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Abstract: The solid-phase synthesis of peptides (SPPS) containing [60]fullerene-functionalized amino acids
is reported. A new amino acid, fulleropyrrolidino-glutamic acid (Fgu), is used for the SPPS of a series of
analogues of different length based on the natural Leu®-Enkephalin and on cationic antimicrobial peptides.
These fullero-peptides were prepared on different solid supports to analyze the influence of the resin on
the synthesis. Optimized protocols for the coupling and deprotection procedures were determined allowing
the synthesis of highly pure peptides in sufficient quantities for evaluation of biological activities. In particular,
to avoid side reactions of the fullerene moiety with bases and nucleophiles, the removal of the protecting
groups was performed under inert conditions (nitrogen or argon in the dark). We have encountered serious
problems with the recovery of the crude compounds, especially when Fgu was inserted in the proximity of
the resin core as fullero-peptides tend to remain embedded inside the resin. Eventually, all of the fullero-
peptides were easily purified, and the cationic peptides were tested for their antimicrobial activities. They
displayed a specific activity against the Gram-positive bacterium S. aureus and also lysed erythrocytes.
The availability of a fullero-amino acid easily useable in the SPPS of fullero-peptides may thus open the
way to the synthesis of new types of biologically active oligomers.

Introduction unigue shape also render this molecule very interesting for its
potential use in medicinal chemisttyndeed, a series of [60]-
fullerene derivatives displays a wide spectrum of biological
properties, including neuroprotective, enzymatic, antiapoptotic,
antibacterial, DNA photocleaving, nitric oxide synthase inhibit-
ing, and chemotactic activitisRecently, it has also been
demonstrated thatdgprotein conjugates are able to induce the
production of specific antibodi¢s. Among the different classes
of derivatives, fullerene-based amino acids and peptides are
*To whom correspondence should be addressed. E-mail: (A.B.) Particularly interesting, both for structural studies and for
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The recent progress in the chemistry of fullerenes has allowed
the use of this allotropic form of carbon as a novel building
block in organic synthesisOf the several fullerenes that have
been characterized, the most abundant, @as received the
highest attention, asggbased molecules display a wide range
of interesting features, which include nonlinear optical properties
and superconductivity The hydrophobic nature ofggand its
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bond326 Fulleroproline amino acid derivatives are also shown Table 1. Leu’-Enkephalin and Antimicrobial Sequences of
to interact with different hydrolytic enzymes in model transes- ~éPtides and Analogues Containing Fgu 1

terification reactions, and to form supramolecular complexes enty peptide sequences® resin®
with, and selectively discriminate between, different size calix- 2 H-Tyr-(Gly)-Phe-Leu-NH PAL-PEG-PS
[n]arenes, cyclodextrins, and other rationally designed peptides 3 H-Tyr-(Gly)-Phe-Leu-OH NovaSyn-HMP
forming cavities’ 4 H-Tyr-(Gly)-Fgu-Leu-NH, PAL-PEG-PS
9 : 5 H-Tyr-(Gly)-Fgu-Leu-OH NovaSyn-HMP
The synthesis of the first fullero-peptide was reported in POEPOP-HMP
19938 A methanofullerene was linked to the N-terminal part 6 H-Fgu-(Gly)>Phe-Leu-NH Eg'gppgg‘gsk
. . . . -RiIn
of.a pentapeptide with an alternating -Aib-Ala- sequence, and H-Gly-(Nle)-GIn-Orm-Nle-Gly-(Orn- PAL-PEG-PS
this model fL_JIIero-peptlde was able to a_ld_o_pt @ Belical Nle-(Orn-Nle-Gly-(Orn)-Nle-Gly-Tyr-NH
structure. This work opened up the possibility to extend the 8 H-Fgu-Gly-(Nle)-GIn-Orn-Nle-Gly-(Orn}- PAL-PEG-PS
preparation of fullero-peptides endowed with biological and Nle-(Orn)-Nle-Gly-(Orn)-Nle-Gly-Tyr-NH,
pharmacological activities characterized by enhanced solubility H%;rf)’;”s?zecélr;?é?nzlilg'él(f;?r',:\lgﬁ PAL-PEGPS
in aqueous solutiorfsHowever, all of the reported [60]fullerene- 10 H-Gly-Om-GlyFgu-Gly-Om-Gly-NH, : PAL-PEG-PS
containing peptides have been prepared by solution methods, POEPOP-Rink

