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Effects of the cytoplasmic tail (CT) of human immunodeficiency virus type 1 Env on the process of membrane
fusion were investigated. Full-length Env (wild type [WT]) and Env with its CT truncated (�CT) were
expressed on cell surfaces, these cells were fused to target cells, and the inhibition of fusion by peptides that
prevent Env from folding into a six-helix bundle conformation was measured. For both X4-tropic and R5-tropic
Env proteins, �CT induced faster fusion kinetics than did the WT, and peptides were less effective at inhibiting
�CT-induced fusion. We tested the hypothesis that the inhibitory peptides were less effective at inhibiting
�CT-induced fusion because �CT folds more quickly into a six-helix bundle. Early and late intermediates of
WT- and �CT-induced fusion were captured, and the ability of peptides to block fusion when added at the
intermediate stages was quantified. When added at the early intermediate, the peptides were still less effective
at inhibiting �CT-induced fusion but they were equally effective at preventing WT- and �CT-induced fusion
when added at the late intermediate. We conclude that for both X4-tropic and R5-tropic Env proteins, the CT
facilitates conformational changes that allow the trimeric coiled coil of prebundles to become optimally
exposed. But once Env does favorably expose its coiled coil to inhibitory peptides, the CT hinders subsequent
folding into a six-helix bundle. Because of this facilitation of maximal exposure and hindrance of bundle
formation, the coiled coil is optimally exposed for a longer time for WT than for �CT. This accounts for the
greater peptide inhibition of WT-induced fusion.

The envelope protein (Env) of human immunodeficiency
virus (HIV) is a potential target for vaccines and drug thera-
pies. Blocking formation of the six-helix bundle (6HB) struc-
ture of Env has been shown to be an effective means of pre-
venting HIV infection (for a review, see reference 16). As has
been observed from Env’s postfusion structure, its 6HB is
formed from three C-terminal and three N-terminal heptad
repeat regions of the trimeric transmembrane subunit gp41 (9,
55, 56). The N-terminal segments form a central triple-
stranded coiled coil, and at a late stage of fusion (42), the
C-terminal segments pack, antiparallel to the N segments, into
the hydrophobic grooves on the surface of the coiled coil,
completing the 6HB. T20, a synthetic 36-residue peptide that is
derived from the C-terminal heptad region, binds to the
grooves of the coiled coil and prevents infection by blocking
formation of the 6HB (see, for example, references 5, 10, and
15). The T20 peptide (32) has recently been approved by the
Food and Drug Administration and is prescribed under the
brand names Fuzeon and Enfuvirtide. Other synthetic peptides
that duplicate the C-terminal heptad repeat regions (e.g., C34)
act in a similar manner. In the native structure of Env, the
grooves are not exposed (in fact, the coiled coil may not have
yet been formed) but become transiently exposed during the

fusion process; inhibitory peptides can therefore block infec-
tion only if they fill the grooves during this window of exposure.

HIV isolates exhibit considerable variability in their sensi-
tivity to T20 and other 6HB inhibitory peptides (2, 12, 13, 36).
As a rule, isolates that use the chemokine receptor CCR5 as a
coreceptor are more resistant to inhibitory peptides than are
laboratory-adapted strains that use CXCR4 (12, 13). Under-
standing the molecular basis for differences in inhibitory pep-
tide sensitivity could therefore be important in ensuring effec-
tive antiviral therapy. The association between tropism and
inhibitory peptide sensitivity may be related to a much higher
binding affinity of R5-tropic Env to CCR5 than of X4-tropic
Env to CXCR4 (see reference 14 and references therein).
Tropism is primarily determined by the amino acid sequence of
the V3 loop (see, for example, reference 53). Studies have
shown that replacing the V3 loop of a laboratory-adapted
X4-tropic HIV type 1 (HIV-1) Env protein with that of an
R5-tropic primary isolate yields a chimeric construct that is R5
tropic (12, 13, 26, 27, 29). This chimeric Env protein bound
CCR5 with high affinity and exhibited resistance to T20, char-
acteristic of the R5-tropic Env protein from which the V3 loop
was derived (12, 13, 48). In general, as the affinity between such
chimeric Env constructs and chemokine receptors increases,
fusion kinetics also increase and the efficacy of T20 decreases
(48). It has been proposed that higher affinity between Env and
chemokine receptors causes quicker folding of Env and there-
fore faster fusion kinetics and that quicker folding of Env from
prebundle configurations into a 6HB shortens the time of ex-
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posure of binding sites, accounting for the greater resistance to
T20 (20, 48).

Among enveloped viruses, HIV Env has an unusually long
cytoplasmic tail (CT), �150 residues. The CT is thought to
modulate several of the steps in viral entry. When HIV-2 or
simian immunodeficiency virus (SIV) is grown in tissue culture,
a spontaneous truncation of the CT occurs that markedly im-
proves the virus’s ability to grow (8, 25). In addition, the pres-
ence of the CT appears to affect the receptor requirement:
HIV-1 or HIV-2 grown in cell lines devoid of Env’s receptor
(CD4), but expressing the appropriate chemokine receptors,
tends to naturally develop Env proteins with truncated CTs, as
the virus reverts to CD4-independent fusion (17, 35, 37, 49). In
fact, a shortened CT is a common—although far from univer-
sal—feature of CD4-independent Env (18).

