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The triterpene RPR103611 is an efficient inhibitor of membrane fusion mediated by the envelope proteins
(Env, gp120-gp41) of CXCR4-dependent (X4) human immunodeficiency virus type 1 (HIV-1) strains, such as
HIV-1LAI (LAI). Other X4 strains, such as HIV-1NDK (NDK), and CCR5-dependent (R5) HIV-1 strains, such
as HIV-1ADA (ADA), were totally resistant to RPR103611. Analysis of chimeric LAI-NDK Env proteins
identified a fragment of the NDK gp41 ectodomain determining drug resistance. A single difference at position
91, leucine in LAI and histidine in NDK, apparently accounted for their sensitivity or resistance to RPR103611.
We had previously identified a mutation of isoleucine 84 to serine in a drug escape LAI variant. Both I84 and
L91 are located in the “loop region” of gp41 separating the proximal and distal helix domains. Nonpolar
residues in this region therefore appear to be important for the antiviral activity of RPR103611 and are
possibly part of its target. However, another mechanism had to be envisaged to explain the drug resistance of
ADA, since its gp41 loop region was almost identical to that of LAI. Fusion mediated by chimeric Env consisting
of LAI gp120 and ADA gp41, or the reciprocal construct, was fully blocked by RPR103611. The gp120-gp41
complex of R5 strains is stable, relative to that of X4 strains, and this stability could play a role in their drug
resistance. Indeed, when the postbinding steps of ADA infection were performed under mildly acidic conditions
(pH 6.5 or 6.0), a treatment expected to favor dissociation of gp120, we achieved almost complete neutralization
by RPR103611. The drug resistance of NDK was partially overcome by preincubating virus with soluble CD4,
a gp120 ligand inducing conformational changes in the Env complex. The antiviral efficacy of RPR103611
therefore depends on the sequence of the gp41 loop and the stability of the gp120-gp41 complex, which could
limit the accessibility of this target.

The human immunodeficiency virus type 1 (HIV-1) and
HIV-2 envelope glycoproteins (Env) consist of noncovalent
complexes of surface (gp120) and transmembrane (gp41) sub-
units, both derived from a gp160 precursor which is oligomer-
ized and cleaved during its transport to the cell surface (re-
viewed in references 9, 26, and 46). The function of these
proteins is to mediate virus entry by allowing binding of virions
to the cell surface and fusion of their lipidic envelopes with the
cell membrane. Our knowledge of the structure of HIV-1 Env
and of the mechanism by which it fulfils its function has con-
siderably improved over the last years, although a number of
aspects remain to be elucidated. Schematically, the initial steps
of virus entry (binding) are mediated by gp120, while gp41 is
responsible for the membrane fusion process itself. By analogy
with the influenza virus hemagglutinin model, gp41 is thought
to become fusion competent after conformation changes in the
gp120-gp41 complex (15, 38), which are not as yet understood
at the molecular level. These events seem to be usually trig-
gered by the interaction of gp120 with two classes of cell
surface molecules, CD4 and chemokine receptors, in particular
CCR5 or CXCR4, often viewed as HIV coreceptors (reviewed
in references 2, 14, and 20). In vivo, strains using CXCR4
(termed X4 strains) or both CXCR4 and CCR5 (R5X4) are
isolated at later stages of infection, while strains using CCR5

(R5) are predominant at the earlier stages. The X4 strains, in
particular when adapted to replication in T-cell lines, are char-
acterized by a relatively labile gp120-gp41 association, evi-
denced by the shedding of gp120, spontaneously or upon con-
tact with soluble CD4 (sCD4) or anti-gp120 antibodies (24, 33,
36), while the gp120-gp41 complex of R5 strains seems com-
paratively stable (27, 30).

Like other retroviral transmembrane proteins, gp41 com-
prises an N-terminal extracellular domain (ectodomain), a
membrane-spanning domain, and a C-terminal cytoplasmic do-
main, apparently dispensible for the fusion process (9). The
main features of the ectodomain are a hydrophobic N-terminal
sequence (“fusion peptide”), thought to insert in the target cell
membrane, and two domains with a predicted a-helix confor-
mation separated by a region containing a conserved dicysteine
motif, representing a highly immunogenic determinant (11).
Several residues in the proximal helix and the loop region of
gp41 seem to be involved in interactions with gp120 (13).
Peptides corresponding to the proximal (N) and distal (C)
helix domains of HIV-1 gp41 spontaneously form highly stable
coiled-coil structures with an inner core of three parallel N
helices on which are stacked three C helices placed in an
antiparallel orientation (4, 41, 42). Structural analysis of the
gp41 ectodomain of the HIV-2-related simian immunodefi-
ciency virus revealed the same organization (3). Whether the
formation of this structure is the motive force driving the viral
and target membranes to a closer apposition (4, 42) or whether
this structure is already present in the native form of gp41 is
not known (3).
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Different strategies to block the HIV-1 infectious process at
the cell entry step, either by targeting one of the cellular
receptors or the envelope proteins themselves, are envisioned.
To date, the vast majority of available compounds interfere
with the initial steps of virus entry, i.e., the interaction of gp120
with cell surface components. The most promising compounds
are bicyclams, which are nonpeptidic antagonists of CXCR4
(1). The extreme genetic variability of gp120 among isolates
(29) and the ability of HIV-1 to switch from one type of
receptor to another (e.g., CXCR4 to CCR5) by a few muta-
tions in gp120 (39) are obvious limitations for these strategies.
In contrast, gp41 is far more conserved and does not seem to
require further interactions with cellular proteins to mediate
membrane fusion. However, very few compounds targeting
gp41 have been described to date. Peptides derived from the
proximal or the distal a-helix regions of gp41 inhibit cell-cell
fusion and HIV-1 entry (44, 45). These compounds could act as
dominant-negative inhibitors of the interaction between the
proximal and distal helices, thereby preventing gp41 from at-
taining its fusion-active conformation (5), but other mecha-
nisms of action have been proposed (3, 28). Peptides from the
distal helix display the most efficient antiviral activity, and one
such peptide (T20) was recently found to reduce the virus load
in HIV-1-infected individuals (17). However, cost and bioavail-
ability issues seem to represent serious limitations to the use of
such peptides on a larger scale.

