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Amino acid and peptide derivatives of fullerene
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A general method for the synthesis of amino acid and peptide derivatives of fullerenc
(ADF) was developed, and the physicochemical properties of the compounds obtained were
studied. ADF were shown to penetrate into liposomes and to exhibit adjuvant properties and

antiviral activity.
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biological activity.

One of the most promising directions in the organic
chemistry of fullerene is the synthesis of physiologically
active compounds based on it. Organic derivatives of
fullerene were first tested as biologically active com-
pounds in 1993, when American! and Japanese? scien-
tists almost simultaneously demonstrated the biological
activity of disubstituted methylenefullerenes and prod-
ucts of cycloaddition to Cgy synthesized by them. {t was
shown in these and subsequent works that when these
compounds are irradiated in the presence of oxygen,
they can cleave DNA chains, display cytotoxicity against
tumor celis, and inhibit activity toward various enzymes,
including the inhibition of the HIV enzymes. In a short
period of time (five years), many studies have been
carried out which showed that a lot of organic fullerene
derivatives are biologically active3 In order to impart
biological activity to Cgy derivatives, amino acid or
peptide residues were introduced in their molecules. As

* Deccased.

a result, a number of fullerene derivatives, in which an
amino acid or peptide residue is located in an annelated
six~-membered ring, were synthesized.# Furthermore, such
compounds were obtained by esterification of Cg phe-
nol derivatives synthesized by the addition of phenyi-
substituted carbenes."5 On the other hand, the study of
biological properties of fullerene derivatives was hin-
dered by the insolubility of the majority of these com-
pounds in water. They are usually made water-soluble
by adding gamma-dextrin or polyvinylpyrrolidone, which
results in the formation of inclusion compounds.

We suggested a new method for the addition of
amino acid and peptide molecules to fullerene ¢ The
reaction with Cgg involves an acid or peptide amino
group, while the carboxyl group remains free.

H

+ H,N—A—-COOH —
NH—A—COOH
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Fig. 1. IR spectra of Cgg (/). glycyl-L-alanine (2), and fullereneglycyl-L-alanine (3).

Table 1. Results of amino acid analysis of fullerene derivatives

Amino acid or Amount of amino acid Found
peptide in the specimen/umol Calculated
attached to Cgq
found calculated

Gly 4.20 4.40 0.96
Ala 1.36 1.34 1.02
Ser [.14 1.27 0.91
Pro 1.40 .44 0.97
NH,(CH,;)sCOOH 9.20 9.60 0.96
p-NH,C¢H,COOH 1.30 1.46 0.90
GlyGly 1.79 1.80 0.99
Arg 1.30 1.29 1.00
GlyVal 2.40 2.46 1.02

(1.20+1.20) (1.23+1.23) (0.51+0.51)
AlAla 1.26 1.48 0.92

As a result, fullerene derivatives of the following
amino acids and peptides have been obtained in quantita-
tive yield: glycine, t-alanine, L-proline, p-aminobenzoic
and w-aminocaproic acids, D,L-serine, glycylglycine,
t-alanyl-L-ajanine, D,L-alanyl-p,L-alanine, glycyl-1-va-
line, glycyl-o,L-alanine, L-arginine, and D-arginine. The
fullerene derivatives synthesized were purified from excess
amino acid by dialysis. The absence of the starting amino
acid was determined by a negative reaction with ninhy-
drin. The homogeneity of the compounds obtained was
confirmed by electrophoresis data,®7? and their composi-
tion was determined by amino acid analysis® (Tabie 1).

The main difference between the structure of the
compounds synthesized by us and that of the hitherto

known fullerene derivatives is that the amino acid {pep-
tide} adds directly to the double bond of Cg. The
synthesis of an overwhelming majority of organic fullerene
derivatives obtained to date* has been based either on
the cyclopropanation of a double bond of Cyq by a
carbene, or on the Diels—Alder reaction resulting in a
five- or six-membered cycle.92
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The unusual structure of the compounds synthesized
is manifested in their physical, chemical, and biological
properties. The IR spectra of amino acid and peptide
derivatives of Cgy do not contain fullerene absorption
bands® (Fig. 1) but contain a characteristic group of
three bands: a strong band at 1108 cm™, a medium
intensity band at 960 or 840 cm™!, and a weak band
around 1250 cm™!, the positions and comparative inten-
sity of which are almost independent of the structure of

* An exception is Ref. 9b, which reports a direct addition of
glycine to fullerene to give a fullerene derivative containing 24
glycine residues. However, no additional data were available
about a continuation of this study in the following years. Our
attempts to reproduce the synthesis reported in Ret. 9b faled.
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the adduct. These bands appear in the spectra of both
ionic, acid, and ester forms, as well as of dipeptides.
They probably correspond to oscillations of the fullerene
molecule fragment in which substitution occurs. One of
the bands may correspond to oscillations of the Cgy—N
or C60—-—H b()l]d.8

Unexpectedly for us, the majority of peptide and
amino acid fullerene derivatives (ADF) were found to be
water-soluble. In order to determine the nature of this
phenomenon, the compounds obtained were studied on
a scanning electron microscope in secondary electrons.
The objects for analysis by scanning electron microscopy
(SEM) were prepared according to the technique used
in transmission electron microscopy for the study of
biological macromolecules!? but modified somewhat to
comply with requirements for SEM specimens. The
study showed that aqueous solutions of all the specimens
contained large anisodiametric micelle-like particles,
the size of which was up to 10 pm. Most of the micelles
have oval shape!® (Fig. 2), and the thickness of the
micelles is 2 to 4 times smaller than the length.1! The
particle size depends on the solution concentration. It
was found that there is no more than 10% of the solvent
inside the micelles.