In the present study, we investigated fusion activities caused
by wild-type (WT) HIV-1 Env and an Env protein in which the
CT was deleted (�CT). We expressed the R5-tropic and X4-
tropic WT and �CT of HIV-1 in effector cells and fused them
to target cells that express CD4 and appropriate chemokine
receptors. By arresting fusion at intermediate stages, we tested
whether differences in sensitivity to inhibitory peptides be-
tween WT- and �CT-induced fusions are controlled by folding
kinetics; we identified the transitions between intermediate
states that were strongly affected by the CT. We found that
deleting the CT had two major effects: it increased the rate of
fusion, and it rendered Env more resistant to peptides that
block 6HB formation. For both WT and �CT, we created
fusion intermediates to stably expose the inhibitory peptide
binding sites, thereby eliminating the window of time for bind-
ing as a factor in the inhibition of fusion. We found that the
peptides were equally effective at preventing WT-induced fu-
sion and �CT-induced fusion when added at an advanced
stage. We define the transitory configurations of gp41 that
maximally expose peptide binding sites as “late prebundle”
conformations. We conclude that the time gp41 remains in
these conformations is the major determinant for the differ-
ences in potency of inhibitory peptides to block WT- and
�CT-induced fusions.

MATERIALS AND METHODS

Cell lines and reagents. The 293T cell line was purchased from the American
Type Culture Collection (Manassas, Va.). The TF228.1.16 cell line that stably
expresses X4-tropic HIV-1 Env (31) was a generous gift from Z. Jonak (Glaxo
SmithKline, Philadelphia, Pa.). HeLaT4� cells (40), provided by R. Axel, and
3T3.T4.CXCR4 and 3T3.T4.CCR5 cells, provided by D. Littman (11), were
obtained through the AIDS Research and Reference Reagent Program, Na-
tional Institute of Allergy and Infectious Diseases, National Institutes of Health.
Cells were grown as described previously (42, 44).

Bovine serum albumin and poly-L-lysine were purchased from Sigma Chemical
Co. (St. Louis, Mo.); lauroyl-lysophosphatidylcholine (LPC) was bought from
Avanti Polar Lipids (Alabaster, Ala.). All fluorescent dyes—calcein AM,
CMTMR {5 [and 6-]-(((4-chloromethyl)benzoyl)amino)-tetramethylrhodam-
ine}, and CMAC (7-amino-4-chloromethylcoumarin)—were purchased from
Molecular Probes (Eugene, Oreg.). The HIV gp120 monoclonal antibody (MAb)
IgG1b12 (7) was provided by D. Burton and Carlos Barbas, and the 447-52D
anti-V3 loop MAb (23) was provided by Susan Zolla-Pazner, both through the
AIDS Research and Reference Reagent Program. The HIV gp41-derived inhib-
itory peptide C34 (sequence: WMEWDREINNYTSLIHSLIEESQN
QQEKNEQELL ) was synthesized by Macromolecular Resources (Fort Collins,
Colo.). The untagged 5-helix peptide was constructed as previously described
(44). It was expressed in Escherichia coli BL21(DE3)/pLysS with a modified
pET3a vector (Novagen). The cells were harvested by centrifugation 4 h postin-

duction with 0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG), and the pel-
lets were resuspended in 50 ml of buffer A (50 mM Tris [pH 8.0], 1 mM EDTA)
plus 25% sucrose. The cells were lysed by sonication and centrifuged (35,000 �
g for 30 min) to separate the soluble fraction from inclusion bodies. The inclusion
bodies were subsequently washed extensively with buffer A plus 1% Triton
X-100. The five-helix peptide was purified directly from the inclusion bodies
resuspended in 8 M urea–buffer A. The debris was removed by a 1-h centrifu-
gation at 4°C. The protein was then loaded onto a DEAE-Sepharose column
(Amersham Pharmacia Biotech) equilibrated with buffer A plus 3 M urea and
eluted with an NaCl gradient (0 to 500 mM) in buffer A plus 3 M urea. The
five-helix peptide was refolded by step dialysis in buffer A with decreasing
amounts of urea at 4°C. The refolded 5-helix peptide was applied to a MonoQ
column (Amersham Pharmacia Biotech) equilibrated with buffer A. The protein
was eluted from the MonoQ resin with an NaCl gradient in buffer A. The sample
was concentrated by ultrafiltration to 5 mg/ml and stored at 4°C. The protein was
�95% pure as judged by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and is properly folded in terms of secondary structure and monomeric
state (as judged by circular dichroism and sedimentation equilibrium experi-
ments). Stock solutions of the inhibitory peptides were prepared in phosphate-
buffered saline, aliquoted, and stored at �20°C.

Transient expression of HIV-1 Env. HIV-1 Env was expressed in 293T cells by
calcium phosphate transfection. WT and �CT JRFL Env proteins were ex-
pressed with the pCAGGS plasmid (46). For the JRFL �CT construct, residues
C terminal to V708 (by standard LAI numbering) were deleted, so that only
three residues (NRV) of the CT remained. This construct has been described
previously (4). The pSRHS vectors encoding the WT and �CT HXB2 Env
proteins were obtained from E. Hunter (University of Alabama) (38). In HXB2
�CT, a 147-residue-long segment was deleted from the C terminus of gp41,
leaving only four residues, NRVR, in the cytoplasmic segment. To match the
expression densities of the WT and �CT proteins, the amount of �CT plasmid
used for transfection was reduced severalfold with respect to that of the WT
plasmid (which was usually added at 10 �g/6-cm-diameter dish). The amounts of
plasmid used to match WT and �CT densities on the positive cells also led to the
same percentages of cells expressing the WT and �CT proteins (Table 1).
Adding less plasmid to lower the protein density on the surfaces of the trans-
fected cells also reduced the percentage of cells expressing Env. Surface densities
therefore could not be lowered too much without greatly increasing the percent-
age of nonexpressing cells. The Env surface expression levels were quantified
essentially as described in reference 42, with 447-52D or IgG1b12 MAbs. The
447-52D antibody recognizes a short peptide at the apex of the V3 loop of gp120
(34, 54) and thus should bind equally well to WT and to conformationally altered
�CT (18). Cells were analyzed in an ORTHO Cytoron Absolute flow cytometer
(Ortho Diagnostic Systems, Raritan, N.J.).