To our knowledge, the triterpene RPR103611, a betulinic
acid derivative (molecular weight, 712), is the only nonpeptidic
antiviral compound thought to target gp41. It was isolated
through random screening and was found to block cell-cell
fusion and HIV-1 infection at a postbinding step (21). We have
characterized a drug escape mutant of the X4 strain HIV-1LAI
(LAI) and have found that its phenotype stemmed from a
mutation in the gp41 ectodomain (19). In addition, the drug-
resistant phenotype of an X4 strain of African origin, HIV-
1NDK (NDK), was attributed to differences with LAI in gp41.
Here we have further addressed the mechanism of the resis-
tance of NDK to RPR103611 and have identified a gp41 res-
idue apparently critical for its antiviral effect. Unexpectedly,
HIV-1ADA (ADA), an R5 strain almost identical to LAI in its
gp41 sequence, was fully resistant to neutralization by
RPR103611. In this case, drug resistance seemed related to the
relatively stable association of the gp120-gp41 complex, prob-
ably limiting access of the drug to its target.

MATERIALS AND METHODS

Cell lines and viral strains. Infections were performed in target cells derived
from the U373MG-CD4 (12) or HeLa-P4 (6) cell line; both of these cell lines are
CD41 and bear the Escherichia coli b-galactosidase gene (lacZ) under transcrip-
tional control of the HIV-1 long terminal repeat (LTR). The U373MG-CD4 cells
stably expressing either CXCR4 or CCR5 (18) and the HeLa-P4 derivatives
stably expressing CCR5 (HeLa-P5) (32) have been described. Cells were prop-
agated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS), antibiotics (penicillin and streptomycin), and 2 mM
glutamine. Virus stocks were supernatants of HeLa cells transfected with the
cloned molecular genomes of the HIV-1 strains LAI (31), NDK (40), HIV-189.6
(89.6) (7), and ADA, actually a recombinant LAI provirus with env from ADA
(32, 43). Infectious titers were determined in Hela-P4 cells, except for ADA,
which was titrated in HeLa-P5 cells.

Antibodies, recombinant proteins, and other reagents. The sheep anti-gp120
antibody D7324 raised against a peptide from the C terminus of gp120 (25) was
obtained from Aalto BioReagents (Dublin, Ireland). Pooled sera from HIV-1-
infected individuals were a gift from N. Sol (Hôpital St.-Louis, Paris, France).
Peroxidase-conjugated goat anti-human immunoglobulin G was obtained from
Jackson ImmunoResearch Laboratories (West Grove, Pa.). The betulinic acid
derivative RPR103611 was obtained from Rhône-Poulenc Rorer Laboratories
(Vitry-sur-Seine, France) as a dry powder and diluted in dimethylformamide (10
mM stock solution). Baculovirus-expressed gp120 from HIV-1IIIB (a LAI vari-
ant) and sCD4 were obtained from Neosystems Laboratories (Strasbourg,
France).

Env expression vectors. The vectors allowing expression of Env from LAI
(NS105) (19) and ADA (32) have been described. Env LAI mutants were derived
from NS105 by site-directed mutagenesis on a single-stranded template. Mutants
were screened for the creation of restriction enzyme sites and checked by se-
quencing the gp41 ectodomain. The 89.6 Env expression vector was obtained by
replacing the KpnI-BamHI fragment of NS105 (nucleotides [nt] 5925 to 8068 in
LAI) by a KpnI-BamHI PCR fragment amplified from the 89.6 env. Sequences of
oligonucleotides used for PCR and site-directed mutagenesis can be provided
upon request. The LAI-ADA Env chimeras, LA-1 and LA-2, were obtained by
ligating KpnI site-to-blunt end (gp120) and blunt end-to-BamHI site (gp41) PCR
fragments amplified from ADA env or from LAI env. Blunt-end ligation created
a PvuI site at the gp120-gp41 junction (see Fig. 5A). The resulting V2I substi-
tution in gp41 had no apparent effect on its function. The NDK Env expression
vector contained a portion of LAI gp41 corresponding to the membrane anchor
and cytoplasmic domains. It was derived from the previously described LN-3
vector (19) by replacing a SalI-MluI fragment (nt 5320 to 6632) by a SalI-MluI
PCR fragment amplified from NDK env. The LN-7, LN-8, and LN-9 expression
vectors have been described (19). The XbaI site introduced in LAI env (nt 7669)
facilitated construction of LN-10 by substituting the LAI env XbaI-BamHI frag-
ment for the corresponding LN-8 fragment. LN-11 was obtained by replacing the
ApaLI-BamHI fragment of the NDK Env expression vector by the corresponding
fragment from LN-9. The HIV-2ROD (ROD) Env expression vector was a cloned
ROD provirus (34) with nucleotides between HindIII sites (nt 1457 and 5782
located in gag and vpr, respectively) deleted.

