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The fusion of HIV-1 with CD4" cells involves, in addi-
tion to CD4, specific cell surface molecules acting as
fusion cofactors. Recently, we reported that the V3 loop
of HIV-1 gp120 binds to GM3, a ganglioside abundantly
expressed on CD4* lymphocytes and macrophages. In
the present study, we show that CD4 interacts with a
reconstituted patch of GM3 by measuring the surface
pressure with a Langmuir film balance. A biphasic in-
crease in surface pressure is observed after the sequen-
tial addition of CD4 and gp120 under the GM3 mono-
layer, indicating the formation of the trimolecular
complex GM3-CD4-gp120. Neutralization of gp120 with
an anti-V3 antibody inhibits the secondary interaction
with GM3, suggesting that the CD4-induced conforma-
tional change in gp120 allows the V3 loop to interact
with GM3. In conclusion, this study supports the con-
cept that glycolipids can function as HIV-1 fusion co-
factors. © 1998 Academic Press

Key Words: CD4; HIV-1; fusion; ganglioside; coreceptor;
oligosaccharide.

CD4 is a 55 kDa cell surface protein involved in
the regulation of T-cell activation through major his-
tocompatibility complex class Il-restricted mecha-
nisms (1). In addition to its immunological functions,
CD4 serves as a specific receptor for HIV-1 on CD4*
cells (1,2). The fusion of HIV-1 with the plasma mem-
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brane of CD4" cells requires additional human com-
ponents (3,4) which act as coreceptors for the fusion
process. Among the ten coreceptors potentially used
by human and/or simian immunodeficiency viruses
(5), the major HIV-1 coreceptors are the chemokine
receptors CXCR4 and CCR5. These receptors belong
to the family of seven-transmembrane segments re-
ceptors coupled to G proteins. CXCR4 serves as a
fusion cofactor for T-lymphotropic strains of HIV-1
(6,7), whereas CCR5 mediates entry of macrophage-
tropic isolates (8,9). In both cases however, a com-
mon mechanism leads to the formation of a trimolec-
ular complex between gp120, CD4 and either CXCR4
or CCR5. Following a primary interaction with CDA4,
a conformational change in gp120 renders the V3
domain of the viral glycoprotein available for second-
ary interactions with either CXCR4 or CCR5 (10-
13). In absence of CD4, the V3 loop is not correctly
exposed to allow direct binding of gp120 to chemo-
kine receptors, although infection of some CD4-nega-
tive cells through CXCR4 and CCR5 have been re-
ported in the case of HIV-2 (14) and SIV (5).
Recent studies from our laboratory suggested that
the V3 loop of HIV-1 gp120 can bind to GM3, a glyco-
lipid abundantly expressed by human CD4* lympho-
cytes (15,16). Moreover, CD4* non-human cells are
rendered competent to CD4-dependent HIV-1 fusion
by transfer of human erythrocyte glycolipids (17).
Taken together, these data support the concept that
some glycolipids may function as alternative fusion
cofactors (5). To investigate this possibility, we have
studied the interaction of CD4 and gp120 with recon-
stituted patches of glycolipids. Monomolecular films
of glycolipids at the air-water interface were used as
model for membrane patches (18). The insertion of
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FIG. 1. Variations in surface pressure of a monolayer of human
GM3 after injection of soluble recombinant CD4. (Inset) Maximal
surface pressure increase reached after injection of soluble recombi-
nant CD4 (1 ng/ml) under a monomolecular film of human GM3 at
various initial surface pressures.

CD4 and gp120 into the glycolipid films was detected
by measuring the variations of the interfacial pres-
sure with a Langmuir film balance (19,20).