while the solid-phase synthesis of peptides containing fullero-
amino acids has not been properly explored nor developed. ThisbT
is in part due to synthetic problems related to the use of [60]-
fullerene-based amino acids, but also to the sensitivity to basederivatives already display interesting antibacterial properties
and nucleophile treatments of the carbon ckg@A novel Gso- against a broad range of microorganisthshut a wider
functionalized amino acid, a derivative of glutamic acid, has application of fullerenes in biology is heavily limited by their
been recently prepared for use in solid-phase peptide syntfesis. poor solubility in aqueous media. The idea was to explore if
This amino acid was coupled on the resin at the N-terminus of association of the fullerene characteristics with those of highly
a water-soluble peptide, and the resulting oligomer displayed soluble, membrane active antimicrobial peptides of natural or
antimicrobial activity. This exciting result stimulated us to synthetic origin could lead to a new class of oligomers
further explore the solid-phase synthesis of fullero-peptides and potentially useful as lead compounds for the development of
to develop suitable protocols for the introduction of this novel antiinfective agents.

fulleropyrrolidino-glutamic acid residue (abbreviated hereafter
as Fgu) within peptide sequences. In this work, we describe
the possibility of inserting the Fgu residue at different positions ~ Design of the Fullero-peptides. With the purpose of

of antimicrobial peptides of various lengths and into small model systematically studying the solid-phase synthesis of peptides
opioid peptided? The optimization of the synthetic protocol is ~ containing the novel Fmoc-protected fulleropyrrolidino-glutamic
described in detail, together with the difficulties and problems acid (Fgu)1,'! we have decided to consider two classes of
encountered during the solid-phase coupling and deprotectionpeptides (Table 1).

steps. The role of the solid support and the position of Fgu along

aThe fullero-amino acid (Fgu) is written in bold to highlight its position.
ype of resin used for the solid-phase synthesis of each peptide.

Results and Discussion

the peptide backbone have been analyzed and correlated to the Fm°°NHY002H
synthesis yield and quality. The effect of the fullerene substituent 3

