was extended to similar copper(II) dimeric
complexes with LCar and DCar derivatives of the disaccharide
trehalose (TrLCar and TrDCar) with the aim of understanding the
metal coordination differences between [Cu2(CDLCar)2H�2] and
[Cu2(CDDCar)2H�2]. Both of these dimeric species are charac-
terized by markedly different log β values (8.83 vs 5.23),45 as was
found for the analogous complex systems with the present
derivatives. The magnetic parameters calculated for such metal
copper(II) complexes are reported in Table 4. The g ), g^, and A^
values are practically the same for the two diasteroisomer com-
plexes, while theA ) value of [Cu2(TrLCar)2H�2] is lower than that
of [Cu2(TrDCar)2H�2]. Consequently, some sort of apical per-
turbation can be proposed in keeping with the different stability of
the dimeric species. For the trehalose derivatives, the different
stability of the two copper(II) dimeric species (Table 4) was
ascribed to weak interactions, resulting from a larger number of
hydrogen bonds as well as from the more effective CH�π
interactions occurring in [Cu2(TrLCar)2H�2].

45 This causes the
dimeric structures of the copper(II) complexes with TrLCar and
TrDCar to adopt different conformational states, driven by the
histidine stereocenter. By analogy, such weak interactions might be
responsible for the different stabilities shown by the copper(II)
dimeric species with CDLCar and CDDCar. The hydrophobic CD
cavity may also influence the metal coordination environment.
Copper(II) complexes with functionalized CDs have been re-
ported to experience interaction with the cavity with a consequent
“stiffening” effect that modifies the metal coordination geometry of
the copper(II) complex systems in comparison to the underivatized
ligands.42,52,62 It was demonstrated that the distance of the water
molecules coordinated in the apical position is shorter than that the
analogous copper(II) complex systemwithout the CDmoiety, and
thismay result from either an interaction of thewatermoleculewith
the cavity or even from its replacement by a hydroxymethyl group.

In the present case, both [Cu2(CDLCar)2H�2] and [Cu2(CD-
DCar)2H�2] possess two CD units, which may, however, be
arranged in a different manner. Molecular modeling led to the
optimized structures shown in Figure 6. They support the diffe-
rent conformational arrangement of the CD moieties in the two
dimeric species: [Cu2(CDLCar)2H�2] shows a “compact form”
(Figure 6A), while [Cu2(CDDCar)2H�2] has an “elongated form”
(Figure 6B). This would account for the slightly higher distortion
found for the copper(II)�CDLCar diasteroisomer (A ) values are
162 vs 172 for [Cu2(CDLCar)2H�2] and [Cu2(CDDCar)2H�2],
respectively). Moreover, the smaller average distance between the
CDmoieties in the “compact form” should positively influence the
number of weak interactions, as was found for similar supramole-
cular assemblies for which the proximity of CD units has been
shown to favor the formation of intermolecular contacts.63�65 This
likely accounts for the larger stability of themetal dimeric species of
the LCar derivative (Figure 6A).

’CONCLUSION

The study of the metal binding properties of small peptides,
which possess potential therapeutic application, has a central role
in the development of clinical approaches directed toward the
treatment of metal-involving pathologies. The use of DCar, the
enantiomer of the natural dipeptide LCar, has been proposed for
the treatment or prevention of oxidative stress-induced disorders
because it maintains the same quenching activity of LCar in vitro
but is not hydrolyzed by carnosinases. The functionalization of

Table 4. Simulated EPR Parameters of Copper(II) Dimeric Species with LCar and DCar Derivatives of CD and Trehalose

species R (Å) g ) g^ A ) (�10�4 cm�1) A^ (�10�4 cm�1)

[Cu2(CDLCar)2H�2]
42 5.1 2.250 2.036 162 26

[Cu2(CDDCar)2H�2] 5.1 2.255 2.045 172 25

[Cu2(TrLCar)2H�2] 5.0 2.260 2.040 163 22

[Cu2(TrDCar)2H�2] 5.1 2.255 2.042 170 23

Figure 5. Structures proposed for the Cu2L2H�2 species of CDDCar.

Figure 6. Optimized structures of [Cu2(CDLCar)2H�2] (A) and
[Cu2(CDDCar)2H�2] (B).
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DCar with a β-CD unit has the purpose of enhancing the
bioavailability of the dipeptide by improving the site-specific
transport to several tissues.

The investigation of the copper(II) binding properties of the
new DCar derivative surprisingly revealed a pronounced differ-
ence from the analogous LCar derivative, especially concerning
the dimeric species. The spectroscopic data show that this
stereoselectivity is driven by noncovalent interactions, namely,
hydrogen bonds, CH�π interactions, and steric and hydropho-
bic effects of the CD cavity.

To the best of our knowledge, these are thefirst data ever reported
on the stereoselectivity of copper(II) complexes with CD�peptide
conjugates.
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