MATERIALS AND METHODS

Chemicals. GalCer, LacCer, GM1, GM2, GM3 from human eryth-
rocytes, and GD3 were purchased from Sigma (Les Ulis, France).
Bovine milk GM3 was from Matreya, Inc. (Pleasant Gap, PA). When
indicated, GM3 was purified from peripheral blood mononuclear cells
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(PBMC) from healthy donors. 3'Sialyllactose purified from human
milk was from Oxford GlycoSystems (Abinbgdon, UK). The mono-
clonal antibody 110-H, which recognizes the epitope GPGRAFVTI in
the V3 loop of HIV-1 gp120 was obtained through the Agence Natio-
nale de Recherches sur le SIDA. Recombinant soluble CD4 was gen-
erously provided by Dr. David Klatzmann (Paris, France) and by
the Medical Research Council (UK). The multimeric V3 loop peptide
SPC3 (15) was obtained from Eurethics (Paris, France). Solvents and
reagents were of the highest purity available.

HIV-1 surface envelope glycoprotein. A stably transfected Chinese
hamster ovary (CHO) cell line expressing HIV-1 gp120 (111B isolate,
BH10 clone) was kindly provided by Celltech through the Medical
Research Council. The gp120 secreted by this cell line was purified
by lectin affinity chromatography (21) with slight modifications (16).

Surface pressure measurements. The surface pressure was mea-
sured with a Langmuir film balance (A & D Instruments, Oxford,
UK). Data were saved every 30 sec using the Collect software (Lab-
tronics Inc., Guelph, Ontario, Canada). After being dissolved in a
mixture of hexane: chloroform: ethanol 11: 5: 4 (v: viv) (22), lipids
were spread inside a Teflon tank. In all experiments, the subphases
were pure water obtained by filtration through a milli-Q water puri-
fication system (Millipore, Saint-Quentin, France). When the barrier
of the film balance was run across a subphase of pure water no
change in surface tension was observed. As a further precaution
against the introduction of surface active contaminant with the pure
water, the surface layer of water was removed with a Pasteur pipette
connected to a water-driven aspirator. This compression cleaning
cycle was repeated twice before films of lipids were spread. Each
run was performed with a fresh film and subphase. To measure the
interaction of proteins with monolayers, the lipids were spread inside
the Teflon tank and various concentrations of ligand were added into
the subphase. The increase in surface pressure was then measured
as a function of ligand concentration. When indicated, the variations
of surface pressure were measured as function of time.

RESULTS

Interaction of CD4 with a monolayer of GM3 purified
from human erythrocytes. The interaction of recombi-
nant soluble CD4 with GM3 was followed by measure-
ment of the surface pressure increase in a constant
area set up. As shown in Figure 1, the addition of CD4
under a human GM3 monolayer of 9.7 mN/m resulted
in amaximal pressure increase of 11.8 mN/m. The max-
imal effect was obtained with 1 ng/ml of CD4. To inves-
tigate the specificity of the penetration process, the in-

TABLE 1
Interaction of CD4 with Glycolipid Monolayers

Glycolipid Structure AIT (mN/m)
GM3 (human) NeuAca2-3Gal51-4GlcS1-1Cer 11.8
GM3 (bovine) NeuAca2-3Gal51-4GlcS1-1Cer 25
GM2 GalNAcS1-4[NeuAca2-3]4Gal31-4Glc[F1-1Cer 0.8
GM1 GalB1-3GalNAcS1-4[NeuAca2-3]4GalB1-4GlcB1l-1Cer 0.6
GD3 NeuAca2-8NeuAca2-3Gal51-4Glcs1-1Cer 0.3
GalCer Galgl-1Cer 15
LacCer Galp1-4Glcp1-1Cer 3.6