Measurements of cell-cell fusion. Fusion was measured by two techniques:
two-color fluorescence microscopy and flow cytometry. For fluorescence micros-
copy, as has been described in detail (42–44), effector cells expressing HIV-1 Env
were loaded with calcein (green emission) and target cells expressing CD4 and
coreceptor were loaded with CMAC (blue emission). Fusion events were scored
as the appearance of cell pairs that were positive for both dyes, normalized by the
total number of effector and target (E-T) cells in contact plus fused cells. The
flow cytometry-based assay to measure cell-cell fusion induced by HIV-1 Env was

TABLE 1. WT and �CT expression in transfected cells

Env
plasmid

(amt, �g)a

IgG1b12 MAb 447-52D MAb
Fusionc

(%)MFIb Positive
cells (%) MFI Positive

cells (%)

WT (10) 100 	 12d 19.8 	 2.7 100 	 9 16.6 	 1.6 18.5 	 1.1
WT (4) 61 	 6 11.8 	 5.1 67 	 4 8.2 	 1.8 NDe

WT (2) 17 	 3 4.7 	 0.4 20 	 2 4.0 	 0.8 ND
�CT (10) 619 	 22 49.7 	 7.8 787 	 13 46.5 	 13.0 28.9 	 2.2
�CT (4) 281 	 10 24.1 	 8.3 320 	 6 19.8 	 8.1 18.0 	 2.6
�CT (2) 81 	 6 19.9 	 4.0 107 	 1 15.1 	 3.1 14.8 	 0.8

a Amount of HXB2 Env-expressing plasmid used for transfection.
b MFI, mean fluorescence intensity normalized to that of 10 �g of the WT

(after subtraction of the mean fluorescence intensity of mock-transfected cells).
c Fusion after correction for the background fusion observed for mock-trans-

fected cells.
d The mean and standard error of the mean from at least three measurements

are shown.
e ND, not determined.
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similar to assays described previously (28, 30, 57). Effector cells loaded with the
green cytoplasmic dye calcein AM were laid on top of target cells loaded with the
orange cytoplasmic dye CMTMR. The amounts of loaded calcein and CMTMR
were adjusted so that excitation by the 488-nm laser of the flow cytometer yielded
comparable emission signals from the two dyes. Cells were coincubated at 37°C,
washed (to remove the unbound effector cells), and lifted off the dish by brief
treatment with 0.5 mg of trypsin per ml and 0.5 mM EDTA in divalent-free
phosphate-buffered saline (Gibco BRL). The last step stopped the fusion reac-
tion and, most importantly, dispersed the unfused E-T cell pairs and aggregates
that would otherwise produce a false double-positive cell population in flow
cytometry. Bound but unfused E-T cells were, in practice, the primary cause of
background signals. Trypsin cleavage was stopped by adding an excess of soybean
trypsin inhibitor, and cell-cell fusion was quantified as the ratio of the double-
positive cell population to the sum of the double-positive cells and the remaining
target (orange) cells. By stopping the fusion reaction at different times and
measuring the extents of fusion, we were able to determine the kinetics of fusion
by flow cytometry which, to our knowledge, is a novel technique for measuring
kinetics.

The percentage of fusion determined by flow cytometry was consistently lower
than the percentage determined by fluorescence microscopy because of the
method of calculation. In flow cytometry, the percentage is normalized by the
total number of target cells, whereas in fluorescence microscopy, the percentage
is normalized by the total number of bound target cells, which is always less than
the total number of target cells. The efficacy of HIV fusion inhibitors under
different sets of conditions was parameterized by determining 50% inhibitory
concentrations (IC50s) as described in reference 43. Briefly, dose-response data
were fit with a Langmuir isotherm as follows: F 
 F0/(1 � Ci/IC50), where F0 is
the extent of fusion in the absence of an inhibitor (taken as 100%) and Ci is the
inhibitor concentration. IC50 was chosen to minimize least-square deviation.

Fusion intermediates. Coincubating E-T cells for 2.5 h at 23°C, a temperature
that does not permit fusion, kinetically advances the fusion process to a temper-
ature-arrested stage (TAS) at which Env has undergone conformational changes
that allow bundle-blocking peptides to bind gp41 (44). Adding 0.15 mg of LPC
per ml after reaching the TAS, waiting 3 min at 23°C, warming the cells to 37°C
for 15 min, lowering the temperature to 4°C, and then removing the LPC by
washing the cells twice with medium containing bovine serum albumin yields a
lipid-arrested stage (LAS) of fusion. When creating the LAS, fusion does not
occur. To test the efficacy of C34 or the 5-helix peptide when added at the LAS,
the peptides were added at 4°C, followed by a 30-min incubation at 23°C. Fusion
did not occur during the incubation. The temperature was then raised to 37°C,
and the extent of fusion was measured.

Immunoprecipitation of cell surface-expressed Env. The extent of proteolytic
cleavage of gp160 into gp120/gp41 was assessed as described previously (1).
Briefly, cell surface proteins were biotinylated and cells were lysed. The total
amount of protein was determined (by a Bio-Rad protein assay kit), samples
were adjusted to contain equal concentrations of protein, and Env was immu-
noprecipitated with HIV immune serum (from G. Spear, Rush University Med-
ical Center). The immune complexes were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The biotinylated Env was visualized by
horseradish peroxidase-conjugated streptavidin (Pierce, Rockford, Ill.) with an
ECL kit (Amersham-Pharmacia Biotech, Little Chalfont, Buckinghamshire,
United Kingdom).