Syncytium formation assay. Subconfluent monolayers of HeLa cells in six-well
trays (;2 3 105 cells per well) were transfected with Env expression vectors by
calcium phosphate precipitation. An equivalent number of LTR-lacZ target cells
freshly detached by trypsinization were added 20 h after transfection. After
overnight coculture in the absence or presence of RPR103611 (10 mM), adherent
cells were fixed in 0.5% glutaraldehyde and stained with the b-galactosidase
substrate X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside), as described
previously (8). Blue-stained foci were scored under 320 magnification.

Infectivity assays. Standard infectivity assays were performed with HeLa-P4
target cells using in situ detection of b-galactosidase activity as the readout.
Briefly ;2 3 105 cells were infected with about 103 infectious units (i.u.) in
12-well plates in the absence or presence of RPR103611 (10 mM), fixed, and
stained with X-Gal 20 h later. Infections of HeLa-P4 cells with HIV-1 stocks
pretreated with sCD4 were performed in 96-well flat-bottom microtiter plates.
LAI and NDK stocks were preincubated with concentrations of sCD4 ranging
from 1 to 1,000 mg/ml, or were mock-treated, for 1 h at 37°C and then added to
cells (5 3 102 i.u. per well). After overnight incubation, cells were lysed in 0.5%
Nonidet P-40 (50 ml per well) and b-galactosidase activity was quantified using
the chromogenic substrate chlorophenol red-b-D-galactopyranoside (CPRG) by
measuring absorbance at 575 nm as described previously (8). To study the effect
of pH on HIV-1 infectivity, HeLa-P5 cells seeded in 48-well plates were left in
contact with ADA or LAI (;103 i.u. per well) for 2 h at 4°C, in order to allow
virus adsorption but not fusion. Unbound virus was removed by two washes in
phosphate-buffered saline (PBS), and plates were shifted to 37°C. After 30 min,
the supernatant was replaced by culture medium (DMEM–10% FCS) buffered at
pH 6, 6.5, 7, or 7.5 with acetic acid and containing or not containing RPR103611
(10 mM). After 90 min at 37°C, cells were washed and cultured in standard
medium (pH 7.4) with or without RPR103611 (10 mM) for 20 h before being
stained with X-Gal.

Assay for gp120. Concentrations of gp120 (and gp160) in cells and superna-
tants were measured by a previously described sandwich enzyme-linked immu-
nosorbent assay (ELISA) technique (22). Briefly, HeLa cells were transfected in
100-mm-diameter petri dishes with Env expression vectors, and supernatants
were replaced 24 h posttransfection by fresh medium (4 ml). One day later,
cell-free supernatants were harvested and treated with 0.5% Empigen BB (Cal-
biochem), while cells were lysed in 0.5 ml of PBS–0.5% Empigen BB. Quadru-
plicate samples (100 ml) of supernatants and cell lysates, diluted in DMEM
containing (10% FCS and 0.5% Empigen BB, were added to microtiter plates
(Immulen 2; Dynex Technologies, Guyancourt, France) coated with affinity-
purified sheep anti-HIV-1 gp120 antibody D7324 (0.5 mg per well). After over-
night incubation at 4°C and five washes in PBS–0.1% Tween 20, 100 ml per well
of a 1/500 dilution of pooled sera from HIV-1-infected individuals in PBS–4%
nonfat milk–0.1% Tween 20 was added. After 1 h at room temperature, plates
were washed five times in PBS–0.1% Tween 20, and 100 ml per well of a 1/7,500
dilution of peroxidase-conjugated goat anti-human immunoglobulin G (Calbio-
chem) in PBS–4% nonfat milk–0.5% Tween 20 was added. After 1 h at room
temperature and five washes in PBS–0.5% Tween 20, 100 ml of a 0.4-mg/ml
solution of 2,29-azinobis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS; Sigma, St.
Louis, Mo.) in 0.6% acetic acid–0.03% H2O2 was added. Absorbance at 405 nm
(A405) was read 30 min later. Concentrations of gp120 in samples were deduced
by comparison with the A405 in a series of samples containing known amounts of
recombinant gp120 (ranging from 0.2 to 50 ng/ml) processed in parallel. The
threshold of detection of gp120 was 3 ng/ml (0.3 ng per well). The gp120-gp41
association index for a given Env was calculated, as described by Helseth et al.
(13), as the ratio of the total amount of gp120 (plus gp160) in cell lysate to the
total amount of gp120 in supernatant.
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RESULTS