The ADF which are insoluble in water are soluble in
organic media such as DMSO and pyridine. It was
found by SEM that ADF also form micelle-like par-
ticles, but their structure differs from that of associates

Fig. 2. Electron microscopic image of the associate of alanine
fullercne derivative in aqueous solution.

in aqueous solutions: they are more dense and spheri-
cal'? (Fig. 3). Furthermore, we were able to study the
formation of the structure of associates by scanning
tunnel microscopy. In the first step, self-assembling of
micelle-like structures occurs. At first, associates of
irregularly shaped plates are formed, and then oval-
shaped micelle-like structures with loosely packed plates
appear. Later, the plates are densely packed, the amount
of the solvent and the number of voids in the micelle-
like structures decrease, and compact oval particles with
smooth surface are formed. Along with structure forma-
tion, destruction of micelle-like structures occurs on
subsequent storage of solution.13

It was shown by the diffusion method that the mi-
celle size depends on the nature of the amino acid
(dipeptide), concentration, acidity of the solution, and
its fonic strength. In certain cases, association does not
occur, and true solutions are formed.14—17

An important condition for the application of the
compounds obtained in biclogy and medicine is the
possibility of their penetration through cell membranes.
We used the luminescent probe method!®1? to study
this propety. Pyrene was added as a fluorescent probe
during the formation of bilayer membranes. Pyrene in-
troduced into liposomes is known to be localized in the
inside region of a lipid bilayer.2® The addition of ADF
results in fluorescence quenching, which indicates the
ability of these compounds to penectrate into the zone

Fig. 3. Electron microscopic image of the associate of
p-aminobenzoic fullerene derivative in DMSO.
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where pyrene is localized without changing considerably
the structure of the lipid bilayer.

To reveal the ability of the fullerene derivatives
synthesized to penetrate through membranes, we used
erythrosine B as a triplet probe excited by a nitrogen
pulse laser. The kinetics of phosphorescence quenching
(the triplet probe method) were recorded on a laser
pulse set-up based on a detector of transition pro-
cesses.2! Erythrosine is located on the inside and outside
surfaces of a bilayer. When the experiment is carried out
in an aqueous solution containing a water-soluble cobalt
salt, full quenching of phosphorescence of the eryth-
rosine molecules occurs in the aqueous solution and on
the outside liposome suifaces. However, Co?* cannot
penetrate through the membrane, hence the phospho-
rescence of erythrosine on the inside membrane surface
does not change. It should be noted that if even an
insignificant change in the membrane integrity occurs
upon exposure to the chemicals studied, the intensity of
phosphorescence of internal probes decreases abruptly.
The addition of ADF results in efficient quenching in
the inside layer. Quenching occurs gradually, le., the
membrane structure remains unchanged. Thus, we have
found that ADF can be localized in the inside regions of
an artificial membrane, penetrate into liposomes through
a lipid bilayer, and perform active transmembrane trans-
fer of bivalent metal ions.

To date, the greatest success in the study of ADF has
been reached in the field of immunology. The com-
monly used adjuvants for immunization include micro-
organisms, products of their metabolism, their suspen-
sions in mineral oils (the so-cailed Freund adjuvant),
aluminum hydroxide, insoluble inorganic salts, saponins,
and hydrophobic plant extracts. However, immunization
using adjuvants in the form of water-oil emulsions and
suspensions often leads to undesirable complications,
such as local infiltration, ulceration, and allergic reac-
tions.2? Therefore, the design of new water-soluble syn-
thetic adjuvants is one of the most important problems
of biotechnology, biochemistry, and medicine. It was
found that although such fullerene derivatives do not
possess their own immunogenic activity in tests in mice
and rabbits, they display pronounced adjuvant activity.
The injection of ADF into rabbits results in an abrupt
enhancement (by almost two orders of magnitude) of

the formation of antibodies against such a weak antigen
as egg albumin.*

The presence of a free carboxyl group in the amino
acid and peptide fragments of ADF makes it possible to
attach the ADF obtained to other biologically active
compounds.

It has been shown that attachment of a well-known
adjuvant, a peptide derivative of muramic acid, which is
widely used in biology and medicine, to an aminocaproic
fullerene derivative results in a new adjuvant (structure
A), whose activity is more than an order of magnitude
higher than that of the original compound.

Thus, a new, highly active adjuvant has been created
on the basis of an amino acid fullerene derivative.

The attachment of a 24-membered peptide, which is
a fragment of the foot-and-mouth disease virus protein
and is active against this disease, to an aminocaproic
fullerene derivative gives an antigen, whose immuno-
genic activity is several orders of magnitude higher than
that of the 24-membered peptide.

Preliminary data suggest that certain ADF possess
antiviral activity against the cytomegalovirus. Experiments
with human erythrocytes showed that even high doses of
ADF do not possess hemolytic properties; cells do not
agglutinate during incubation, and their morphology does
not change. It was found that amino acid fullerene deri-
vatives cause adverse effects on hurnan cells only starting
from a very high concentration (300 pg L7%), which
is much higher than that used in the experiments
(0.3 pg L™Y). Thus, the fullerene derivatives in question
can be considered virtually nontoxic.

The data presented above demonstrate the prospects
of further studies into the physicochemical and biologi-
cal properties of ADF.

Experimental

iR spectra were recorded on a Bruker 1FS-113 Fourier
spectrometer. Electron microscopic studies were performed on
a Hitachi $-2500 instrument (Japan) at a resolution of 3.5 nm.
Commercial grade amino acids were uscd.

* Two patent applications have been submitted on the basis of
these results: No. 97/105810 (as of April 10, 1997) and No.
97/105811 (as of April 17, 1997).
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