RESULTS

Flow cytometry reliably measures the extent and kinetics of
cell-cell fusion. In this study, we quantified membrane fusion
by flow cytometry and fluorescence microscopy. In initial ex-
periments, we loaded effector TF228.1.16 cells (stably express-
ing HIV-1 Env) with a green dye (calcein) and fused them to
target HeLaT4� cells (stably expressing CD4 and CXCR4)
that were loaded with an orange dye (CMTMR). We chose
these E-T cell pairs because we had already characterized their
kinetics and fusion intermediates in considerable detail by flu-
orescence microscopy (42, 44). We could therefore compare
fusion obtained by fluorescence microscopy and flow cytometry
to ensure that results were independent of methodology. As
determined by flow cytometry, incubating these E-T cells to-
gether at temperatures at or below 23°C did not yield fusion

(e.g., see Fig. 3B); two distinct populations of cells, one green
and one orange, were observed. In contrast, coincubating E-T
cells at 37°C yielded a population of cells that were labeled by
both dyes, denoting cell-cell fusion (Fig. 1A, left side). Typi-
cally, about 15% of the HelaT4 cells fused to TF228.1.16 cells
(as determined by flow cytometry). As expected, a high con-
centration of the C34 peptide (added to E-T cells at the time
of coincubation) completely eliminated double-labeled cells,
showing that fusion was inhibited (Fig. 1A, right side). Also,
effector cells cocultivated with CD4� target cells that express
the noncognate CCR5 did not produce detectable fusion (data
not shown). Flow cytometry has been used previously in similar
manners to measure extents of fusion (28, 30, 38, 57).

We used the flow cytometry assay in a manner that allowed
us to obtain the kinetics of cell-cell fusion (see Materials and
Methods). We found that the kinetics were similar to the
kinetics we previously obtained for the same cell pairs by using

FIG. 1. Flow cytometry analysis of fusion between TF228.1.16 (ef-
fector) and HeLaT4� (target) cells. (A) Effector cells loaded with
green cytoplasmic marker were coincubated with target cells loaded
with orange marker for 2.5 h at 37°C either in the presence (right) or
in the absence (left) of 300 nM C34 peptide. (B) Kinetics of cell-cell
fusion were obtained by varying the time E-T cells were coincubated at
37°C, lowering the temperature to halt further fusion, and then lifting
cells off the culture dishes with a trypsin-EDTA solution. (C) Dose-
response curves for C34 inhibition measured by flow cytometry (open
circles) and microscopy (filled circles) assays. A small background
signal not related to fusion (about 1.5% of the total number of effector
cells) was subtracted from the data in panels B and C. Unless stated
otherwise, error bars represent standard errors of the mean for at least
three independent duplicate measurements.

108 ABRAHAMYAN ET AL. J. VIROL.



fluorescence microscopy as the assay (44): a 20-min lag time
and �2 h to reach a maximal extent of fusion (Fig. 1B). To
further validate the quantitative reliability of the flow cytom-
etry assay, we compared its determination of the dose depen-
dence of inhibition of fusion by C34 peptide against that de-
termined by the fluorescence microscopy assay (43). The two
assays were in good quantitative agreement (Fig. 1C). We used
both assays to compare fusions induced by the WT and �CT
proteins.

Fusion kinetics of HIV Env is augmented by deletion of its
CT. A flow cytometric analysis showed that for the same con-
centration of plasmid in transfection, the �CT protein was
expressed on the surfaces of cells at significantly higher densi-
ties than was the WT protein. This was observed for both
X4-tropic HXB2 Env (Table 1) and R5-tropic JRFL Env (data
not shown). A higher density is expected because deletion of
the tail eliminates an internalization signal (YXXL) (6).

The extent of fusion induced by the �CT protein was greater
than that induced by the WT protein; this would be expected
because of the higher expression levels of the �CT protein
(Table 1 and reference 39). In order to meaningfully compare
fusions induced by the WT and �CT proteins, we reduced the
amount of �CT-bearing plasmid used for transfection (see
Materials and Methods) until the densities of the WT and �CT
plasmids were matched. For HXB2 Env, reducing the concen-
tration of the �CT plasmid fivefold with respect to that of the
WT plasmid (2 �g of �CT plasmid versus 10 �g of WT plas-
mid) yielded comparable surface densities and similar extents
of cell-cell fusion after a 2-h coincubation at 37°C (Table 1).
However, the �CT plasmid induced faster fusion kinetics than
did the WT plasmid (Fig. 2). This was the case for both R5-
tropic Env (JRFL, Fig. 2A) as determined by fluorescence-
activated cell sorter analysis and X4-tropic Env (HXB2, Fig.
2B) as determined by microscopy. In separate experiments, we
found that the temperature thresholds were comparable for
�CT-induced and WT-induced fusions for both JRFL (Fig.
3A) and HXB2 (Fig. 3B). The lowest temperature necessary
for fusion was less for JRFL than for HXB2 (Fig. 3).

Since it was possible that the faster kinetics of �CT-induced
fusion were due to more-efficient cleavage into gp120 and gp41
subunits (which would increase the density of Env capable of
inducing fusion), we biotinylated surface-expressed Env, im-
munoprecipitated it with pooled human HIV-containing sera,
and analyzed the immune complexes by Western blotting. We
found that both the WT and �CT gp160 precursors were prop-
erly and almost completely cleaved into two subunits, judging
from the relative intensities of gp160 and gp120 bands (Fig. 4).
The extent of cleavage of gp160 was, however, somewhat
greater for �CT. This indicates that either the cleavage site
within the ectodomain was more exposed or the time for cleav-
age during intracellular trafficking was greater for �CT. It had
been previously found that MAbs directed against gp120
epitopes normally exposed by CD4 recognize �CT much better
than the WT when CD4 is not present (18). Therefore, the CT
appears to modulate the structure of the ectodomain of Env.