on the biological activities of the antimicrobial analogues will l
also be briefly discussed. Indeed, some simple [60]fullerene HN™ "0
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(Table 1). The second series of derivatives includes cationic washings of the resin with different solvents, while heating or
peptides §—10) of different length, where the Fgi residue sonicating the resin beads.
has been introduced either at the N-terminus or in the middle To analyze in more detail the influence of the resin on the
of the sequence to test the flexibility of synthetic protocol and synthetic yields, fullero-peptidd was also prepared on POE-
to evaluate the influence of thesébased residue position on  POP-HMP resift® whose polymeric structure consists of cross-
the biological activity!® Fullero-peptides8 and9 are based on  linked polyoxyethylenepolyoxypropylene and is devoid of
the previously characterized antimicrobial pepfiglé2°whereas aromatic substituents. However, the recovery of the crude
10 is based on a simple hexapeptide devoid of intrinsic compound was again difficult, and only 29% of the theoretical
antimicrobial activity!! amount was obtained, while the expected compound was not
Synthesis of Led-Enkephalin Peptide Analogues.Our detected in the mass spectrum. Finally, we attempted to evaluate
work has initially focused on the role of the resin on peptide the influence of the position of Fgliwith respect to the resin
yields while using Fgu in SPPS. The small peptide analogues linker, by introducing the fullero-amino acid at the N-terminus
(4—6) of Lew-Enkephalin (Table 1) in which the aromatic of Lew-Enkephalin, thus replacing Tyresidue. The synthesis
residues Tyrand Phéhave been replaced by Fdthave been of fullero-peptide6 on PAL-PEG-PS resin led to a yield of crude
prepared manually on Tentagel-like and cross-linked PEG resinsproduct comparable to that of fullero-peptidewhere Fgu is
(Table 1) to evaluate the influence of the different type of solid at the C-terminal part of the sequence, but when the POEPOP-
support on the quality of the synthesis. The functionalization Rink resin was used instead, an increase in the recovery of crude
of the resins containing hydroxyl groups was carried out product to about 48% was observed. Furthermore, the fullero-
employing Fmoc-Leu-OH in the presence of MSNT and methyl peptide 6 was detected by mass spectrometry both as the
imidazole as activating agensThe other amino acids were  N-terminal Fmoc protected analogue and, after final deprotec-
coupled via activation with BOP, HOBt, and DIAE. Fmoc tion, as the free peptide. According to the MALDI-Tof spectrum,
deprotection was performed using 20% piperidine in DMF until Fmocfgu-Gly-Gly-Phe-Leu-NH was obtained in high purity,
the introduction of Fgu, and then with a solution of 5% DBU  while the deprotected fullero-peptidé presented a more
in DMF without using inert conditions (vide infra). The complex spectrum. Indeed, the mass spectrum showed a series
completeness of the coupling was confirmed by a negative of multiple adducts of higher mass consistent with the addition
Kaiser test. This test becomes somewhat ambiguous after theof a DBU molecule and of an unidentified species, probably
insertion of the fullero-amino acid, because the color of the resin because the Fmoc cleavage was performed under noninert
beads turns brown. Nonetheless, the free amino group on theconditions (vide infra). Furthermore, it was impossible to
resin can be revealed by the release of blue color into the testseparate these derivatives from the correct fullero-peptide using
solution, which instead remains pale yellow after a successful analytical HPLC column chromatography.
amino acid coupling. The final peptide analogues were obtained  Apparently, even by using a resin without an aromatic core
with a free C-terminal carboxylic function or as C-terminal it is difficult to obtain a quantitative recovery of the fullero-
amides, after cleavage from the different resins using a mixture peptide. This is also consistent with the reduced swelling
of TFA/TIS/HO. While the synthesis of the reference peptides properties of the peptide-resin conjugate before the acid treat-
2 and3 proceeded properly, those of the analogues containing ment, probably due to a certain degree of aggregation which
the fullero-amino acid Fgd were less successful. In the case decreased the mobility of the linked molecule.
of fullero-peptidest and5 with Fgu 1 in position 4, a very low Synthesis of Antimicrobial Peptide AnaloguesPeptides
yield of crude product (less than 25%) was recovered, although7—10 (Table 1) were synthesized using an automated synthesizer
the spectrophotometrical analysis following each Fmoc cleavagegn PAL-PEG-PS resin. Each standard amino acid was coupled
indicated a complete coupling/deprotection according to the resinjn the presence of TBTU and DIEA in DMF, and Fmoc
loading. Furthermore, the expected compound was not detectedjeprotection was performed using a 20% piperidine solution in
by MALDI-Tof analysis. We reasoned that the nature of resin pMF. The introduction of Fgul at the N-terminus of peptide
could have played a role in determining the synthetic yield of g in the middle of peptid®, replacing an apolar norleucine at
these fullero-peptides, where the Fjtesidue is inserted close  position 8 of the peptide, and in the middle of peptidwas
to the polystyrene-based polymeric matrix. The high affinity carried out overnight at 58C using PyBOP/HOB as activating
of fullerene derivatives for aromatic molecules is in fact well agents, as this mixture is more suitable for lengthy couplings.
known?18 A further indication of interaction was that after the pqr fullero-peptide® and10, the coupling of the standard amino
insertion of Fgul, we observed a dramatic decrease in the acids after the introduction of the Fgu residue was optimized
swelling properties of the peptide-resin conjugate. Again, we py employing the HATU/HOA activator couple. At the end of
speculated that following cleavage of the peptide from the resin, the synthesis, the peptides were removed from the solid support
part of the product could remain embedded within the aromatic py treating with reagent K (TFA/ETD/thioanisolef/phenol)t?
core of the solid SUpport. The intense brown color of the resin Fo"owing precipitation, the crude Compounds were ana|yzed
after the final acid treatment was in fact indicative of a certain py electrospray mass spectrometry (Figure 1A and B). A number
difficulty in the recovery of the product, and persisted even after of species were present, characterized by higher masses relative
further treatment with fresh TFA solution, and extensive tg the expected molecular ion, although the main byproducts
- - - — were multiionizable molecules, which behaved like the expected
) e el oD e mana000  sa1 gg o [ Raya i Piotto: yquct. In the case of fullero-pepti@ewith the fullero-amino
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Soc.1992 114, 5455-5457. (b) Birkett, P. R.; Crane, J. D.; Hitchcock, P.
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Figure 1. ESI-MS spectra of crude fullero-pepti8¢A) and9 (B), cleaved
from the resin, after removal of N-terminal Fmoc-protecting group using
20% piperidine in DMF, and ESI-MS spectra of crude fullero-pep8de
(C) and purified fullero-peptid® (D) using a solution of 5% DBU in DMF
for 2 min under inert conditions.