Activity of RPR103611 on virus entry via CXCR4 or CCR5.
In an initial study performed before the discovery of the role of
chemokine receptors in HIV entry and cell tropism, two pri-
mary HIV-1 isolates of European origin and three cell line-
adapted HIV-1 strains from clade B (LAI, MN, and RF) were
neutralized by RPR103611 with 50% inhibitory concentrations
ranging from 0.05 to 0.75 mM, while cell line-adapted HIV-1 of
African origin (ELI and NDK, both from clade D) and HIV-2
strains (ROD and EHO) were fully resistant to concentrations
exceeding 10 mM (21). To directly address the possible impor-
tance of the type of chemokine receptor used by HIV-1 or
HIV-2 for their sensitivity to RPR103611, we have performed
syncytium formation assays with cells expressing different types
of Env from HIV-1 (LAI, NDK, ADA, 89.6) or from HIV-2
(ROD) and target cells (U373MG-CD4) expressing either
CXCR4 or CCR5. As expected, LAI and NDK Env only in-
duced fusion with CXCR41 cells and ADA Env only induced
fusion with CCR51 cells. The 89.6 and ROD Env apparently
used both types of receptors with similar efficacies (Fig. 1).
Fusion mediated by the LAI Env was fully blocked by 10 mM
RPR103611, while fusion mediated by the NDK Env was only
reduced by ;20% (Fig. 1). Fusion mediated by the 89.6 Env
with the CXCR41 or the CCR51 cells was completely blocked
by RPR103611, while RPR103611 reduced the efficiency of
fusion mediated by the ROD Env by ;25% for both target
cells. Therefore, the drug sensitivity or resistance of the 89.6
and ROD Env appeared to be independent of the chemokine
receptors CXCR4 and CCR5. The drug resistance of cell fu-
sion mediated by Env from ADA was unexpected, since this
strain belongs to clade B (like LAI and 89.6). Resistance to
RPR103611 was also observed for fusion mediated by Env
from other clade B R5 strains (BaL, Jr-CSF, and YU-2; data
not shown).

Role of gp41 in resistance to RPR103611. By testing the
effect of RPR103611 on cell-cell fusion and HIV-1 infection
mediated by a chimeric LAI-NDK Env, we had previously
found that the NDK gp41 was associated with drug resistance
and that the LAI gp41 was associated with drug sensitivity (19).

Here we have refined this approach by using chimeric LAI-
NDK Env in which fragments of the gp41 ectodomain were
exchanged (Fig. 2A). All chimeric Env tested (LN-7 to LN-11)
mediated fusion with HeLa-P4 cells with efficiencies similar to
that of the parental Env. As previously observed, the efficiency
of fusion mediated by the LN-7 and LN-8 Env was only re-
duced by ;30% in the presence of 10 mM RPR103611 (Fig.
2B), indicating that the first 38 residues of NDK gp41 were
dispensible for the drug-resistant phenotype. Introducing res-
idues 109 to 163 of the NDK gp41 ectodomain into LAI Env
(LN-9) did not modify its sensitivity to RPR103611. In con-
trast, residues 39 to 108 of the NDK gp41 were apparently
sufficient to confer drug resistance in the LAI Env context
(LN-10). When this fragment of NDK gp41 was replaced by
the corresponding LAI gp41 fragment (LN-11 chimera), cell
fusion was totally blocked by RPR103611. Exchanging a 70-
amino-acid gp41 fragment was therefore sufficient to revert the
phenotype of LAI or NDK Env with regard to inhibition by
RPR103611. This fragment contains the proximal helix domain
and most of the loop region of gp41, including the dicysteine
motif (Fig. 3).

In this region of gp41, LAI and NDK Env differ at nine
positions (Fig. 3). Each of these nine residues of LAI gp41 was
replaced by its NDK counterpart, and the resulting mutant
LAI Env were tested for their ability to mediate fusion with
HeLa-P4 target cells in the presence or absence of RPR103611
(10 mM). All mutations, except A96N, were apparently com-
patible with the processing and function of Env, since the
number of syncytia was similar to that obtained with wild-type
LAI Env (Fig. 4A). As will be seen later, the A96N mutation
seems to affect the stability of the gp120-gp41 complex. The
low level of fusion mediated by the A96N mutant was appar-
ently resistant to RPR103611. Among the fully functional Env
LAI mutants, only the leucine 91-to-histidine (L91H) substi-
tution was associated with drug resistance. Fusion mediated by
other mutants was completely blocked in the presence of the
drug. This experiment included the previously characterized
drug escape LAI mutant carrying the isoleucine 84-to-serine
(I84S) mutation.

The effects of the I84S, L91H, and A96N mutations on

FIG. 1. Effect of RPR103611 on syncytium formation between HIV-1 or
HIV-2 Env1 cells and CXCR41 or CCR51 target cells. HeLa cells transfected
with Env expression vectors corresponding to the HIV-1 strains LAI, NDK, 89.6,
ADA, and ROD were cocultured overnight with an equivalent number (;2 3
105 cells per well) of U373MG-CD4 cells stably expressing CXCR4 or CCR5, in
the presence or absence of RPR103611 (10 mM). Fusion with Env1 cells (also
expressing the HIV-1 or HIV-2 transactivator Tat) activates the LTR-lacZ trans-
genes of target cells, allowing detection of syncytia by their blue staining in the
presence of the X-Gal substrate. Bars, mean numbers of blue foci in three
independent transfections with standard error.

FIG. 2. Inhibition of cell-cell fusion mediated by chimeric LAI-NDK Env.
(A) Schematic representation of wild-type and chimeric Env. A, B, and X,
ApaLI, BamHI, and XbaI sites, respectively, used to exchange domains of gp41
(see Materials and Methods for details); m.a., membrane anchor domain of
gp41. Hatched bars, NDK sequences; arrow, cleavage site. (B) Extent of inhibi-
tion of fusion between HeLa cells expressing the indicated Env and HeLa-P4
cells (CD41, CXCR41) by RPR103611 (10 mM). The experiment was performed
as described for Fig. 1. For all types of Envs, 5,000 to 10,000 syncytia per well
were scored in the absence of the drug. Numbers represent the means of three
independent wells.
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HIV-1 infection were tested by subcloning the corresponding
mutant env genes into a LAI provirus. The A96N mutation
abolished HIV-1 infectivity, and the effect of RPR103611
could not therefore be tested. Infection mediated by virus
carrying the I84S and L91H mutations was only slightly re-
duced in the presence of 10 mM RPR103611 (Fig. 4B). Parallel
results were therefore obtained in infection and cell fusion
assays.