Although we found comparable expression levels by flow
cytometry, the apparent levels of �CT expression revealed by
immunoprecipitation (followed by Western blotting) were sig-
nificantly lower than those of the WT. If the �CT expression
densities were lower than those of the WT, this would further

emphasize that the CT of Env slows fusion. Factors other than
surface density and proteolytic processing of Env appear to
render �CT more fusogenic. In short, the absence of the CT
speeds the kinetics of fusion and does so without appreciably
altering the efficiency of proteolytic processing.

Deletion of the Env CT reduces the effectiveness of fusion
inhibitory peptides. It has been found that an increased rate of
HIV Env-induced fusion tends to correlate with reduced po-
tency of peptides that inhibit fusion by preventing 6HB forma-
tion (48). We therefore determined the relative abilities of the
C34 and 5-helix peptides to suppress cell-cell fusion induced by
the WT and �CT proteins. C34 inhibits bundle formation by
binding to the N-terminal heptad repeat region (i.e., the coiled
coil) of gp41 (16); the recombinant 5-helix peptide has a triple-
stranded coiled coil with only one vacant groove, and it inhibits
bundle formation by binding to the C-terminal heptad repeats
of Env (50, 51). By measuring the dose dependence of inhibi-
tion of fusion, we found that the �CT protein (Fig. 5, closed
symbols) was substantially more resistant to both the C34 (Fig.
5A) and 5-helix (Fig. 5B) peptides than was the WT (open
symbols). Such was the case for both the X4-tropic HXB2
(triangles) and R5-tropic JRFL (circles) Env proteins. For
example, for HXB2, the IC50 was approximately fivefold higher

FIG. 2. Kinetics of cell-cell fusion induced by the WT and �CT.
(A) Fusion between 293T cells transiently expressing JRFL WT (filled
triangles) or �CT (open triangles) and target 3T3.CD4.CCR5 cells was
monitored by the flow cytometry assay as described in the legend to
Fig. 1. Open squares are the background signal, as observed with
mock-transfected 293T cells. (B) The kinetics of fusion induced by
HXB2 WT (filled symbols) or �CT (open symbols) transiently ex-
pressed in 293T and HeLaT4� cells were measured by fluorescence
microscopy. Fusion was induced by coculturing the cells either directly
at 37°C (triangles) or after preincubation at 23°C for 2.5 h (circles).
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for C34 (Fig. 5A and 6A) and approximately threefold higher
for the 5-helix peptide for �CT-induced fusion (Fig. 5B and
7A). Much higher concentrations of the C34 and 5-helix pep-
tides were required to inhibit JRFL-induced than HXB2-in-
duced fusion (Fig. 5). The fusion kinetics were faster for JRFL
than for HXB2 (Fig. 2). Our results are in accord with a
previous demonstration that, compared to the WT, an Env
protein with a shortened CT (referred to as “8X” [17, 35])
exhibits faster cell-cell fusion and a reduced ability of T20 to
inhibit fusion (20).

The efficacy with which C34 inhibited fusion decreased when
the expression level of Env was increased. For HXB2, doubling
the amount of plasmid used for transfection raised the IC50 of

C34 for �CT-induced fusion from 12 to 26 nM (Table 2). For
JRFL, tripling the amount of plasmid increased the IC50 of
C34 against �CT-induced fusion from �300 to �730 nM (Ta-
ble 2). The finding that more C34 is required to inhibit fusion
as the density of Env increases was expected: IC50 is the con-
centration of peptide that blocks 50% of the fusion events, not
the concentration that prevents 50% of the copies of Env from
folding into a 6HB. Because higher expression levels should
yield more potential fusion sites between cell pairs, a higher
peptide concentration should be needed to block fusion. In
summary, we have found a correlation between resistance
against inhibitory peptides and fusion kinetics, as previously
reported by others (20, 48), as well as a correlation between
peptide inhibition and density of Env. For the remainder of
this study, we primarily used HXB2 Env because we had pre-
viously characterized intermediate stages of its fusion in some
detail (42, 44).

The resistance of �CT and WT proteins to inhibitory pep-
tides is the same at the LAS. We arrested fusion at interme-
diate stages so that the binding sites for the C34 and 5-helix
peptides on gp41 were exposed. We reasoned that if inhibitory
peptides were less effective at blocking �CT-induced fusion
because �CT more rapidly folded into a 6HB, addition of the
C34 and 5-helix peptides after creating the intermediates
should inhibit fusion of the WT and �CT proteins to the same
extent. We verified by fluorescence microscopy that the pro-
cess of fusion between 293T cells transiently expressing HXB2
Env and HeLaT4� cells was kinetically advanced at the TAS

FIG. 3. Temperature dependence of fusion promoted by the WT
(filled symbols) and �CT (open symbols) from the JRFL (A) and
HXB2 (B) strains. Cells were coincubated for 2.5 (HXB2) or 2 (JRFL)
h at the indicated temperature and then analyzed by flow cytometry.
The extent of fusion induced by JRFL Env at 37°C was determined
after a 1 h of incubation to reduce the formation of large syncytia. The
background signal (�2% of the effector cells after a 37°C incubation)
was subtracted from the plotted data. The apparent reduced fusion of
JRFL Env at 37°C was caused by leakage of calcein from the effector
cells and by syncytium formation, as verified by fluorescence micros-
copy (data not shown).

FIG. 4. Efficiency of proteolytic cleavage of cell surface-expressed
HXB2 WT and �CT. The amounts of WT- and �CT-bearing plasmids
used to transfect a 6-cm-diameter dish of 239T cells are indicated
above the lanes. For details, see Materials and Methods.