2600

treatments with piperidine required in SPPS generate polyad-
ducts to the fullerene moiety. This effect is relatively less
relevant when the fullero-amino acidl is inserted at the
N-terminus of the peptide (Figure 1A), while it considerably
hampers the synthesis of the expected compound when the Fgu
residue is inserted in the middle of the sequence (Figure 1B).
Indeed, fullerene derivatives are electron-poor species, sensitive
to treatment with bases and nucleophiié¥ Similar results
were also obtained during the synthesis of pepififeagain

with the fullero-amino acid inserted in the middle part, albeit
of a shorter peptide.

The highly water-soluble fullero-peptidwas easily purified
by reverse phase HPLC, while it was instead impossible to
isolate fullero-peptide8 and10. In light of the above results,
we had to reconsider our synthetic strategy for the preparation
of these analogues in which Fdus coupled in the middle of
a peptide chain.

Optimization of the Fmoc Cleavage Conditions. The
addition of piperidine and morpholine tas£has been already
described and results in a 1,4-addition reaction in the presence
of oxygen, leading to the generation of bis- and tetra-addééls.

To further analyze the difficulties associated with an extensive
treatment of fullerene derivatives with piperidine in DMF, we
have studied the behavior of the model fulleropyrrolidine
triethylene glycol monomethyl ethdr, during treatment with
different Fmoc cleavage conditions. This derivative in fact
presents a good solubility in dimethylformamide, is resistant to
photodegradation, and has already been fully charactet2éd.

OCH;

1

First, we carried out a series of experiments in which
compoundll was treated under four different reaction condi-
tions: (i) 20% piperidine in DMF (standard Fmoc cleavage for
SPPS); (ii) 20% piperidine in DMF in the dark; (iii) 20%
piperidine under argon; and (iv) 20% piperidine in DMF under
argon in the dark. For each condition, aliquots of solution were
taken at different times, the fullerene derivative precipitated and
washed prior to mass characterization. In Figure 2, the ESI-
MS spectra of the compountil before and after piperidine

compound was not detected (Figure 1B). A careful analysis of treatment for 20 min using condition i are compared, showing
the spectra allowed us to assign all of the various species tothe presence of multiple fullerene-piperidine adducts, and similar

multiple adducts of piperidine to thes§ore. We also observed

mass spectra were observed for conditions ii, iii, and iv (results

species with a mass difference very close in weight to the not shown). These experiments confirm the sensibility of the

dibenzofulvene-piperidine adduct, and thus likely due to the

addition of benzofulvene anion formed during the Fmoc

cleavage. From this analysis, we realized that the successive

12546 J. AM. CHEM. SOC. = VOL. 124, NO. 42, 2002
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= of Fgu, in the SPPS of fullero-peptides. The Fmoc cleavage
time was fixed to 2 min, repeated twice. A comparison of the

mass spectrum corresponding to the crude fullero-peg@ide

L synthesized using this new Fmoc cleavage protocol (Figure 1C),
with that of the peptide from the original synthesis clearly shows

i the synthetic improvement.

