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ABSTRACT: HIV-1 maturation can be impaired by altering protease (PR) activity, the structure of the Gag-Pol substrate, or the
molecular interactions of viral structural proteins. Here we report the synthesis and characterization of new cationic N,N-
dimethyl[70]fulleropyrrolidinium iodide derivatives that inhibit more than 99% of HIV-1 infectivity at low micromolar
concentrations. Analysis of the HIV-1 life cycle indicated that these compounds inhibit viral maturation by impairing Gag and
Gag-Pol processing. Importantly, fullerene derivatives 2a−c did not inhibit in vitro PR activity and strongly interacted with HIV
immature capsid protein in pull-down experiments. Furthermore, these compounds potently blocked infectivity of viruses
harboring mutant PR that are resistant to multiple PR inhibitors or mutant Gag proteins that confer resistance to the maturation
inhibitor Bevirimat. Collectively, our studies indicate fullerene derivatives 2a−c as potent and novel HIV-1 maturation inhibitors.

■ INTRODUCTION

The emergence of resistant human immunodeficiency virus
(HIV) strains limits the therapeutic efficiency of current
antiretroviral therapies.1 Therefore, discovery of new antiviral
agents remains an important goal for HIV-1 infection
treatment. These agents may act by impairing viral maturation,
a process in which Gag and Gag-Pol polyproteins are
sequentially cleaved by PR to produce viral enzymes and
structural proteins that are required for viral replication.2

Pharmacological and genetic evidence demonstrates that
impairment of viral maturation is a powerful strategy to block
HIV-1 replication in vivo and in vitro. HIV-1 is released from
infected cells in the form of immature, noninfectious virions
that must undergo maturation before acquiring full infectivity.
Viral maturation is triggered by proteolytic processing of Gag
and Gag-Pol polyproteins by HIV-1 PR. This processing results
in the production of functional viral proteins including capsid
(CA) proteins, which assemble into the viral core. HIV-1
maturation can be hindered by drugs that act as PR inhibitors

(PIs) or as maturation inhibitors (MIs). The latter can bind to
Gag and affect its processing or to CA, thus impairing core
assembly. MIs binding to mature CA do not affect PR-mediated
processing, whereas those targeting CA-SP1 selectively block
the cleavage between CA and SP1, allowing normal processing
of Gag and Gag-Pol at other cleavage sites.3 Currently, there are
no maturation inhibitors used clinically.4

Since the discovery of fullerene C60,
5 efficient synthetic

methods for fullerene functionalization have been developed.6

Functionalization with highly polar or ionic groups is the most
commonly used approach to obtain water-soluble fullerene
derivatives for biomedical applications.7 C60 and C70 fullerene
derivatives have been shown to affect HIV-1 replication.8 The
currently accepted fullerene-induced inhibition mechanism
suggests binding to the PR active site9 as was determined by
analysis of the effect of these compounds on the in vitro activity
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of this enzyme combined with in silico predictions of the
interaction of these compounds with the active site of HIV-1
PR. However, this paradigm has recently being challenged10 by
the fact that C60 fullerene derivatives failed to significantly
inhibit HIV-1 PR in in vitro assays at doses that potently
blocked HIV-1 maturation and infection.
To date, there are only a few examples of water-soluble C70

derivatives,8b,11 partly due to the challenges involved in

regioselective functionalization. N-Quaternization of C60-full-
erenopyrrolidines is an excellent and high-yielding reaction to
synthesize water-soluble C60-fullerenopyrrolidium salts.12 In
this study, we report the first synthesis and characterization of
C70 quaternary ammonium salts and their strong anti-HIV
properties. Our data demonstrated that these compounds
blocked HIV-1 maturation. Importantly, at doses that potently
blocked Gag and Gag-Pol processing, these compounds did not

Figure 1. Chemical structures of the C70 fullerene derivatives 2a−c, 4, and 6 synthesized in this work.

Figure 2. Effect of fullerene derivatives 2a−c on HIV-1 infection. (a) Effect on the early steps of the viral life cycle. (b) Effect on the infectivity of the
viruses produced in the presence of fullerene derivatives. (c) Effect on the amount of virions produced in the presence of fullerene derivatives. Means
and standard deviations in parts a and b represent luciferase values normalized to ATP from three independent experiments, while data in part c
correspond to two independent viral productions (viruses produced in the presence of compound 2c at 3 μM were generated only once).
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affect HIV-1 PR in vitro activity; therefore, not supporting the
current paradigm that fullerene derivatives are HIV-1 PR
inhibitors. Furthermore, pull-down experiments using magnetic
bead-immobilized fulleropyrrolidinium derivatives demonstra-
ted their strong interaction with immature HIV-1 CA proteins
and this specificity correlated with the anti-HIV-1 activity of
these compounds. However, further studies are necessary to
validate immature CA as the molecular target of the anti-HIV
activity of C70 fullerene derivatives.

■ RESULTS
Design and Synthesis of C70 Fullerene Derivatives.