Note. Monolayers of the indicated glycolipid were formed at an initial surface pressure of 10-12 mN/m. Soluble CD4 (1 ng/ml) was added
in the aqueous phase and the maximal surface pressure variation (AII) obtained after reaching equilibrium is indicated.
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crease in surface pressure (AIT) caused by the addition
of CD4 under the human GM3 monolayer was mea-
sured at various initial surface pressures. As shown in
Figure 1 (inset), the compressibility of the monolayer
was gradually decreased as the initial pressure of the
monolayer increased. The influence of the initial sur-
face pressure on the compressibility of the monolayer
demonstrates the high specificity of the interaction, as
previously established for several other lipids and li-
gands (19,20). Similar results were obtained with three
different batches of recombinant CD4 from two distinct
origins, and with GM3 purified from human PBMC.
The specificity of the GM3/CD4 interaction was demon-
strated by the total lack of activity of several ganglio-
sides, including GM3 from bovine milk (Table 1). Inter-
estingly, among the glycolipids tested, only LacCer
showed a significant interaction with CD4, although
with less efficiency than GM3 (AII of 3.6 mN/m). Since
LacCer is the nonsialylated precursor of GM3, these
data suggest that the sialic acid of GM3 is an important
determinant for CD4 association. The involvement of
the oligosaccharide moiety of GM3 in CD4 binding was
further demonstrated by the inhibitory effect of 3'si-
alyllactose on the reaction (data not shown).

Insertion of HIV-1 gp120 into a GM3/CD4 mono-
layer. In a recent study, we showed that gp120 binds
to GM3 through an interaction with the V3 loop (16).
Thus, experiments were conducted to assess whether
a trimolecular complex could be formed between GM3,
CD4 and gpl120. The addition of recombinant soluble
CD4 under a monolayer of human GM3 resulted in
a progressive increase in the surface pressure which
followed a logarithmic curve fit (Figure 2A). The addi-
tion of gp120 induced an upsetting of the equilibrium
until reaching a new plateau value corresponding to a
net increase of 3.9 mMN/m. In absence of CD4, the effect
of gp120 at the same concentration (1.85 nM) on a
monolayer of GM3 at the same initial surface pressure
was negligible (<0.5 mN/m). Moreover, the surface
pressure increase induced by gp120 on the GM3/CD4
monolayer was totally abrogated when the viral glyco-
protein was preincubated with 110-H, a monoclonal an-
tibody directed to the V3 loop (Figure 2B). However, the
monolayer was fully functional since a marked surface
pressure increase was obtained with the V3 loop pep-
tide SPC3. Finally, when bovine instead of human GM3
was used, recombinant soluble CD4 induced only a very
weak increase in surface pressure, while gp120 had
no effect (data not shown). Interestingly, the V3 loop
peptide SPC3 could not discriminate between the bo-
vine and human GM3, confirming the poor specificity
of this peptide compared with the native V3 loop (16).

DISCUSSION

Lipid-protein interactions can be studied by measur-
ing the surface pressure increase induced by the pro-
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FIG. 2. CD4-induced interaction of gp120 with GM3. (A) At time
0, recombinant soluble CD4 (0.5 ng/ml) was added under a monolayer
of human GM3. The increase in surface pressure induced by CD4
followed a logarithmic curve fit as indicated. The addition of gp120
(1.85 nM) induced a further increase in surface pressure. (B) In this
experiment, gp120 was preincubated with the anti-V3 mAb 110H for
30 min at 37°C before its addition underneath the GM3 monolayer.
In this case, no further increase in surface pressure was noted. How-
ever, the monolayer was fully functional since a marked surface
pressure increased was obtained with the V3 loop peptide SPC3
(300 NnM).

tein added in the aqueous phase under a monomolecu-
lar film of lipid (19). According to this model, the inser-
tion of the protein in the lipid monolayer results in a
compression of the monomolecular film which can be
measured with a Langmuir balance (19,20). Since the
compressibility of the monolayer decreases as its initial
surface pressure increases, the specificity of the inter-
action can be demonstrated by performing the experi-
ment at various surface pressures (Figure 1, inset).
Using this approach, we could demonstrate that recom-
binant soluble CD4 interacts specifically with GM3, a
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Interaction of CD4 and gp120 with a patch of GM3. The binding of gp120 to CD4 triggers a conformational change within the

V3 loop. The high concentration of GM3 around CD4 is consistent with the establishment of secondary interactions between the V3 loop
and GM3. The binding of the V3 loop to the plasma membrane of the target cell allows the fusion peptide of gp41 to penetrate the cellular

membrane.