Since the L91H mutation was sufficient to revert the pheno-
type of LAI Env, we have tested the effect of the reciprocal
mutation (H91L) in the context of NDK gp41. Cell fusion and
HIV-1 infection mediated by the LN-7 chimeric Env (NDK
gp41 ectodomain) bearing this H91L mutation were totally
blocked by 10 mM RPR103611 (Fig. 4). These experiments
showed that the drug resistance of NDK could be explained by
a single amino acid difference with respect to LAI in gp41. The

L91H mutation and the previously characterized drug escape
mutation I84S both replace a hydrophobic residue of the loop
region of gp41 by a polar residue. The L91 and I84 residues are
conserved among clade B HIV-1 strains (29) but not among
clade D HIV-1 strains or among HIV-2 strains, which may
explain their drug resistance.

Drug resistance of R5 strains. In the region of gp41 that we
found important for sensitivity or resistance to RPR103611
(residues 38 to 109), the HIV-1 strain ADA differs from LAI
by five conservative substitutions (Fig. 3). Three of these ADA
residues (V69, R77, and D109) are also found in the NDK
sequence, with no apparent role in the drug resistance pheno-
type. We have addressed the possible role of the two other
ADA residues (L72 and T107) by site-directed mutagenesis in
the LAI gp41 context. The V72L and S107T mutations did not
affect the efficiency and drug sensitivity of fusion with HeLa-P4
cells (data not shown).

To define whether the gp120 or gp41 of ADA was respon-
sible for the drug-resistant phenotype, each one was replaced
by the corresponding Env subunit of LAI, thus yielding the
LA-1 and LA-2 chimeric Env (Fig. 5A). As expected, fusion
mediated by LA-1 (ADA gp120) was CCR5 dependent, while
fusion mediated by LA-2 (LAI gp120) was CXCR4 dependent
(Fig. 5B). Fusion mediated by LA-1 was less efficient than
fusion mediated by the parental Env (about 50%), although
the number of syncytia remained high, indicating relatively
efficient processing and expression of this chimeric Env. Fusion
mediated by LA-1 and LA-2 was fully blocked in the presence
of RPR103611, which confirmed that the minor sequence dif-
ferences in gp41 did not determine the phenotypic differences
between LAI and ADA. This ruled out a direct role for gp120
in the drug resistance of ADA. Since the gp120 and gp41 of
ADA only expressed a drug-resistant phenotype when they
were associated, we were led to envisage a potential role for
the stability of the gp120-gp41 complex of R5 strains in their
resistance to RPR103611.

Role of gp120-gp41 stability. The stability of the gp120-gp41
association can be indirectly assessed by measuring the amount
of gp120 shed in the supernatant of Env1 cells (13). When
HeLa cells were transfected with different Env expression vec-
tors, similar amounts of cell-associated gp120 (and gp160)

FIG. 3. Amino acid sequence of the gp41 extracellular domain of the HIV-1 strains LAI, NDK, and ADA. The proximal and distal a-helical domains are shaded.
Also shown are the dicysteine motif of the loop region and the positions of the ApaLI and XbaI sites used to construct LN chimeras.

FIG. 4. Inhibition of cell-cell fusion and infection mediated by wild-type and
mutant HIV-1 Env. Assays of syncytium formation (A) between HeLa cells
transfected with Env expression vectors and HeLa-P4 cells were performed as
described for Fig. 1. Infections of HeLa-P4 cells (B) in the presence or absence
of RPR103611 (10 mM) were performed in six-well trays using wild-type or
mutant LAI or NDK. Cells were stained with X-Gal 20 h after infection. Viral
stocks were supernatants of transiently transfected HeLa cells. The inocula were
adjusted to yield ;1,000 blue foci per well in the absence of the drug, except for
the A96N LAI mutant, for which undiluted stock was used. Bars, means of three
independent wells with standard error.
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were measured by quantitative ELISA (Fig. 6). As expected,
measurements made in parallel in cell-free supernatants re-
vealed a markedly higher level of gp120 in cells transfected
with LAI Env than in cells transfected with ADA Env (Fig. 6).
Assuming an association index (cell-associated/cell-free gp120)
of 1 for LAI Env, we obtained a value of 6.7 for ADA Env
(Table 1). The LA-1 and LA-2 chimeras formed apparently
weaker gp120-gp41 complexes, with relative association in-
dexes of 2.8 and 3.5, respectively (Table 1 and Fig. 6).

The spontaneous gp120 shedding was lower in cells express-
ing Env from NDK than in cells expressing LAI Env (associ-
ation index of 3.5; Table 1), in agreement with a previous
report (35). This indicated a stabler gp120-gp41 association for
NDK Env. The amounts of shed gp120 for wild-type NDK Env
and the LN-7 chimeric Env (LAI gp120-NDK gp41) were sim-
ilar, suggesting that gp41 rather than gp120 determined the
relative stabilities of the LAI and NDK Env complexes. In the
LN-7 Env context, the H91L mutation markedly reduced the
stability of the gp120-gp41 complex while point mutations I84S
and L91H did not seem to modify the stability of the LAI
gp120-gp41 complex (Fig. 6, Table 1). The A96N mutation was
associated with a very large amount of gp120 shedding (Fig. 6).
Instability of the Env complex probably explained the lack of
activity of this mutant. Finally, incubating cells with 10 mM
RPR103611 did not detectably increase shedding of the NDK
or LAI gp120 (Fig. 6), which represented another argument
against the activity of this compound on gp120.