The synthesis and characterization of C70 pyrrolidinium iodide
salts 2a−c, 3, and 5, is schematically represented in Figure 1, as
described in the Experimental Section. The structure of the C70
derivatives 2b and 2c was confirmed by 1H-, 13C NMR, and by
matrix assisted laser desorption/ionization-time-of-flight-mass
spectrometry (MALDI-TOF-MS) (Supporting Information,
Figures 4 and 5). Their synthesis is very reproducible, and
their high purity is optimal for virological assays. Functionaliza-
tion of 1b with malonate addends I and II yielded the
regioisomeric mixtures 3 and 5, respectively (detailed synthesis
and characterization of malonates I and II is presented in the
Supporting Information, Figures 1, 6, and 7). N-Quaternization
of these compounds afforded the corresponding regioisomeric
mixtures 4 and 6 (Supporting Information, Figures 6, 10, and

11), which were characterized by MALDI-TOF-MS (Support-
ing Information, Figures 8 and 9).
Having prepared the cationic C70 derivatives, we first studied

their anti-HIV-1 activity and the viral life cycle step affected by
the regioisomeric mixture 2a and the pure compounds 2b and
2c.

Effect of C70 Fullerene Derivatives on the Early Stages
of the HIV-1 Life Cycle. The effect of compounds 2a−c on
the infectivity of VSV-G pseudotyped HIV-1 single-round
infection viruses expressing LTR-driven luciferase (HIV-luc)
was evaluated using the human CD4+ T cell line SupT1. These
cells were infected with HIV-luc in the presence of DMSO
(vehicle control) or fullerene derivatives 2a−c (10 μM), and 24
h later the compounds and the input virus were removed. After
3 days, cellular luciferase and ATP levels were measured and
luciferase was normalized to ATP to adjust for cell viability and
number. In these experiments, compound 2a only minimally
affected HIV-1 infectivity, whereas compounds 2b and 2c were
inactive (Figure 2a). These data indicate that fullerene
derivatives did not significantly affect the early steps of the
HIV-1 life cycle required for HIV-driven luciferase expression
including viral entry and uncoating, reverse transcription,
integration of viral cDNA, and HIV-1 Tat-mediated gene
expression. These results also demonstrated that these
compounds were not toxic to SupT1 cells at 10 μM.

Figure 3. (a, i−iv) Effect of fullerene derivatives 2a and 2b on NL4-3 replication. SupT1 cells were infected and then cultured in the presence of
DMSO (continuous lines) or fullerene derivatives (discontinuous lines). Concentration and fullerene derivative used are indicated in the graphics.
HIV-1 p24 was quantified in the cell supernatant collected at different days postinfection (PI). Two independent experiments are represented for
each dose and compound. (b) Effect of fullerene derivative 2b on the infectivity of a vesicular stomatitis virus engineered expressing eGFP. SupT1
cells were infected at MOIs 0.1 and 1 in the presence of DMSO (blue bars) or 2b (3 μM, green bars), and eGFP was determined 24 h later by FACS
analysis. Average and standard deviations of two experiments are represented. (c) Effect of C70 fullerene derivatives 2a−c on cell viability. SupT1
cells were treated with different concentrations of fullerenes 2a−c and DMSO for 24 h before cell viability was measured. Values detected in the cells
treated with fullerene derivatives were expressed as a function of those found in DMSO-treated cells. Means and standard deviations in parts a and b
are representative of two independent experiments and in part c of three independent experiments.
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Effect of C70 Fullerene Derivatives on the Late Stages
of the HIV-1 Life Cycle. To evaluate whether the fullerene
derivatives affect the late steps of viral development, we
produced HIV-luc by plasmid transfection in HEK293T cells in
the presence of DMSO, fullerene derivatives 2a−c (0.1, 0.5,
and 1 μM), or indinavir2b (0.1, 0.01, and 0.001 μM). The latter
is a PR inhibitor known to potently inhibit HIV-1 maturation.
Viruses were concentrated by ultracentrifugation through a
sucrose cushion, normalized for p24 levels, and their infectivity
evaluated in untreated SupT1 cells as described in Figure 2a. As
expected, indinavir produced 96%, 56% and 14% inhibition at
0.1, 0.01, and 0.001 μM, respectively (Figure 2b), as compared
to DMSO. Importantly, compounds 2a−c caused more than
99% reduction of infectivity at 1 μM, whereas at 0.5 μM these
compounds inhibited 87.4% (2a), 99.2% (2b), and 76% (2c) of
viral infectivity (Figure 2b). However, none of the compounds
were significantly active at 0.1 μM. Linear regression analysis of
these data also indicated that the concentration at which 50% of
their maximum response was reached (EC50) was 0.41, 0.33,
and 0.54 μM for compounds 2a, 2b, and 2c, respectively.
Comparison with indinavir (EC50 39.23 nM) indicates that
compounds 2a−c were between 8- and 13-fold less potent than
this therapeutic drug.
To evaluate the late step of the viral life cycle affected by