FIG. 5. Inhibition of HIV Env-induced cell-cell fusion by the C34
(A) and 5-helix (B) peptides. 293T cells expressing JRFL (circles) or
HXB2 (triangles) were coincubated with appropriate target cells in the
presence of varied concentrations of HIV fusion inhibitors for 1 or
2.5 h, respectively. WT-induced fusion (open symbols) was more sen-
sitive to inhibitors than was fusion induced by �CT (filled symbols).
Fusion was quantified by flow cytometry.
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(created by preincubation at 23°C for 2.5 h) by showing that a
subsequent exposure to 37°C promoted faster fusion than that
which occurred in control experiments in which the preincu-
bation was omitted (Fig. 2B). Without prior cell coincubation,
the kinetics of fusion was appreciably faster for the �CT pro-
tein than for the WT protein (Fig. 2B). C34 blocked WT-
induced fusion more effectively than it blocked �CT-induced
fusion (Fig. 6A). Thus, results obtained by fluorescence mi-
croscopy were in accord with the relative potencies of peptides
determined by flow cytometry (Fig. 5). After creation of the
TAS, the fusion rates were virtually identical for the WT and
�CT proteins (Fig. 2B, open and closed circles) but C34 was
still more effective at blocking WT fusion (Fig. 6B). C34 added
at the TAS was not appreciably more effective at blocking
WT-induced fusion (Fig. 6B) than when it was added at the
start of coincubation (Fig. 6A), but �CT-induced fusion was
more effectively inhibited by C34 added at the TAS than when
it was added at the initiation of coincubation. (We refer to
experiments in which E-T cells are continuously coincubated at
37°C as the control.) Thus, eliminating the time of binding for
C34 as a factor did not alter the inhibition of fusion for the
WT, but it increased the inhibition for �CT. In other words,
the data indicate that when cells are coincubated immediately
at 37°C, the WT exists in prebundle configurations long
enough for effective binding of C34. But for �CT, grooves are

more briefly exposed, for a time too short for C34 to bind
maximally. It has been shown that fusion is inhibited after T20
is added and unbound peptide is then removed at the TAS
(44). The finding that C34 was still not as effective at inhibiting
�CT-induced fusion as at inhibiting WT-induced fusion (Fig.
6B) suggests that the grooves of the coiled coil of �CT were
not maximally exposed at the TAS and that the prebundle
configuration of �CT protein at the TAS folded into a 6HB
more quickly than that of the WT protein.

The LAS intermediate is a more advanced intermediate
than the TAS intermediate (44) (in fact, in this study the LAS
intermediate was generated from the TAS intermediate [see
Materials and Methods]). We created the LAS intermediate in
order to test the relative sensitivities of WT- and �CT-induced
fusions to the inhibitory peptides at a stage later than the TAS.
If 6HBs do not form prior to pore formation (42, 44; see
reference 22 for a counterview), a more advanced intermediate
could increase the likelihood that peptide binding sites on the

FIG. 6. Efficacy of C34 peptide at sequential intermediate stages of
fusion induced by HXB2 WT (open circles) and �CT (filled circles).
Varied concentrations of C34 were added either at the beginning of
E-T cell coincubation (A), at the TAS (B), or at the LAS (C). Fusion
was then triggered by incubating the cells at 37°C for 2.5 h (A) or for
1 h (B and C). The IC50s obtained by curve fitting (see Materials and
Methods) are given in parentheses in the insets. Fusion was quantified
by fluorescence microscopy.

FIG. 7. Relative potency of the 5-helix peptide added at the begin-
ning of E-T cell coincubation (A) or at the LAS (B). The IC50s for the
HXB2 WT (open circles) and �CT (filled circles) are given in paren-
theses. Details are given in the legend to Fig. 6.

TABLE 2. Susceptibility of fusion to C34 peptide depends on Env
expression density in control experiments but not from the LAS

Env plasmid
(amt, �g)a

IC50, nM
(control)b

IC50, nM (from
LAS)

JRFL WT (6) 46.9 NDc

JRFL �CT (2) 306.1 ND
JRFL �CT (6) 727.0 ND
HXB2 WT (10) 1.9 6.0
HXB2 �CT (2) 11.6 5.5
HXB2 �CT (4) 25.6 5.4

a Amount of Env-expressing plasmid used for transfection of 293T cells.
b C34 was added either at the beginning of coincubation of E-T cells (control)

or after creation of the LAS. The extent of fusion was determined by flow
cytometry as described in Materials and Methods.

c ND, not determined.
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gp41prebundle become fully exposed. After creating the LAS
intermediate, incubating cells at 37°C led to fusion. However,
this extent was less than that which occurs by continuously
coincubating E-T cells at 37°C and was somewhat less for the
�CT protein than for the WT protein: compared to the fusion
of control experiments, only �70% of WT-expressing cells and
�50% of �CT-expressing cells fused from the state of the
LAS, as determined by fluorescence microscopy. Adding C34
(Fig. 6C) at the LAS inhibited fusion in a dose-dependent
manner when the temperature was raised to 37°C. At the LAS,
C34 (Fig. 6C) was virtually as effective for WT-induced fusion
as for �CT-induced fusion.