ganglioside expressed in various cell types and particu-
larly abundant in the plasma membrane of human lym-
phocytes where it represents up to 70% of the total
ganglioside. Recently, Sorice et al. reported that GM3
and CD4 are co-localized in the same detergent-insolu-
ble microdomain of the lymphocyte plasma membrane,
and that the ganglioside was co-immunopurified by
anti-CD4 antibodies (23). These data, which supported
the possibility of a GM3-CD4 interaction, can now be
explained by our study which presents for the first time
an experimental evidence that CD4 binds to GM3. The
lack of interaction of CD4 with other gangliosides in-
cluding mono- and di-sialylated species (Table 1) dem-
onstrates that the association does not rely on weak
electrostatic interactions with sialic acid residues. In-

terestingly, GM3 purified from bovine milk showed a
very poor interaction with human CD4. Human and
bovine GM3 have the same oligosaccharide motif, but
differ in their ceramide moiety and especially in its
fatty acid composition (24). The nature of the fatty acid
influences the orientation of the sugar part of glycolip-
ids and, consequently, their binding properties (25,26).
Thus, it is likely that the lack of activity of bovine GM3
is due to an inadequate conformation of its oligosaccha-
ride moiety.

One of the major outcome of this study is that gp120
increases the surface pressure of a human GM3 mono-
layer that has been previously incubated with CDA4.
This pressure increase demonstrates the insertion of
gp120 into the monomolecular film of GM3. Although
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gp120 can interact with a GM3 monolayer in absence
of CD4 (16), this is not the case under the experimental
conditions of Figure 2A. Indeed, when the experiment
was performed without CD4, addition of gp120 at the
same concentration (1.85 nM) did not result in com-
pression of the monomolecular film of GM3. Thus, these
data suggest that gp120 binds first to CD4, and subse-
quently interacts with GM3 through a domain distinct
from the CD4-binding site. The inhibition of the surface
pressure increase by an anti-V3 mAb (Figure 2B)
strongly suggests that this domain is actually the V3
loop.

According to recent data suggest that the main func-
tion of HIV-1 coreceptors may be to provide a cellular
binding site for the V3 loop (27,28). This step would be
necessary to ensure the correct orientation of the fusion
peptide, in the N-terminal part of gp4l, towards the
plasma membrane of target cells (27). In absence of a
V3 loop-binding site, gp4l remains associated with
gp120 in the viral spike, and the fusion process cannot
start. In the plasma membrane of CD4" lymphocytes
and macrophages, it is clear that the major fusion cofac-
tors are CXCR4 and CCR5 (5). Most striking is the
observation that heat- and protease-resistant mem-
brane components from human red blood cells can stim-
ulate CD4-dependent HIV-1 fusion (3,4). In absence
of any potential HIV-1 coreceptor in these cells (the
erythrocyte chemokine receptor, i.e. the Duffy antigen,
does not promote HIV-1 fusion (29)) one can hypothe-
size that erythrocyte glycolipids are responsible for the
observed enhancement of fusion. This hypothesis was
recently confirmed by Puri et al. (17) who observed
that non-human CD4" cells become competent for CD4-
dependent HIV-1 fusion following transfer of human
red blood cells glycolipids. We believe that GM3 is the
most likely candidate for a glycolipid fusion cofactor,
based on the following data: i) GM3 is associated with
CD4 in the plasma membrane (23); ii) like the pre-
viously characterized HIV-1 coreceptors, it is recog-
nized by the V3 loop of HIV-1 gp120; iii) its organiza-
tion in patches at the cell surface (30) is consistent with
the formation of a multimolecular complex between
CD4 and gp120 (Figure 3); iv) its bovine counterpart
is not recognized by CD4. Noteworthy, glycolipids such
as GalCer, which recognize the V3 loop of gp120 (31)
but not CD4, do not promote the CD4-dependent fusion
of HIV-1 (17). We are aware that our experiments, to-
gether with those of other laboratories (17) demon-
strate that human erythrocyte glycolipids and most
likely GM3, may function as surrogate fusion cofactors
only in cells expressing CD4 but lacking the HIV-1 core-
ceptor activity (Figure 3). However, several lines of evi-
dence suggest a role for glycolipids in the fusion be-
tween HIV-1 and CD4" lymphocytes and/or macro-
phages: i) HIV-1 infection of these cells is blocked by
SPC3 (32), a multimeric V3 loop peptide which binds
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to GMS, but not to CD4, CXCR4 or CCR5 (15); ii) the
N-acetylation of the eight GPGRAF motifs of SPC3 re-
sults in a total loss of antiviral activity, which corre-
lates with decreased affinity for GM3 (data not shown);
iii) HIV-1 infection of CD4" cells is affected by inhibi-
tors of glycolipid biosynthesis (17,33), possibly through
masking of CD4 (34). The association of CD4 with a
patch of GMS3, freely moving in the outer leaflet of the
plasma membrane, may facilitate the migration of the
CD4-gp120 complex towards CXCR4 or CCR5. More-
over, the binding of the V3 loop of gp120 to GM3 may
stabilize the complex until a functional interaction be-
tween gp120 and its corresponding coreceptor (CXCR4
or CCR5) can take place. Further studies are war-
ranted to determine whether HIV-1 coreceptors may
also interact with GM3 patches on the plasma mem-
brane of CD4" cells.