fullerene derivatives, we analyzed their effect on viral particle
production by measuring the levels of p24 (Capsid protein,
CA) in virions concentrated by ultracentrifugation through a
20% sucrose cushion. Importantly, the ELISA used to quantify
p24 detects both HIV-1 PR-fully processed mature CA and
partially or nonprocessed immature CA (Supporting Informa-
tion, Figure 13). Data in Figure 2c indicate that at either 0.5 or
3 μM fullerene compounds minimally affected virion
production, although viral infectivity was blocked at these
concentrations (Figure 2b). These findings indicate that
fullerene derivatives did not affect LTR-driven gene expression,
virion production, or cellular viability.
In addition, results in Figure 2 clearly indicate that fullerene

derivatives drastically reduce the infectivity of virions produced
in their presence.
Effect of C70 Fullerene Derivatives 2a and 2b on HIV-1

Replication. Because fullerene derivatives 2a and 2b were
more potent than 2c (Figure 2b), we characterized them in
further detail by evaluating their effect on HIV-1 replication in
SupT1 cells. Cells were infected with HIV-1 NL4-3 for 24 h.
Then the input virus was removed and the infected cells
distributed in cultures containing DMSO or fullerene
derivatives 2a and 2b at 3 or 1.5 μM. Cells were cultured for
2 weeks by replacing every 48 h half of the culture with fresh

medium containing no drugs. Supernatant was collected every
48 h, before feeding the cells, and used for quantification of
HIV-1 p24 by ELISA. In these experiments, we observed a
robust inhibitory effect of fullerene derivatives 2a and 2b at 3
μM, but this activity decayed at 1.5 μM (Figure 3a, i−iv). A the
replication peak (day 10 postinfection) fullerene derivatives
inhibited more than 92% of viral replication and that effect
dropped to 71−80% inhibition at 1.5 μM, whereas at 1 μM
these compounds did not inhibit viral replication (data not
shown).
The inhibitory potency of fullerene derivatives 2a and 2b was

markedly different between wild type and single-round
infection, VSV-G-pseudotyped HIV-1 (Figure 3a vs 2b). To
exclude any potential effect of fullerene derivatives on VSV-G
virion incorporation, we determined the effect of fullerene 2b,
the most potent of all the compounds evaluated, on the
replication of the rhabdovirus vesicular stomatitis virus which
requires VSV-G for infection. Findings represented in Figure 3b
indicated that fullerene 2b at 3 μM did not interfere with the
replication of vesicular stomatitis virus in SupT1 cells, thus
excluding any deleterious effect of fullerene derivatives on VSV-
G-dependent functions. Furthermore, these data indicate the
HIV-1-specificity of these compounds, excluding any toxic
effect on the target cells.

Effect of C70 Fullerene Derivatives on Cell Viability.
Several experimental results (Figures 2a,c and 3b) demon-
strated that at doses that fullerene derivatives block HIV-1
infectivity (Figure 2b and 3a) other viral processes that requires
preservation of cell viability are not affected, indirectly
indicating that the inhibitory effects observed with these
compounds are not due to cellular toxicity. To further evaluate
the toxicity of these compounds, we calculated the concen-
tration of fullerene derivatives 2a−c that kills approximately
50% of SupT1 cells (LC50). SupT1 were treated with different
doses of the compounds for 24 h, and then cell viability was
measured by quantifying the cellular ATP levels. In these
experiments, we observed approximately 92% of viability in
cells treated with 3 μM of fullerene derivatives 2a−c (Figure
3c), whereas at 48 μM, the viability dropped to 60−70%. Linear
regression analysis of these data indicated an LC50 of 60.6, 53.8,
and 104.2 μM for compounds 2a, 2b, and 2c, respectively. This
indicated more than 148-fold difference between the LC50 and
EC50 of these compound, therefore, ratifying that the inhibitory
effects observed on HIV-1 infection are not due to decreased
viability of the target cells.

Effect of Fullerene Derivatives 2a−c on HIV-1 Gag
and Gag-Pol Processing. Our data clearly show that
fullerenes 2a−c impair HIV-1 viral infectivity by affecting

Figure 4. Effect of fullerene derivatives on PR-mediated Gag and Gag-Pol processing and infectivity. (a) Immunoblot analysis of Gag and Gag-pol
processing in virions. (b) Infectivity of virions evaluated in part a. Data are representative of two independent experiments.
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virion maturation. To evaluate this inhibition mechanism, we
determined the effect of these compounds on PR-mediated Gag
and Gag-Pol processing. HEK293T cells were transfected with
the HIV-luc expression plasmid and culture for 24 h in the
presence of DMSO, fullerenes 2a−c (3 μM), and indinavir (0.1
μM). Then cell lysates were analyzed by immunoblot using an
anticapsid (CA, p24) monoclonal antibody. Capsid is a domain
in Gag, therefore, non- or partially processed Gag and Gag-Pol
proteins containing CA are detected in this assay. Data in
Figure 4a indicate a pronounced defect in Gag and Gag-Pol
processing of virions produced in the presence of C70 fullerene
derivatives, which directly correlate with the decreased
infectivity observed for these viruses (Figure 4b). Fullerene-
treated virions presented partially processed Gag-Pol in
contrast with virions produced in the presence of indinavir.
HIV-1 proteins in Gag are ordered from the N- to the C-
terminus as matrix (p17, MA, 17 kDa), capsid (p24, CA, 24
kDa), spacer peptide 1 (SP1, 2 kDa), nucleocapsid (NC, 7
kDa), spacer peptide 2 (SP2, 1 kDa), and late domain
containing protein P6 (P6, 6 kDa).2c,13 PR-mediated Gag
processing occurs in a fixed order that results in several