Drug sensitivity of ADA at low pH. For R5 strains, it is not
usually possible to induce dissociation of the gp120-gp41 com-

plex and gp120 shedding upon incubation of virions and gp120
ligands such as sCD4 (27, 30) incubation in acidic pH condi-
tions was previously shown to enhance the effect of sCD4 on
X4 HIV-1 strains (10). We have therefore sought to use
low-pH conditions as a means to reduce the stability of the
gp120-gp41 association and to possibly facilitate the effect of
RPR103611. Since this treatment was likely to be detrimental
to the initial steps of HIV-1 infection (binding), and possibly to
early postbinding steps if they require a tight gp120-gp41 as-
sociation, it was omitted during the binding step performed at
4°C and during the first 30 min following the shift of temper-
ature to 37°C. At this time, the culture medium was replaced
by medium at pH 6, 6.5, 7, or 7.5, containing or not containing
RPR103611 (10 mM) and incubation was pursued for 90 min at
37°C. Cells were then grown in standard culture medium, with
or without the drug, and then fixed and stained to reveal HIV-1
infection. Usage of HeLa-P5 cells, which express both CCR5
and CXCR4, allowed a comparison of the effects of
RPR103611 on LAI and ADA in the same target cells.

For LAI, incubation at pH 6 resulted in a twofold reduction
of the infectious titer relative to incubations at pH 6.5 or
higher. At all pH conditions tested, infection was totally
blocked by RPR103611 (Fig. 7A), showing that the drug was
fully active in this pH range and could block infection when
added after adsorption, as we previously observed (19). A
different situation for infections with ADA was observed.
There was a very limited inhibitor effect at neutral pH, like that
in the previous cell fusion experiments, while infection was
reduced by approximately 90 and 70% at pHs 6.5 and 6, re-
spectively (Fig. 7B). In acidic conditions, we could therefore
achieve partial neutralization of an otherwise fully resistant
HIV-1 strain.

Relative drug sensitivity of NDK in the presence of sCD4.
The acidic treatment could also confer sensitivity to RPR103611
on NDK (data not shown). To address the possible influence of
the stability of the gp120-gp41 complex, we took advantage of
the ability of sCD4 to induce conformational changes in the

FIG. 5. Inhibition of cell-cell fusion mediated by HIV-1 LAI-ADA Env chi-
meras. (A) Schematic representation of wild-type and chimeric Env. K, P, and B,
KpnI, PvuI, and BamHI sites, respectively, used for construction of chimeric env
(see Materials and Methods); m.a., membrane anchor domain. (B) Fusion of
HeLa cells expressing indicated Env and U373MG-CD4 cells expressing either
CXCR4 or CCR5, in the presence or absence of RPR103611. The experiment
was performed and presented as described for Fig. 1.

FIG. 6. Shedding of gp120 in supernatants of cells expressing HIV-1 Env.
About 106 HeLa cells were transfected in a 100-mm-diameter plate with the
indicated Env expression vector. The supernatant was replaced 24 h later by 4 ml
of culture medium containing or not containing RPR103611 (10 mM). After
another 24 h, supernatant and adherent cells were independently harvested, and
the concentrations of gp120 were determined by ELISA (see Materials and
Methods) by comparison with samples containing known amounts of recombi-
nant gp120 processed in parallel. Bars, total amounts of gp120 in the supernatant
and in the cells for a given transfected plate (means of at least four independent
transfections).
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gp120-gp41 complex of X4 HIV-1 strains. Incubation of LAI
with 1-mg/ml or higher sCD4 concentrations abolished infec-
tivity (Fig. 8A), while NDK was more resistant to the antiviral
effect of sCD4 (Fig. 8B), in agreement with a previous report
(35). When infections were performed in the presence of 10
mM RPR103611, we observed a reduced infectivity when NDK
had been in contact with sCD4 concentrations higher than 1
mg/ml (Fig. 8B). As expected, RPR103611 had no significant
effect on untreated virus. Therefore, contact with sCD4 con-
centrations apparently too low to reduce NDK infectivity
(1 and 5 mg/ml) or only reducing it by 10% (10 mg/ml) could
result in a partial sensitivity to RPR103611 (Fig. 8B and C). As

previously observed with acidic treatment of ADA, we were
able to achieve partial neutralization of a drug-resistant strain
by applying a treatment expected to dissociate the gp120-gp41
complex. However, in both cases, we did not observe complete
neutralization, as is achieved for drug-sensitive HIV-1 strains.