ACKNOWLEDGMENTS

This work was supported by SIDACTION funds from the Fonda-
tion pour la Recherche Médicale (grant to J.F.) and by a grant from
the Conseil Général des Bouches du Rhéne (to G.P.). D.H. is the
recipient of a région PACA fellowship. We are grateful to the Medical
Research Council and to Dr. D. Klatzman for the generous gift of
soluble CDA4.

REFERENCES

1. Bour, S., Geleziunas, R., and Wainberg, M. A. (1995) Microbiol.
Rev. 59, 63-93.

2. Maddon, P. J., Dalgleish, A. G., McDougal, J. S., Clapham, P. R.,
Weiss, R. A., and Axel, R. (1986) Cell 47, 333—-348.

3. Dragic, T., Picard, L., and Alizon, M. (1995) J. Virol. 69, 1013—-
1018.

4. Puri, A., Morris, S. J., Jones, P., Ryan, M., and Blumenthal, R.
(1996) Virology 219, 262—267.

5. Dimitrov, D. S. (1997) Cell 91, 721-730.

6. Feng, Y., Broder, C. C., Kennedy, P. E., and Berger, E. A. (1996)
Science 272, 872-877.

7. Berson, J. F., Long, D., Doranz, B. J., Rucker, J., Jirik, F. R., and
Doms, R. W. (1996) J. Virol. 70, 6288—-6295.

8. Deng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, D., Burkhart,
M., Di Marzio, P., Marmon, S., Sutton, R. E., Hill, C. M., Davis,
C. B., Peiper, S.C., Schall, T.J., Littman, D. R., and Landau,
N. R. (1996) Nature 381, 661—666.

9. Dragic, T., Litwin, V., Allaway, G. P., Martin, S. R., Huang, Y.,
Nagashima, K. A., Cayanan, C., Maddon, P.J., Koup, R. A,
Moore, J. P., and Paxton, W. A. (1996) Nature 381, 667-673.

10. Lapham, C. L., Ouyang, J., Chandrasekhar, B., Nguyen, N.Y.,
Dimitrov, D. S., and Golding, H. (1996) Science 274, 602—605.

11. Wu, L., Gerard, N. P., Wyatt, R., Choe, H., Parolin, C., Ruffing,
N., Borsetti, A., Cardoso, A. A., Desjardin, E., Newman, W., Ge-
rard, C., and Sodroski, J. (1996) Nature 384, 179-183.

12. Trkola, A., Dragic, T., Arthos, J., Binley, J. M., Olson, W.C.,
Allaway, G.P., Cheng-Mayer, C., Robinson, J., Maddon, P. J.,
and Moore, J. P. (1996) Nature 384, 184-187.