processing intermediates, some of which are indicated in Figure
4a. Several CA-containing Gag fragments, presumably identified
as CA-SP1-NC (∼33 kDa) and CA-SP1 (∼25 kDa),2c were
enriched in the fullerene- but not in the indinavir-treated
virions. Therefore, indinavir and C70 fullerene derivatives 2a−c
affect Gag and Gag-Pol processing by different mechanisms.

Antiviral Activity of C70 Fullerene Derivative 2a on
Drug-Resistant HIV-1. The effect of fullerene derivatives on
HIV-1 molecular clones harboring a panel of PR mutants that
are resistant to multiple PR inhibitor or Gag mutants resistant
to the maturation inhibitor Bevirimat3m was determined to
assess the potential clinical relevance of the molecular target of
fullerene inhibitors. HIV-luc-derived viruses harboring the PR
mutants were produced by plasmid transfection in HEK293T
cells in the presence of DMSO, indinavir (0.1 μM), or
compound 2a (3 μM). The mutant viruses analyzed included
11803, 11806, 11807, 11808, and 11809 that are resistant to
nelfinavir,14 fosamprenavir,14 saquinavir,14 indinavir, atazana-
vir,14 lopinavir,14 tipranavir,14 and darunavir, respectively,14 and
11805 that is resistant to these drugs except for tipranavir and
darunavir. The PR (99 amino acids) in these viruses contains

Figure 5. Effect of fullerene derivative 2a (3 μM) and indinavir (0.1 μM) on the infectivity of HIV-luc-derived viruses carrying PR mutants resistant
to multiple clinically approved PR inhibitors. Mean and standard deviation values represent the variability of triplicate readings of one experiment.

Figure 6. Effect of fullerene 2b on the infectivity of wild-type SIV and HIV-1 NL4-3 harboring mutations at the C-terminus of CA. Replication of
HIV-1 produced in the presence of DMSO or fullerene 2b (3 μM) in SupT1 cells was evaluated by HIV-1 p24 ELISA. (a) NL4-3 VL/LM CA
mutation. (b) NL4-3 L363F CA mutation. (c) The infectivity of HIV-1 NL4-3 CA mutants L363F and V362L/L363 M (VL/LM) and wild-type SIV
produced in the presence of DMSO or fullerene 2b (3 μM) was analyzed in the reporter cell line TZM-bl. Data in parts a and b correspond to one
experiment. Mean and standard deviation values in part c represent the variability of three independent experiments.
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between 10 and 24 point mutations that evolved in patients
subjected to highly active antiretroviral therapy. The produced
viruses were normalized for p24 and used to infect SupT1 cells.
Four days after infection, luciferase levels were measured and
normalized to ATP. In these experiments, we found that
compound 2a potently inhibited all the multiprotease inhibitor
resistant viruses (Figure 5) and the reporter viruses harboring
wild-type protease to a similar extent (Figures 2b). As expected,
indinavir failed to significantly affect the infection of the
resistant viruses.
We also evaluated the effect of fullerene 2b on the infectivity

of HIV-1 NL4-3 harboring Gag mutations at the C-terminus of
CA [L363F and V362L/L363 M (VL/LM)], as well as wild-
type SIV. These viruses are resistant to the maturation inhibitor
Bevirimat.3a,n Viruses were produced by plasmid transfection in
HEK293T cells in the presence of DMSO or fullerene 2b (3
μM), and their infectivity was determined in SupT1 cells or
TZM-bl cells using p24- or p27-normalized HIV-1 or SIV,
respectively. Comparison of the infectivity of viruses produced
in the presence of DMSO or fullerene 2b demonstrated that
this compound potently inhibits the ability of these viruses to
replicate in SupT1 cells (Figure 6a,b) or to infect the reporter
cell line (Figure 6c), demonstrating no cross-reactivity between
fullerene 2b and Bevirimat. This is expected because Bevirimat
only impairs processing of CA-SP1, whereas the effect of
fullerene 2b on Gag processing is much broader.
In addition, these findings highlight the potential clinical

relevance of the molecular target of fullerene derivatives.