Improved Synthesis of Fullero-peptides 6, 9, and 10The
synthesis of fullero-peptidé was therefore repeated using the
optimized Fmoc removal conditions. The compound was cleaved
from the resin both as the Fmoc-protected analogue or after
Fmoc deprotection. Treatment with the TFA cocktail was
performed twice for 3 and 24 h, respectively, to improve

m/z recovery. A certain amount of fullero-peptide was in fact
Figure 2. ESI-MS spectra of compourid before treatment with piperidine ~ recovered by precipitation also after the longer treatment. Figure
(A) and after treatment with piperidine for 20 min (B). The different 3 shows the HPLC chromatograms of both the Fmoc-protected
polyadducts correspond to the following: (A) starting mateti (B) 11 and the free peptides deriving from the short treatment, as
plus two piperidines; (CY1 plus three piperidines plus one oxygen; (D) . - .
11 plus four piperidines; (EL1 plus four piperidines plus one oxygen: (F) identified by MALDI-Tof. The presence of thesgmoiety on
11 plus five piperidines plus one oxygen; (&) plus six piperidines; (H) these peptides was further verified by detection of the charac-
11 plus six piperidines plus two oxygens; (L)L plus eight piperidines. teristic UV—visible absorption bands from 200 to 700 nm.

The synthesis of antimicrobial fullero-peptiéewith the Fgu

Cso core to the addition of secondary amines under the cleavagerepkjming norleucine in position 8, was repeated on the PAL-
conditions normally used in SPPS. Furthermore, the extent of peg.ps resin using an automated synthesizer working under
polyadduct formation tends to increase with treatment duration, nitrogen flow during the Fmoc cleavage with a solution of 5%
so that the fornjatic.)n. of side product is expected to increase 5 pgU 20 The recovery of the peptide required three successive
with repeated piperidine treatments. treatments with TFA for 4, 24, and 72 h, respectively, allowing

We therefore treated compoudd with 5% DBU in DMF, one to obtain 46% of crude material. The analytical HPLC
another commonly used reagent for Fmoc removal in SPPS, showed the expected compound together with a significant
under the same four different conditions described above. A gmount of unidentified byproducts. However, it was possible
series of fractions was collected, and, after precipitation, the to isolate fullero-peptid® with greater than 90% purity. The
products were again analyzed by mass spectrometry. In all casesidentity of the compound was confirmed by MALDI-Tof and
a mass signal corresponding to a monoadduct of DBU was ES|-MS analysis (Figure 1D). The synthesis of fullero-peptide
clearly detected after 10 min of treatment, which tended to 10, with the Fgul inserted in the middle of an alternating -Gly-
decrease until its complete disappearance after 30 min of Orn- sequence, was instead repeated on POEPOP-Rink resin,
treatment. This experimental observation can be explained byusing the same synthetic strategy as that described for compound
the generation of a zwitterionic complex&DBU, which is 6. The complete fullero-peptide was cleaved from the resin with
dissociable to the [§]*~ and DBU™ free radicals? Further- a 49% yield of product. The electrospray mass spectrum of the
more, we found that the starting materidl was not degraded  crude peptide confirmed the presence of the target structure with
by side reactions. On the basis of these results, we decided toonly a small percentage of a DBU adduct that was easily
substitute the piperidine solution with 5% DBU in DMF, under  eliminated leading to pure fullero-peptide®.
inert conditions (nitrogen or argon in the dark), for the cleavage  |nfluence of the Resin Type and of the Position of Fgu 1
of the Fmoc protecting group of all residues following insertion along the Peptide Chain on the SynthesisConsidering the
yield of crude peptide after cleavage, we could discern that the
19) ééi)fi(%;jsj'uﬁg',B&;'\lgggé-gi'cﬂirr]mtg eJr-’ F/’_\‘?Pé-\rf’ég\t,‘;_incﬁgiﬁgg 32 dl_ﬁé;gl_ main limiting factor for a good quantitative outcome to the