We tested whether the ability of C34 to equally inhibit WT-
and �CT-induced fusions at the LAS is independent of Env
density. C34 added after creation of the LAS inhibited fusion
(induced by raising the temperature to 37°C) to the same
extent for high and low expression levels of �CT; these IC50s
were comparable to that measured for the WT (Table 2). This
indicates that �CT did not more readily inactivate than the
WT during the experimental manipulations used to achieve
LAS: greater inactivation could have caused �CT to produce a
smaller number of fusion-competent sites than did the WT.
This in turn could have increased the susceptibility of �CT-
induced fusion to peptides to the point that peptide inhibition
became comparable for �CT and the WT at the LAS. The
equal efficacies of inhibitory peptides for �CT- and WT-in-
duced fusions at the LAS, independent of density, are what
one would expect if the time of exposure of binding sites
determined the relative susceptibilities of WT- and �CT-in-
duced fusions to inhibitor peptides. We are thus led to the key
conclusion that the potency of inhibition of fusion by C34 is
inherently the same for the WT and �CT; the difference be-
tween the two is caused by faster folding of �CT into 6HBs,
limiting the time during which C34 can bind to the grooves of
the coiled coil.

The potency of inhibition of WT-induced fusion by C34 was
not affected by creation of the TAS or LAS, but C34 inhibited
�CT-induced fusion more effectively at the LAS than at the
TAS. This indicates that the grooves of the coiled coil of �CT
were more exposed at the LAS than at the TAS. Creating the
LAS also rendered the 5-helix peptide (Fig. 7B) almost equally
effective at inhibiting WT- and �CT-induced fusions. But in
contrast to C34, the IC50 for inhibition by the 5-helix peptide
was significantly higher at the LAS (Fig. 7B) than at initial
coincubation (Fig. 7A) for both the WT and �CT. We infer
that the grooves created by N-terminal segments continue to
be accessible (and quite possibly become more accessible), but
the C-terminal segments become less accessible as fusion ad-
vances toward membrane merger. A similar phenomenon has
been observed for the fusion protein of paramyxovirus SV5
(52).

DISCUSSION

Intermediates and peptide inhibitors provide a method for
comparing the rate of folding of the WT and mutant Env
proteins into a 6HB. Fusion induced by the WT exhibits slower
kinetics and greater susceptibility to inhibition by C34 and the
5-helix peptide than that induced by �CT. If the slower fusion
kinetics were predominantly due to the WT more slowly re-

configuring from a prebundle to a bundle, a more potent in-
hibition of fusion by peptide would be expected (48). But
differences in fusion kinetics can have many different causes,
and currently it is not possible to isolate each of these causes
or to determine their relative importance, if any, to the fusion
process. So the finding that �CT exhibits faster kinetics of
fusion than the WT does not necessarily account for the re-
duced sensitivity of �CT to inhibitors of 6HB formation. Our
strategy of creating stable intermediates and testing the po-
tency of peptides against bundle formation at these stages
allows one to bypass these kinetic uncertainties and to clearly
determine the relative exposure of grooves at progressive
stages of fusion. This methodology should also prove useful in
future studies of the mechanism of inhibition of fusion by other
reagents.

Greater resistance to peptide inhibitors is due to faster
folding of �CT than the WT into 6HBs at a late stage of fusion.
We found that when inhibitory peptides were added at the
TAS and then maintained, they were more effective at blocking
WT- than �CT-induced fusion, even though the kinetics of
fusion from the TAS were the same for the WT and �CT. The
IC50 of C34 for inhibition of WT-induced fusion was relatively
independent of whether it was added at the beginning of cell
coincubation, at the TAS, or at the LAS (Fig. 6). This indicates
that the kinetics of refolding of the WT were sufficiently slow,
or binding sites were sufficiently exposed, that C34 could bind
according to its intrinsic affinity. Maintenance of inhibition also
contradicts the claim that C34 loses potency at advanced fusion
intermediates and that 6HBs form prior to membrane merger
(22). Quantitative retention of fusion inhibition by C34 at the
LAS is in accord with our prior conclusion that copies of Env
that participate in fusion do not fold into bundles before mem-
brane merger (44) and that bundle formation is not complete
until after pore formation (42).

The advanced intermediate of the LAS had to be achieved in
order for the inhibitory peptides to equally inhibit WT- and
�CT-induced fusions. For �CT, the IC50 progressively de-
creased as C34 was added at the initial E-T cell coincubation at
37°C, at the TAS, and at the LAS. This suggests that binding of
C34 to the grooves of the central coiled coil of �CT is re-
stricted until the LAS is reached and that when fusion is al-
lowed to proceed continuously rather than arrested at the
LAS, the time of maximal groove exposure is limited. Taken
together, the data indicate that �CT (Fig. 8, bottom panels)
optimally exposes the grooves of its coiled coil later than does
the WT (upper panels), but �CT more quickly folds into a
6HB from this point. As a result, the grooves are optimally
exposed to C34 for longer times for the WT (upper panels).
Thus, our data provide strong support for the hypothesis that
faster folding of �CT, compared to that of the WT, from a late
prebundle configuration into a 6HB is the reason for its greater
resistance to the inhibitory peptides.

We matched Env densities in order to compare extents and
kinetics of fusion induced by the WT and �CT. But it has been
concluded that mutating the two cysteines of the CT so that
Env can no longer become palmitoylated eliminates associa-
tion of Env with rafts (3), and thus the WT and �CT may be
distributed differently over the cell surfaces. The spatial distri-
bution of Env, and other factors, could significantly affect the
time course of the protein interactions necessary for fusion.

112 ABRAHAMYAN ET AL. J. VIROL.



This limits the ability to use kinetics of fusion to draw conclu-
sions concerning mechanisms of peptide inhibition of fusion.
Our strategy of testing the potency of peptides at intermediate
stages of fusion avoids this limitation.