Effect of Derivatives 2a and 2b on HIV-1 PR in Vitro
Activity. Our data indicate that fullerene derivatives impair
HIV-1 maturation by affecting Gag and Gag-Pol processing.
This effect could be the result of direct inhibition of HIV-1 PR
or due to a modification of the substrate or its accessibility to
this enzyme. To understand better the mechanism and to test
the established paradigm that HIV-1 PR is the target for
fullerene inhibition, we determined their effect on the activity of
HIV-1 PR in vitro.
Enzymatic assays are the oldest and still the most common

approach to test the inhibition of HIV-1 PR.15 The assay we
used is based on the PR cleavage of a fluorogenic substrate
derived from the native p17/p24 (MA/CA) cleavage site on
Gag. As expected, indinavir at 0.1 μM completely inhibited
processing of the substrate (Figure 7). However, C70 derivatives
2a and 2b at concentrations that inhibit more than 99% of viral
infectivity (∼7−9-fold IC50) showed no effect on PR activity
(Figure 7).

Evaluating the Interaction of Fullerene 2b with Gag-
Derived Proteins. Having established that PR is not the direct
target of these fullerenes against HIV-1 infection, and
considering that these compounds generate more CA-
containing Gag processing intermediates than indinavir (Figure
4a), which also suggest that compounds 2a−c likely act through
a different mechanism of inhibition, we evaluated the
interaction of Gag-derived proteins with compound 2b.
Azide magnetic beads (7) were functionalized using fullerene

derivatives 2b as bait. The synthesis of functionalized magnetic
beads starts from the α-isomer 1b, which after a Bingel

Figure 7. Effect of compounds 2a and 2b on the in vitro activity of HIV-1 PR. The cleavage of an HIV-derived FRET peptide by recombinant HIV-1
PR in the presence of compounds 2a (a) and 2b (b) at 3 μM determined by fluorescence measurements. Indinavir at 0.1 μM was used as the control.
Mean and standard deviation values represent the variability of three independent experiments.

Figure 8. (a) Effect on HIV-1 infectivity of fullerene 2b and compounds 4 and 6. (b) Analysis of the pull-down products using beads functionalized
with active or inactive fullerene derivatives 4 and 6, respectively. Mean and standard deviation values in part a represent the variability of two
independent experiments, and data in part b is representative of three independent experiments.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b00994
J. Med. Chem. 2016, 59, 10963−10973

10968

http://dx.doi.org/10.1021/acs.jmedchem.6b00994
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jmedchem.6b00994&iName=master.img-007.jpg&w=439&h=122
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jmedchem.6b00994&iName=master.img-008.jpg&w=418&h=150


nucleophilic cyclopropanation with acetylenes I or II yields the
regioisomeric mixtures 3 and 5, respectively (Figure 1). After
quaternization of these compounds to yield 4 and 6,
respectively, they were coupled to the azide magnetic beads
via “click chemistry” to obtain functionalized magnetic beads
with one (8) and two (9) acetylene groups, respectively, as
described in the Experimental Section. Proof that the “click
reaction” was successful comes from the disappearance of color
when a magnet is placed close to the reaction vessel
(Supporting Information, Figure 2). Additional proof comes
from infrared (IR) spectroscopy (Supporting Information,
Figure 12), which showed the disappearance of the azide and
acetylene stretching vibration bands near 2100 cm−1 and the
appearance of new bands between 900 and 1700 cm−1 and
2900 and 3000 cm−1, confirming the presence of the fullerene
cage. Magnetic beads coupled to fullerene 6 showed similar IR
characteristics.
To evaluate whether the functionalization of 2b with

malonates I and II disrupted its anti-HIV-1 activity, HIV-luc
was produced by plasmid transfection in HEK293T cells in the
presence of fullerene derivatives 2b, 4, 6 (3 μM), or DMSO.
The infectivity of the produced viruses was evaluated in single-
round infection assays in SupT1 cells as described in Figure 2b.
Data in Figure 8a shows that functionalization of fullerene 2b
using a symmetric dihexynyl malonate II (compounds 6)
resulted in the total loss of its anti-HIV-1 activity, whereas
substantial inhibitory activity was preserved for compounds 4,
which has only one acetylene group (Figure 1). These findings
highlight the relevance of the addends in the anti-HIV activity
of fullerene derivatives.
Next, we determined the interaction of fullerene derivatives

with HIV-1 Gag. Cell lysates obtained from HEK293T cells
that were transfected with a plasmid expressing Gag and Gag-
Pol polyproteins (pCMVΔR8.91) were incubated overnight
with pristine beads, beads coupled to fullerenes 4 and 6
followed by washing and boiling of the beads. Bound proteins
were analyzed by immunoblot with an anti-p24 (HIV-1 CA)
monoclonal antibody (183-H12-5C). This antibody recognizes
nonprocessed and processed Gag proteins containing the p24
domain. Data in Figure 8b demonstrate that an immature CA-
containing Gag product of ∼25 kDa, potentially corresponding
to the CA-SP1 fragment, strongly and specifically binds to
beads coupled to fullerenes 4. This protein was not recovered
from the nonfunctionalized beads or beads coupled to
fullerenes 6 pull-down experiments, in accordance with the
anti-HIV-1 activity of compounds 4 and 6. Similar results were
obtained with an anti-p24 monoclonal antibody that reacts
against an epitope located within amino acids 48−62 of CA,
highlighting the identity of the pulled-down protein (data not
shown).