1992 31, 367—383. (c) Wade, J. D.; Bedford, J.; Sheppard, R. C.; Tregear,
G. W. Pept. Res1991], 4, 194-199. (20) Neimark, J.; Briand, J. FRept. Res1993 6, 219-228.
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Figure 4. Histogram of the recovered yield of crude peptide in the cleavage £
step as a function of the distance of the fullerene-based residue from the S
resin. Thex-axis indicates the number of amino acids between Fgnd g
the linker. o
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Table 2. Biological Activity of Antimicrobial Fullero-peptides et
antimicrobial activity (MIC?, M) % hemolysis® g 0
E. coli S. Aureus C. albicans 10 uM 100 uM )
peptide ML-35 710A (c.i.) peptide peptide 10
7 1 16 4 5% 15% 5
8 16-32 8 >64 85% >90%
9 32 8-16 >64 n.d. n.d. =
10 >64 16 >64 20% n.d. E
©
aResults are the mean of at least three independent evaluations performed NE
in duplicate.? Results are the mean of two independent evaluations 5
performed in duplicate. 2 0
ke
reaction is the distance between the position of Fgu insertion Q
. o . o
and the polymer matrix. A qualitative trend of the synthetic %
efficiency is reported in Figure 4, where it is clear that an S
increased separation from the solid support results in both an 5 P S N S NN S B
increased yield and the release of the fullero-peptide from the 190 240

polymer core. The overall length of the peptide chain also seems Wavelength (nm)