DISCUSSION

The betulinic acid derivative RPR103611 is a potent inhib-
itor of HIV-1 entry and fusion, but its activity is clearly strain
dependent. Antiviral activity of RPR103611 against LAI and
other cell line-adapted HIV-1 strains belonging to clade B was
initially reported, while HIV-2 strains (ROD, EHO) and two
clade D HIV-1 strains (ELI and NDK) were fully resistant (19,
21). By exchanging env gene domains between LAI and NDK,
we found that the ectodomain of gp41 was apparently deter-
mining their sensitivity or resistance to RPR103611 (19). Here
we have refined this approach and found that a discrete do-
main of 70 residues from the NDK gp41 ectodomain was
sufficient to confer drug resistance in the LAI Env context.
Reciprocally, the same fragment from LAI gp41 conferred
sensitivity in an NDK Env context. This fragment contains part
of the proximal helix and the loop region located between the
proximal and distal helices of gp41. We had previously mapped
a drug escape mutation in LAI in the same region of gp41 at
isoleucine 84 (19). Here we found that a single amino acid
difference at position 91, a leucine for LAI and a histidine for
NDK, was sufficient to account for their distinct phenotypes.
Indeed, fusion mediated by the LAI Env mutant carrying the
L91H mutation was resistant to RPR103611, while the H91L
mutation caused reversion of the phenotype of a chimeric
construct bearing the ectodomain of NDK gp41. Other amino
acid differences between LAI and NDK had no apparent role,
with the possible exception of the replacement of alanine 96 of
LAI by asparagine in NDK. The effect of the A96N mutation
was difficult to appreciate since it markedly reduced fusion
efficiency and abolished HIV-1 infectivity. Since the H91L

FIG. 7. Effect of pH on neutralization of LAI (A) and ADA (B) by RPR103611. HeLa-P5 cells (CXCR41, CCR51) in 48-well plates were left in contact with virus
for 2 h at 4°C to allow binding but not the subsequent steps of virus entry. After unbound virus was washed off, plates were shifted to 37°C to initiate fusion (30 min),
and then supernatant was replaced by culture medium buffered at the indicated pH (7.5 to 6.0) and containing or not containing RPR103611 (10 mM). After another
90 min, supernatant was replaced by standard cell culture medium containing or not containing RPR103611, and cells were stained with X-Gal 20 h later. Bars, means
of three independent wells.

TABLE 1. Effect of RPR103611 on fusion and stability of different
HIV-1 Env

Env RPR103611
phenotypea

gp120-gp41
association indexb

Wild types
LAI Sensitive 1.0
ADA Resistant 6.7
NDK Resistant 3.5

LAI-ADA chimeras
LA-1 Sensitive 2.8
LA-2 Sensitive 3.3

LAI mutants
I84S Resistant 0.9
L91H Resistant 1.1

LAI-NDK chimeras
LN-7 Resistant 2.8
LN-7–H91L Sensitive 1.2

a Effect of 10 mM RPR103611 on fusion between HeLa cells expressing Env
and CXCR41 cells (or CCR51 cells for ADA and LA-1).

b Ratio of the total amount of gp120 (plus gp160) in cell lysates to the total
amount of gp120 in supernatants of HeLa cells expressing Env (data from Fig. 6).
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mutation was sufficient to revert the NDK phenotype, it seems
that the N96 residue does not have a major role.

The L91 residue is part of the dicysteine motif, which is a
hallmark of the transmembrane proteins of retroviruses (11).
Its sequence is highly conserved among HIV-1 strains, with a
leucine at position 91 except in clade D strains, which have a
histidine (29). This may explain the drug resistance of the clade
D strains ELI (21) and MAL (data not shown). The sequence
of the gp41 dicysteine motif is different in HIV-2; in particular,
there is a conserved glutamine in place of the LAI L91 residue
(29). Also, in the gp41 of ROD and most HIV-2 strains, the
residue corresponding to the I84 of LAI is a serine. Both

features could contribute to the drug resistance of the HIV-2
strains tested (19, 21).

The I84S and L91H mutations conferring drug resistance to
HIV-1 represent replacements of nonpolar by polar amino
acids. These residues are not part of the available HIV-1 gp41
crystal structure (4, 41, 42) but are expected to be in close
proximity, according to the simian immunodeficiency virus
gp41 structure (3). It is therefore possible that both I84 and
L91 contribute to the formation of a pocket binding RPR103611
through hydrophobic interactions. Analysis of the effect of
other mutations at these positions would be necessary to val-
idate this model.

We sought to obtain evidence for the interaction of the loop
region of gp41 with RPR103611 by testing its ability to com-
pete with the binding of the anti-gp41 monoclonal antibodies
(MAbs) 50-69 and 3D6 (47). Their epitopes correspond to a
region of gp41 masked in the gp120-gp41 complex and become
exposed upon treatment with sCD4 (36). Flow cytometry ex-
periments were performed with LAI-infected cells expressing
relatively high levels of Env, judging by staining with anti-
gp120 antibodies. Preincubating cells with a fully active anti-
viral RPR103611 concentration (10 mM) did not significantly
decrease reactivity with the 50-69 and 3D6 MAbs when either
fractions of stained cells or mean fluorescence intensities were
considered (data not shown). However, these results did not
rule out the possibility of a direct interaction of RPR103611
with the loop region of gp41 if, for example, the binding sites
of the drug and antibodies tested are distinct or the affinity of
gp41 for RPR103611 is lower. It is even conceivable that
RPR103611 only interacts with a transient conformational
state of gp41.