■ DISCUSSION AND CONCLUSIONS
C70 and C60 fullerene derivatives have been reported to impair
HIV-1 replication in human cells by ill-defined mecha-
nisms.8,9,16 Only recently,10 our group systematically charac-
terized the anti-HIV-1 activity of C60 fullerene derivatives,
discovering that these compounds severely impair HIV-1
maturation at doses that do not affect the in vitro activity of
HIV-1 PR. Here, we described the synthesis and potent anti-
HIV-1 activity of novel C70 derivatives and confirmed that C70
and C60 fullerene derivatives share a similar mechanism of
action. We demonstrated, for the first time, that C70 fullerene
derivatives 2a−c inhibit HIV-1 maturation by blocking Gag and

Gag-Pol processing. The mechanism seems to be PR
independent because these compounds did not inhibit in
vitro PR activity at doses that potently block Gag and Gag-Pol
processing. These findings, however, contrast with a previous
report8a indicating that fullerene derivatives affect in vitro PR
activity. Important differences in the methodology used could
explain these contradictory findings. Perhaps the most relevant
is the nature of the substrate used in the assays; the previous
study used a non-HIV peptide as substrate, whereas we used a
peptide representing the natural substrate found at the MA−
CA cleavage site. The artificial peptide substrate has a 3-fold
higher turnover rate (kCat) than the peptide that we used.
According to calculations using the Hopp−Woods hydro-
philicity scale, the artificial peptide was significantly more
water-soluble than the HIV-derived peptide that we used,
potentially explaining its higher kCat. Aqueous solubility is an
important property of peptide substrates with improved
kCat.15b,17 Therefore, the addition of hydrophobic compounds
to the in vitro PR assay, such as the C60 fullerene derivatives
assayed in the reported study, could have compromised the
aqueous solubility of the peptide affecting its rate of cleavage by
PR. Thus, our findings illustrate the relevance of studying
natural vs artificial substrates in the case of HIV-1 PR. Another
important difference between our assay and the one previously
reported is that we used a continuous assay that allowed
analysis of the enzymatic activity at multiple time points,
whereas the previous report used a single-point assay that
measured the effect of the compounds when <15% of the
product was generated. Then, our findings also point out
another advantage of continuous vs single-point assays to
evaluate inhibitors of HIV-1 PR. Therefore, our data here, and
recently published,10 alter the long-established and unchal-
lenged paradigm that fullerene derivatives inhibit HIV-1
infectivity via binding to PR.8a,9,16c,d,18

Importantly, the antiviral activity of fullerene derivatives
correlated with their interaction with an immature CA protein
of ∼25 kDa, presumably CA-SP1. However, we have not
unequivocally demonstrated that the binding to immature CA
proteins is responsible for the antiviral activity of fullerene
derivatives. Nevertheless, we propose a model indicating that
interaction of fullerene derivatives to CA in unprocessed Gag or
Gag-Pol modifies the conformation or assembly of these
substrates, altering the specificity and/or activity of PR and
therefore causing defective processing. Importantly, the
parameters that regulate the interaction of PR with its multiple
natural, nonhomologous, substrates is unclear; thus clarification
of the mechanism of action of the C70 fullerene derivatives will
potentially increase our understanding of this process.
Similar to C70 fullerenes 2a−c, Bevirimat and 1-[2-(4-tert-

butylphenyl)-2-(2,3-dihydro-1H-inden-2-ylamino)ethyl]-3-
(trifluoromethyl)pyridin-2(1H)-one (PF-46396)19 interact with
immature CA. However, in contrast with these compounds that
affect Gag processing only at the binding site, CA-SP1,3a,h,19,20

fullerene derivatives 2a−c produce a global impairment of
processing indicating a distinct mechanism of action. In further
support of this, fullerene derivatives block the infectivity of
Bevirimat-resistant HIV-1 molecular clones and viruses.
Similarly, HIV-1 viruses resistant to multiple PR inhibitors
are also blocked by C70 fullerenes. These findings highlight the
potential clinical relevance of the molecular target of fullerene
derivatives.
In summary, our studies show that fullerene derivatives 2a−c

act through a novel anti-HIV-1 mechanism not yet reported for
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other CA-interacting compounds. Unraveling the details of this
unprecedented mechanism will open new avenues for the
discovery of novel anti-HIV-1 inhibitors.

■ EXPERIMENTAL SECTION
Chemical Synthesis of C70 Fulleropyrrolidium Derivatives.