The CT hinders conformational changes required for the
prebundle to 6HB transition. Folding kinetics have been sug-
gested as the primary determinant of the greater susceptibility
of X4-tropic than R5-tropic Env to peptide inhibitors (48). The
evidence was based on the finding that as V3 loop variants of
Env exhibited faster fusion kinetics, resistance of fusion to T20
increased (48). Our results are consistent with that finding: C34
was a more effective inhibitor of X4-tropic HXB2 than of
R5-tropic JRFL (Fig. 5A), and fusion kinetics were faster for
JRFL than for HXB2 (Fig. 2). In addition to faster kinetics
causing JRFL Env to reside in prebundle configurations for
shorter times than HXB2, exposure of binding sites may occur
later for JRFL: binding soluble CD4 exposes the coiled coil
and C-terminal segments of HXB2 but not of JRFL Env (19).
Another potential reason for reduced effectiveness of C34
against JRFL Env is that the amino acid sequence of C34 is the
same as that of the HXB2 Env sequence, while the correspond-
ing region of JRFL differs at five positions. However, a C34
derived from the sequence of SIV Env effectively inhibits
HIV-1 Env (21, 41) and about half of the residues are different
for HIV-1 and SIV C34 residues. It is therefore expected that
C34 binds to HXB2 and JRFL with the same affinity. In addi-
tion, an alignment of helical wheels of HXB2 and JRFL resi-
dues shows that none of their differences occur at a or d
positions and it is these positions that should fit into the
grooves of the coiled coil.

Several lines of evidence suggest that the long CT stabilizes
the native structure of the ectodomain of HIV Env (Fig. 4 and

references 18, 45, and 58). On the basis of our data, the con-
sequences of the presence of the CT are not limited to this
initial structure but extend to conformational changes at the
various steps of fusion. Importantly, the long CT slows, but
does not prevent, the major conformational change necessary
for the transition to the 6HB structure from a prebundle con-
formation in which grooves are maximally exposed. We envi-
sion that deletion of the CT increases the configurational free-
dom of Env during the fusion process. At some point in the
fusion process, several trimers of Env probably come together
to form a fusion complex. �CT may have a significantly higher
mobility than the WT because the CT is large and/or because
removing the palmitoyls of CT reduces interactions with the
inner monolayer of the plasma membrane. A higher mobility
of �CT could shorten the time required for cluster formation.
The reduced time of groove exposure of �CT may thus be
caused by faster folding of individual trimers into a 6HB bun-
dle and/or by faster association among individual trimers. The
finding that inhibition of fusion by C34 at the LAS is indepen-
dent of Env density (Table 2) and the same for the WT and
�CT suggests that Env trimers have already complexed among
themselves into a fusion complex at the LAS and that the
number of trimers within a complex is independent of surface
density.

The kinetics of the WT and �CT from the TAS were the
same for HXB2 Env (Fig. 2) but faster for �CT than for the
WT in control experiments. This suggests that the kinetic ad-
vantages conferred by deleting the CT are used in early, rather
than in late, steps of fusion. Because deleting the CT exposes
chemokine binding sites of Env (18), it would be expected that
�CT more quickly engages CXCR4 than does the WT. Faster
engagement of CXCR4 may be the reason �CT speeds up the

FIG. 8. The time from maximal groove exposure to formation of the 6HB is briefer for �CT. C34 inhibits WT-induced fusion more effectively
than �CT-induced fusion at the TAS, indicating that the grooves of �CT are less well exposed than those of the WT at this stage. Inhibition of
fusion by C34 is the same for the WT and �CT at the LAS. Once grooves are fully exposed, �CT more quickly folds into a 6HB, illustrated as
shorter transition arrows between the TAS and the LAS and between the LAS and fusion for �CT. The progression from left to right denotes a
reaction coordinate (rather than time) for fusion.
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early, pre-TAS steps. However, C34 was still more potent in
inhibiting WT-induced fusion from the TAS, showing that rank
ordering the rate of fusion for variants of Env does not reliably
allow one to predict, or account for, the sequence of potency of
inhibition of fusion by bundle-blocking peptides. In other
words, differences in kinetics of fusion between variants can be
caused by steps that are unrelated to bundle formation.

In comparing C34 and the 5-helix peptide, we found that as
the fusion process progressed, inhibition by C34 remained the
same or increased whereas inhibition by the 5-helix peptide
decreased. Less accessibility of the C-terminal segments of Env
to the 5-helix peptide as fusion proceeded could have resulted
from the relatively large size of the peptide. Reduced inhibi-
tion of fusion at the LAS has also been observed for peptides
directed against the groove-fitting C-terminal portion of SV5 F
(52).

Interactions of the CT with viral and cellular components
may influence membrane fusion. In the viral setting, the CT of
HIV-1 Env interacts with Gag (45, 58). If the HIV-1 protease
does not cleave Gag and Gag-Pol polyprotein precursors, the
virus does not mature and remains noninfectious (24, 33, 47).
But deleting the CT renders the virus infectious even if Gag
and Gag-Pol remain uncleaved (45, 58). It has been concluded
that the interaction between the CT and Gag of the immature
virus prevents the virus from fusing to membranes; deleting the
CT eliminates the interactions and allows fusion to proceed
(45, 58). Our data suggest that deletion of the CT inherently
improves the ability of the virus to fuse to and therefore to
infect cells, independent of advantages conferred by dissocia-
tion of Env from Gag.

What molecular occurrence might account for the observa-
tion that eliminating the CT causes the grooves of the pre-
bundle to be exposed for less time? In folding into a 6HB from
a prebundle configuration, the three membrane-spanning do-
mains of a gp41 trimer must separate from each other and
move toward the fusion peptides inserted in the target mem-
brane. We propose that the interactions between the long CT
and viral or cellular components, or the large size of the CT, or
a combination of these factors, reduce the freedom of move-
ments of membrane-spanning domains. Deleting the CT elim-
inates these restrictions. Quicker folding of individual trimers
from prebundles to bundles and/or any interactions between
trimers would thus be facilitated by deletion of the CT.
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