The fact that the clade B HIV-1 strain ADA was fully resis-
tant to RPR103611, despite being almost identical to LAI in
the gp41 loop region and in particular at the I84 and L91
residues, led us to envisage another possible mechanism for
HIV-1 drug resistance. Like other macrophage-tropic HIV-1
strains, ADA is strictly dependent on the CCR5 receptor path-
way. Usage of this receptor did not seem to be the direct cause
of drug resistance, since infection by the R5X4 HIV-1 strain
89.6 was blocked by RPR103611 in target cells expressing
CCR5 but not CXCR4. Fusion mediated by chimeric Env
consisting of gp120 from ADA and gp41 from LAI or the
reciprocal construction was also fully blocked by RPR103611.
The drug resistance phenotype of ADA therefore seemed to
result from the combination of determinants in the two enve-
lope subunits. A feature of R5 strains that could account for
these observations is the higher stability of the gp120-gp41
complex relative to that of X4 strains (27, 30). This might limit
the access of compounds to regions of gp41 that are masked by
gp120 in the native complex (37). For R5 strains, these regions
of gp41 may not become accessible, or may become so too late
for compounds to exert their antiviral activity. This issue was
addressed by performing part of the cell entry process in mildly
acidic conditions (pH 6 or 6.5), a treatment expected to favor
dissociation of gp120 and gp41. By this method, we observed a
marked reduction (up to 90%) in the infectious titer of ADA
in the presence of RPR103611, while LAI infection was totally
blocked. It is noteworthy that RPR103611 was added to cells
30 min after cells were shifted from 4 to 37°C in order to
initiate virus-cell fusion. This confirmed that the antiviral ac-
tivity of RPR103611 is exerted at a postbinding step of the
HIV-1 entry process. The drug resistance of ADA and other
R5 strains was not therefore due to the lack of a target se-
quence but rather was probably due to constraints on its ac-
cessibility. Besides differences in the stability of the gp120-gp41
complex, there could be differences between R5 and X4 strains

FIG. 8. Effect of pretreatment of LAI and NDK with sCD4 on neutralization
by RPR103611. HeLa-P4 cells were infected in 96-well trays (;1.25 3 104 per
well) with LAI (A) or NDK (B and C) stocks preincubated for 60 min at 37°C
with the indicated concentrations of sCD4. RPR103611 (10 mM) was present
during virus-cell contact and subsequent steps when indicated but not during the
pretreatment. Cells were washed and lysed in situ 20 h postinfection, and b-ga-
lactosidase activity was measured with the chromogenic CRPG substrate by
determining the A575 (A). Bars, percentages of infectivity of sCD4-treated viral
stocks relative to untreated stocks. In panel C, the effect of RPR103611 on
untreated viral stocks is also shown. Results are the means of three independent
experiments.
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in the nature or the kinetics of the conformational changes
eventually allowing gp41 to mediate fusion (16).

Contrary to LAI, the gp120-gp41 complex of NDK is also
relatively stable (35), which could have contributed to its re-
sistance to RPR103611. Indeed, when NDK was preincubated
with sCD4 concentrations too low to reduce infectivity, we
observed partial neutralization by RPR103611. Like the
low-pH conditions for ADA, a treatment expected to favor
dissociation of the gp120-gp41 complex conferred RPR103611
sensitivity on an otherwise fully resistant HIV-1 strain.

The stability of the gp120-gp41 complex can be indirectly
quantified by measuring gp120 shed in the supernatant of
Env1 cells. This amount is markedly higher for LAI than for
ADA, resulting in relative gp120-gp41 association indexes of 1
and 6.7, respectively. The index was markedly reduced for the
two LAI-ADA gp120-gp41 chimeras (2.8 and 3.3), consistent
with their drug sensitivity. It was on the same order of magni-
tude (3.5) for NDK, suggesting that parameters other than Env
stability contributed to the phenotype. While the H91L muta-
tion in NDK gp41 reduced the stability of Env, the I84S and
L91H mutations conferring drug resistance to LAI did not
modify the association index. The observation that the drug
resistance of ADA and NDK could be counteracted by treat-
ments expected to improve gp41 access does not necessarily
exclude a direct role for the gp41 sequence (in particular the
presence of hydrophobic residues I84 and L91) in neutraliza-
tion by RPR103611. Furthermore, low pH (for ADA) and
sCD4 (for NDK) treatments only permitted partial neutraliza-
tion by 10 mM RPR103611, while the 50% inhibitory concen-
tration was 2 orders of magnitude lower for the fully sensitive
HIV-1 strains (21).

The lack of activity of RPR103611 on R5 HIV-1 strains
certainly limits its therapeutic value, although this class of
compounds could be of interest at late stages of infection. They
may nevertheless represent valuable tools to address the mech-
anism by which the transmembrane protein mediates fusion of
the virus envelope with the cell membrane and possibly con-
tributes to subsequent steps. Although these postfusion steps
are not as well known, it appears that virus entry requires the
formation of a fusion pore and its dilatation to a diameter
allowing passage of the viral capsid (23). It will be of interest to
compare the activity of RPR103611 with that of antiviral pep-
tides derived from the gp41 helix domains. Our preliminary
studies suggested similar kinetics for the antiviral activity of
these compounds (data not shown). Their antiviral effects were
additive, suggesting that the targets were not identical. This is
consistent with our finding that the target of gp41 was the loop
region, while peptides are expected to act on the helical re-
gions. For peptides of the gp41 helices, high concentrations
were required to block lipid exchange between fusion effector
and target cells, while markedly lower concentrations blocked
both the formation of fusion pores and HIV-1 entry (28). This
led to the proposal that the antiviral activity of these peptides
at low concentrations was not due to the disruption of the gp41
coiled-coil structure or to competition with its formation but
rather to the blocking of a step following lipid mixing. This step
should therefore be posterior to the interaction of the fusion
peptide with the target membrane and the close apposition
with the virus envelope. Peptides could, for example, prevent
the clustering of gp41 trimers to form a proteinaceous pore or,
conversely, could prevent their dissociation to allow dilatation
of the pore. Testing the effect of RPR103611 on the exchange
of lipids between cells should provide further information and
should contribute to the understanding of the mechanism by
which gp41 mediates HIV-1 entry.
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