We initially synthesized the neutral C70 pyrrolidine derivatives 1a−d,
21

and the key intermediates for the synthesis of the quaternary
ammonium salts 2a−c, 4, and 6; the purity of these compounds was
higher than 99% as determined by HPLC. Subsequent N-methylation
of compounds 1a−c yielded the regioisomeric mixture 2a, and the
pure C70-(N,N-dimethylpyrrolidinium iodide) isomers 2b and 2c.
Malonates I and II were synthesized by the reaction of hexynyl alcohol
S1 with the corresponding acid chlorides S2 and S3, see Supporting
Information, Figure 1. These addends were used to strategically
introduce the acetylene functionalities (compounds 3 and 5) starting
with 1b. The C70 fulleropyrrolidinium iodides 4 and 6 were
synthesized by following a similar procedure to that used for the
synthesis of compounds 2a−c. Finally, magnetic beads were
independently functionalized using compounds 4 and 6 using “click
chemistry” (Figures 1 and 7). Detailed descriptions of the synthetic
procedures can be found in the Supporting Information.
Plasmids. HIV-1-derived vectors were produced using pHIV-luc

and pMD.G. pHIV-luc was derived from pNL4-3.Luc.R-E22 by
introducing a deletion in the env open reading frame. pMD.G
encodes the vesicular stomatitis virus glycoprotein G (VSV-G). Gag
and Gag Pol were expressed with the HIV-1 packaging plasmid
pCMVΔR8.91 (a gift of D. Trono) and Gag with the expression
plasmid p96ZM651gag-opt (8675, NIH AIDS Reagent Program).23

Cell Lines. SupT1 cells were grown in RPMI 1640 and HEK293T,
TZM-bl, and A-172 in DMEM. Both culture media were
supplemented with 10% of heat-inactivated fetal calf serum, 2 mM
L-glutamine, and 1% penicillin/streptomycin.
Generation of Retroviruses. HEK293T cells were cotransfected

with the corresponding plasmids by the calcium-phosphate precip-
itation method.24 VSV-G-pseudotyped HIV-derived reporter virus
expressing firefly luciferase (HIV-luc) was prepared by cotransfection
of 15 μg of pHIV-luc and 5 μg of pMD.G. Replicating competent virus
[HIV-1NL4-3 wild-type and Gag mutants, and SIV (SIVmac239
SpX)] were produced by transfection of 15 μg of the corresponding
expression plasmids. After 18 h, the transfection medium was replaced
with fresh medium containing no drug, fullerene derivatives 2a−c,
indinavir, or DMSO. The cells were cultured for 48 h until the viral
supernatant was harvested and filtered. Single-round infection viral
vectors were further concentrated by ultracentrifugation through a
20% sucrose cushion.
Single-Round Infectivity Assay. SupT1 cells were plated at 1 ×

105 cells in 500 μL of RPMI 1640 culture medium in 24-well plates
and infected with HIV-luc. Four days postinfection, cells were
collected by centrifugation at 1000g for 6 min, and the resulting
pellet was resuspended in 200 μL of phosphate-buffered saline PBS.
Half of the sample was mixed with 100 μL of luciferase substrate
(Bright-Glow Luciferase Assay System, Promega) and the other half
with 100 μL of cell viability substrate (CellTiter-Glo Assay, Promega).
Cell lysates were incubated for 10 min at room temperature in the
dark, and then luminescence was measured in triplicate in 50 μL
samples using a microplate luminometer reader (Thermo Scientific,
Luminoskan Ascent).
HIV-1 Replication Assays. SupT1 cells were infected with HIV-

1NL4‑3 wild-type or mutants in the presence or absence of fullerene
derivatives 2a−c or DMSO. Then 24 h after infection, the cells were
extensively washed and viral replication was monitored for several days
by quantification of HIV-1 p24 in the cell supernatant by ELISA.
In experiments described in Figure 3a, SupT1 cells were infected

with HIV-1NL4‑3 wild-type (92 pg of p24), and 24 h later, the input
virus was extensively washed and then the cells were distributed in
cultures containing DMSO or fullerene derivatives (3, 1.5, and 1 μM).
During the two-week analysis, half of the culture medium was replaced
every 48 h with fresh medium containing no drugs. Viral replication

was monitored by HIV-1 p24 ELISA analysis of the cell culture
supernatants that were collected every 48 h before culture feeding.

TZM-bl cells were also used for evaluation of the infectivity of
replication competent HIV-1 and SIV. This HeLa-derived indicator
cell line expresses CD4, CXCR4, CCR5, and HIV-1 promoter-driven
luciferase and β-galactosidase expression cassettes. These cells are
permisive to infection by different isolates of HIV-1, HIV-2, and SIV.25

TZM-bl cells (1 × 105/well) were plated in a p24-well plate and the
next day infected with p24 or p27-normalized HIV-1 or SIV,
respectively. Then 72 h postinfection, cells were lysed in PBS-1%
Triton X-100 and luciferase activity was measured.

Vesicular Stomatitis Virus Replication Assay. SupT1 were
infected in the presence of DMSO or fullerene derivative 2b (3 μM)
with different multiplicities of infection (MOIs) of the rhabdovirus
vesicular stomatitis virus, that was engineered to express eGFP (VSV-
eGFP).26 Then 24 h later, the cells were analyzed for eGFP expression
by FACS.