to play a role, as the recovery of the short peptides is difficult Figure 5. CD spectra of peptidg (A) and the corresponding fullero-
even when the Fgu residue is inserted at the N-terminus. Onpeptides8 (B) and9 (C) at 4x 10°5M Concentratior:), in aqueous 5 mM
the other hand, the nature of the resin seems to play a Ies%hﬁsggge(_%uﬂegég?p%g %L'f?etrhe presence of 50% TFE () or 10
fundamental role in the final recovery of fullero-peptides. Part
of the compound appears to remain trapped inside the polymericof three reference microorganisms: the Gram-negative bacte-
matrix also when it is devoid of an aromatic structure, as is the rium E. coli, the Gram-positive bacteriur@. aureusand the
case for PEOPOP. In this respect, the proximity of the yeastC. albicans Peptide7, also previously called P19(8), had
fulleropyrrolidino-glutamic acid to the resin core seems to play already been extensively characteriZédnd shows quite a high
a critical role as its presence influences the swelling properties activity toward the Gram-negative bacterium and yeast but has
of the solid support. As a consequence, longer TFA cleavagea lower activity toward the Gram-positive microorganism. It
times are required for this type of peptides with respect to was also found to have a relatively low cytotoxic actiV#as
classical solid-phase peptide synthesis protocols, and theindicated by the low hemolytic activity (Table 2). The nonam-
optimization of cleavage conditions needs to be further studied. phipathic peptides based on an alternating (Gly-gsayjuence,
Antimicrobial Activity. Antimicrobial peptides are often  wheren = 2, 4, or 6, were instead found to be devoid of
highly cationic, and therefore very soluble, and yet able to antimicrobial or hemolytic activity!
interact strongly with, and disrupt, the biological membranes Introduction of Fgul at the N-terminus o¥, leading to the
of the target microorganism. They do this by virtue of their fullero-peptide8, has a remarkable effect on both the antimi-
amphipathic nature, so that hydrophobic residues are relegatectrobial and the hemolytic activity. The former activity is
to a sector which interacts with the lipid bilayer, while polar considerably reduced fd. coliandC. albicans whereas it is
and charged residues remain in contact with the membrane polaiincreased foS. aureusA similar behavior was observed féy
headgroups and external aqueous environitémnsertion of where the fullerene-based residue lies in the middle of the
the highly hydrophobic € moiety could therefore further  sequence. The intrinsic antimicrobial activity of the,@oiety
modulate the interactions with the membrane. As fullerene was confirmed with fullero-peptid&0, in which it was inserted
derivatives already show an intrinsic antimicrobial activityt, in the middle of a (Gly-Orn-Gly) peptide. Also in this case,
was conceivable that a synergistic effect might result. Table 2 the highest activity was observed with the Gram-positive
shows the minimal concentration that inhibits the growth (MIC) bacterium. The presence ofd&lso appeared to greatly increase
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the ability of the peptides to lyse red blood cells. This was Work is in progress to better elucidate membrane permeabili-
particularly evident for peptid&, which due to its structural  zation in all of these contexts.
characteristid2P has a low hemolytic activity, whereas it is quite Conclusion
high for the fullero-peptid8. The peptide and fullerene moieties ) )
seem to collaborate in this respect; as for the smaller fullero- We have successfully performed the solid-phase synthesis
peptide10, the hemolytic activity was lower. This may be in of a series of fullero-peptides cqntamlng thel new Fgu amino
part due to a greater tendency of this peptide to aggregate, andicid1 and based on Lé&Enkephalin and on cationic antimicro-
in fact it precipitates at higher concentrations, which prevented Pial peptides. A suitable protocol of coupling and deprotection
the determination of hemolysis at 100M. For the fullero- was optimized to avoid side reactions due to the reactivity of
peptide8, the presence of thegmoiety may also promote the fu!lerene moiety against bases and nucleophiles. All types
aggregation, which could have important implications for its of resins have shown a strong tendency to retain the fullerene-
biological activity. based peptides, a phenomenon that created serious problems
Circular dichroism (CD) analysis of peptide(Figure 5A) dur_ing the r_emoval step. In this respect, the position of_ t_he Fgu
indicates that this derivative is unstructured in aqueous solution '€Sidue inside the peptide sequence appears to be critical. The
and assumes a partly helical structured0% helical content) recovery of the material decreases dramatically as the fullerene
in the presence of the helix-promoting solvent trifluoroethanol, @PProaches the solid support. The fullero-amino acid also
or sodiumdodecyl sulfate micelles, a simple model for biological influences the swelling properties of the resin probably due to
membranes. This behavior is typical of amphipathibelical a certain degree of aggregation which decreases the mobility
antimicrobial peptide&?® The shape of the CD spectra for of the linked molecule. However, the recovered fullero-peptides
fullero-peptides and 9 instead indicates a significant degree  could be easily purified and tested for their biological activity.
of helix formation already in aqueous solution (Figure 5B and They displayed a high and specific activity against Gram-
C), although the intensity of the band at 222 nm is low with positive bacteria and therefore become interesting lead molecules
respect to that shown by peptidewhich could be an indication for the discovery of new an;iinfective agents. Moreover, SPPS
that the peptides aggregate to form helical bundles. Unlike Of [60]fullerene-based peptides can now be extended to other
peptide?, the spectra for both fullero-peptid8sand9 change  classes of biologically relevant peptides.
more markedly in the presence of SDS micelles than of TFE  Acknowledgment. This work was supported by the Univer-
(Figure 5B and C). The shape of the spectrum for fullero-peptide sity of Trieste (Fondi 60%), by MURST (PRIN 2001, prot. n.
9, in particular, changes in a manner consistent with the presence2001063932, and MM05265243), and by CNR (Agenzia 2000).
of an extended conformation. In both cases, a strong interaction|, Zelezetsky is partially supported under EU project QLRT-
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the increased aggregation that results from its presence reducels,nc?l:’(;aor:lg%rg;rigitslo?n sAt;/L?rILZt;:tee;tioEXgr?glmi?:rz]atlaghztre;gt(;?iza
the capacity of the peptide to penetrate the LPS-rich outer Y ’ ' Yt

membrane of the Gram-negative bacterium, or the outer surface“on‘ biological assays, and experimental details for the synthesis

of the yeast cell, and thus to reach the cytoplasmic membrane.Of pepjudesz, .3’ 6-10 and for the treatment of fullerene
On the contrary, it appears to promote interaction with the derivativell with bases (PDF). This material is available free

cytoplasmic membrane of the Gram-positive bacterium, as well of charge via the Internet at http://pubs.acs.org.
as the membrane of erythrocytes, leading to increased lysis.JA027603Q
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