13. St. J. Jones, P., Korte, T., and Blumenthal, R. (1998) J. Biol.
Chem. 273, 404-409.

14. Endres, M. J., Clapham, P.R., Marsh, M., Ahuja, M., Davis

121



Vol. 246, No. 1, 1998

15.

16.

17.

18.

19.
20.

21.
22.

23.

Turner, J., McKnight, A., Thomas, J. F., Stoebenau-Haggarty,
B., Choe, S., Vance, P. J., Wells, T.N. C., Power, C. A., Sutter-
wala, S. S., Doms, R. W., Landau, N. R., and Hoxie, J. A. (1996)
Cell 87, 745-756.

Delézay, O., Hammache, D., Fantini, J., and Yahi, N. (1996)
Biochemistry 35, 15663—-15671.

Hammache, D., Piéroni, G., Yahi, N., Delézay, O., Koch, N., La-
font, H., Tamalet, C., and Fantini, J. (1998) J. Biol. Chem., in
press.

Puri, A., Hug, P., Munoz-Barroso, I., and Blumenthal, R. (1998)
Biochem. Biophys. Res. Commun. 242, 219-225.

Sato, T., Serizawa, T., and Okahata, Y. (1996) Biochim. Biophys.
Acta 1285, 14-20.

Maggio, B. (1994) Prog. Biophys. Molec. Biol. 62, 55-117.

Lear, J. D., and Rafalski, M. (1993) in Viral Fusion Mechanisms
(Bentz, J., Ed.), pp. 55—-66, CRC Press, Boca Raton, FL.
Gilljam, G. (1993) AIDS Res. Hum. Retroviruses 9, 431-438.
Johnston, D. S., and Chapman, D. (1988) Biochim. Biophys. Acta
937, 10-22.

Sorice, M., Parolini, I., Sansolini, T., Garofalo, T., Dolo, V., Sargi-
acomo, M., Tai, T., Peschle, C., Torrisi, M. R., and Pavan, A.
(1997) J. Lipid. Res. 38, 969-980.

122

24.
25.

26.

27.
28.
29.

30.

31

32.

33.

34.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Yu, R. K., and Ledeen, R. W. (1972) J. Lipid Res. 13, 680—-686.
Stromberg, N., Nyholm, P. G., Pascher, I., and Normark, S.
(1991) Proc. Natl. Acad. Sci. USA 88, 9340-9344.

Jones, D. H., Lingwood, C. A, Barber, K. R., and Grant, C. W. M.
(1997) Biochemistry 36, 8539-8547.

Binley, J., and Moore, J. P. (1997) Nature 387, 346—348.
Clapham, P. R., and Weiss, R. A. (1997) Nature 388, 230—232.
Doranz, B.J., Rucker, J., Yi, Y., Smyth, R.J., Samson, M.,
Peiper, S.C., Parmentier, M., Collman, R.G., and Doms,
R. W.(1996) Cell 85, 1149-1158.

Thompson, T. E., and Tillack, T. W. (1985) Annu. Rev. Biophys.
Chem. 14, 387-417.

Fantini, J., Hammache, D., Delézay, O., Yahi, N., André-Barres,
C., Rico-Lattes, I., and Lattes, A. (1997) J. Biol. Chem. 272,
7245-7252.

Yahi, N., Fantini, J., Mabrouk, K., Tamalet, C., De Micco, P.,
Van Rietschoten, J., Rochat, H., and Sabatier, J. M. (1994) J.
Virol. 68, 5714-5720.

Mizrachi, Y., Lev, M., Harish, Z., Sundaram, S. K., and Rubin-
stein, A. (1996) J. Acquir. Immune Defic. Syndr. Hum. Retrovirol.
11, 137-141.

Tamma, S. L., Sundaram, S. K., Lev, M., and Coico, R. F. (1996)
Biochem. Biophys. Res. Commun. 220, 916-921.