HIV p24 and SIV p27 ELISAs. The instructions of commercially
available ELISA kits were followed (HIV, zeptometrix, and SIV,
XpressBio). Briefly, 200 μL of the viral samples were diluted and
incubated on the ELISA wells overnight (HIV p24) or 1 h (SIV p27)
at 37 °C. Unbound proteins were removed by washing the wells six
times with 200 μL of washing buffer. Bound HIV-1 p24 or SIV p27
was detected by incubating each well with 100 μL of the respectively
anti-CA HRP-labeled secondary antibodies for 1 h. Unbound
antibodies were removed by washing as described above. Bound
antibodies were detected by incubating each well with 100 μL of
substrate buffer for 30 min at room temperature after the reaction was
stopped by adding 100 μL of stop solution into each well. The
absorbance of each well was determined at 450 nm using a microplate
reader (Molecular Devices, Versa Max microplate reader).

Cellular Viability Assay. First, 25 ×104 SupT1 cells were plated in
a 96-well plate in 50 μL of RMPI 1640 culture media and left
untreated or treated with fullerene derivatives 2a−c, DMSO, or 2 mM
hydrogen peroxide (positive control). Then fullerene derivatives 2a−c
were evaluated at concentrations ranging from 3 to 48 μM, with each
concentration evaluated in triplicate. The cells were cultured in the
presence of the indicated compounds for 24 h, and then 50 μL of cell
viability substrate (CellTiter-Glo Assay, Promega) was added to each
well of cells. Cells were incubated for 10 min at room temperature in
the dark, and then luminescence was measured using a microplate
luminometer reader (Thermo Scientific, Luminoskan Ascent). Control
wells containing the same volumes of culture medium were used to
subtract the background.

Immunoblotting. Proteins of HIV-1 p24-normalized amounts of
virions (0.38 μg p24) were resolved by 13% SDS-PAGE and
transferred to PVDF membranes at 100 mAmp at 4 °C. Membranes
were blocked in TBS containing 10% milk for 1 h and then incubated
in the corresponding primary antibody diluted in TBS−5% milk−
0.05% Tween 20 (antibody dilution buffer) overnight at 4 °C. HIV-1
p24 was detected with anti-p24 monoclonal antibodies 183-H12-5C,
obtained from the NIH AIDS Reagent Program (catalogue no. 1513),
and SC-130531 (Santa Cruz Biotechnology). Primary antibody-bound
membranes were washed in TBS-0.1% Tween 20; all bound antibodies
were detected with goat antimouse IgG-HRP (1/2000, KPL, 074-
1806), followed by chemoluminescence detection.

Cells of the glioblastoma cell line A172 were transfected with 1 μg
of either pCMVΔR8.91 or p96ZM651gag-opt plasmids using
Lipofectamine 3000 (Invitrogen) according to manufacturer’s
protocol. Then 4 h later, the transfection media was replaced with
fresh culture medium. Then 24 h post-transfection, supernatants were
collected and cell lysates were prepared and analyzed by immunoblot-
ting with an anti-p24 monoclonal antibody (183-H12−5C). HIV-1
p24 levels were determined by ELISA analysis of the cell supernatants.

HIV-1 PR in Vitro Activity Assay. We measured the effect of
fullerene derivatives on the in vitro activity of HIV-1 PR with a
commercially available kit (Protein One, catalogue no. P9003). This
assay uses purified recombinant HIV-1 PR and a fluorescence
resonance energy transfer (FRET) peptide derived from the native
p17/p24 cleavage site of HIV-1 PR on Gag. HIV-1 PR (0.2 μL) and
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FRET peptide (final concentration 0.5 μM) were mixed in HIV-1 PR
buffer supplemented with 1 μM DTT (final concentration) on ice and
protected from light and immediately transferred into a black 96-well
plate that contain the compounds being evaluated. The reaction was
measured by determining the relative fluorescing units (RFU) with a
fluorometer at excitation/emission wavelengths of 490 nm/530 nm
every 5 min during 90 min.
Pull-Down Assay. First, 3 ×106 HEK293T cells were plated in a

T75 cm2 tissue culture flask and transfected the next day with 20 μg of
the Gag-Pol expression plasmid pCMVΔR8.91 by the calcium-
phosphate precipitation method. After 18 h, the transfection medium
was then replaced with fresh medium, and 24 h later, the cells were
washed in 1× PBS and lysed in 500 μL of 0.5% Triton in 1× PBS. The
cell lysate was incubated on ice for 15 min, centrifuged at 22000g for
10 min, and the supernatant was incubated with 50 μL of
nonfunctionalized magnetic beads for 1 h at 4 °C to remove proteins
binding nonspecifically to the beads. Then 50 μL of the precleared
lysate were saved as input sample, and 150 μL were mixed with 100 μL
of nonfunctionalized magnetic beads or functionalized with fullerene
derivatives 4 or fullerene derivatives 6. Beads and cell lysates were then
rotated overnight at 4 °C, followed by one 5 min wash using 0.5%
Triton in 1× PBS. Washed beads were boiled 10 min at 100 °C in 50
μL of 2× Laemmli buffer, and the eluted proteins were analyzed by
immunoblotting with anti HIV-1 p24 monoclonal antibodies as
described above.
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