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Abstract
Background: HIV-1 envelope glycoprotein (Env) induces membrane fusion as a result of
sequential binding to CD4 and chemokine receptors (CCR5 or CXCR4). The critical determinants
of CCR5 coreceptor function are the N-terminal domain (Nt) and the second extracellular loop.
However, mutations in gp120 adapt HIV-1 to grow on cells expressing the N-terminally truncated
CCR5(∆18) (Platt et al., J. Virol. 2005, 79: 4357–68).
Results: We have functionally characterized the adapted Env (designated Env(NYP)) using a
quantitative cell-cell fusion assay. The rate of fusion with target cells expressing wild-type CCR5
and the resistance to fusion inhibitors was virtually identical for wild-type Env and Env(NYP),
implying that the coreceptor affinity had not increased as a result of adaptation. In contrast,
Env(NYP)-induced fusion with cells expressing CCR5(∆18) occurred at a slower rate and was
extremely sensitive to the CCR5 binding inhibitor, Sch-C. Resistance to Sch-C drastically increased
after pre-incubation of Env(NYP)- and CCR5(∆18)-expressing cells at a temperature that was not
permissive to fusion. This indicates that ternary Env(NYP)-CD4-CCR5(∆18) complexes
accumulate at sub-threshold temperature and that low-affinity interactions with the truncated
coreceptor are sufficient for triggering conformational changes in the gp41 of Env(NYP) but not in
wild-type Env. We also demonstrated that the ability of CCR5(∆18) to support fusion and infection
mediated by wild-type Env can be partially reconstituted in the presence of a synthetic sulfated
peptide corresponding to the CCR5 Nt. Pre-incubation of wild-type Env- and CCR5(∆18)expressing cells with the sulfated peptide at sub-threshold temperature markedly increased the
efficiency of fusion.
Conclusion: We propose that, upon binding the Nt region of CCR5, wild-type Env acquires the
ability to productively engage the extracellular loop(s) of CCR5 – an event that triggers gp41
refolding and membrane merger. The adaptive mutations in Env(NYP) enable it to more readily
release its hold on gp41, even when it interacts weakly with a severely damaged coreceptor in the
absence of the sulfopeptide.
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Background
HIV-1 envelope glycoprotein (Env) initiates infection by
promoting fusion between the viral and cellular membrane. Sequential binding of the gp120 subunit of Env to
CD4 and a coreceptor (CCR5 or CXCR4) triggers conformational changes in the transmembrane subunit, gp41,
which ultimately mediates membrane fusion [1,2]. The
energy required to merge two membranes is, at least in
part, released upon gp41 refolding from its native metastable conformation into the final six-helix bundle structure
[3-5]. While HIV Env-induced membrane fusion has been
extensively studied during the last two decades, the identity of gp41 conformational intermediates and the mode
by which these intermediates are coupled to membrane
rearrangements underlying the fusion process have not
been fully elucidated.
One of the key steps of the fusion reaction is formation of
an Env-CD4-coreceptor complex that initiates conformational changes in the spring-loaded [6] native structure of
gp41. Engagement of coreceptors by Env is a complex,
multistep process that involves several coreceptor
domains [7-17]. Genetic analyses revealed that R5-tropic
HIV-1 Env interact primarily with the N-terminal segment
(Nt) and the second extracellular loop (ECL2) of CCR5
[11,18-22]. The gp120 domains that are involved in interactions with CCR5 are the V3-loop and the bridging sheet
that is formed after gp120-CD4 binding and is comprised
of conserved residues from the C4 domain and from the
stems of variable V1/V2 and V3 loops [8,23-28]. The tip
(often referred to as crown) of the V3-loop appears to
interact with the ECL2, whereas the bridging sheet and the
conserved residues of the V3 stem are likely to engage the
Nt domain of CCR5 [8,16,23].
It has been shown that the acidic residues and sulfated Tyr
within the Nt domain of CCR5 are important for HIV
entry [18,29-31]. Thus proper post-translational modification of chemokine receptors is essential for their mediation of gp120 binding and infection. Interestingly, the
CCR5 Nt-derived sulfated peptides are capable of reconstituting the function of the CCR5 mutant lacking the Nterminal segment [32]. Because these sulfated peptides
specifically interact with R5-tropic Env in a CD4-dependent manner [32-34], the CCR5 Nt domain appears to be a
critical determinant of the gp120 tropism. In contrast, X4tropic isolates are generally less dependent on the Nt
region of CXCR4 for their entry [32,35].
Even though the major domains involved in gp120-coreceptor binding have been identified, the details of their
interactions and the sequence of events leading to functional recruitment of coreceptor are poorly defined.
Recently, HIV-1 variants (JRCSF strain) adapted to use
CCR5 lacking the first 18 residues of the N-terminus
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(referred to as CCR5(∆18)) have been isolated and characterized [36]. Three mutations in the gp120 V3-loop,
S298N, N300Y and T315P, were sufficient to render the
virus competent for growing on cells expressing
CCR5(∆18). An additional substitution that resulted in
elimination of an N-glycosylation site within the V4-loop
further enhanced virus infectivity in cells expressing
CCR5(∆18) [36]. Functional analysis of these JRCSF variants provided evidence that the adaptive mutations lowered the activation energy barrier that restricts gp41
refolding. This allowed gp41 to undergo conformational
changes following the low-affinity interaction with the
ECL2 region of CCR5(∆18). Consistent with this interpretation, the adapted viral variants could not employ a double mutant damaged in both its Nt and ECL2 regions [36].
Because HIV-1 infectivity assays do not directly measure
Env-mediated fusion, we examined the mechanism of
adaptation by directly assessing the Env function in a cellcell fusion model. We used the adapted JRCSF Env bearing
a minimal set of substitutions localized in the V3-loop:
S298N, N300Y and T315P (designated NYP). Unlike
Env(wt), Env(NYP) was able to induce fusion with cells
expressing CCR5(∆18). Our data confirmed that adaptation to CCR5(∆18) did not involve significant changes in
the binding affinity to CCR5(wt) [36]. Instead, our results
suggest that the adaptive mutations cause a more facile
triggering of gp41 rather than a compensatory or specific
increase in viral affinity for undamaged regions of
CCR5(∆18). In addition, we provide functional evidence
that Env(NYP) engages the truncated coreceptor at
reduced temperature that does not permit fusion, albeit
with much lower efficiency compared to CCR5(wt). We
have also shown that the sulfated peptide derived from
the Nt of CCR5 rescues the ability of CCR5(∆18) to support cell fusion and infection mediated by Env(wt). Furthermore, the sulfated peptide allowed Env(wt)-CD4
complexes to engage CCR5(∆18) upon pre-incubation at
sub-threshold temperature. Our data suggest that, after
binding the Nt of CCR5, HIV-1 Env acquires the ability to
engage other extracellular domains of the coreceptor
which, in turn, triggers fusogenic conformational changes
in gp41. We propose that the NYP mutations in V3 alter
the Env trimers by enabling them to more readily bypass
this first step.

Results

The adaptation to CCR5(∆18) does not alter the kinetics
of Env-induced fusion or the apparent affinity for wildtype CCR5
Because the Nt of CCR5 is necessary for high affinity binding of HIV-1 gp120(wt) [11,37,38,30,34,39,40], it is
likely that the adaptive gp120 mutations that enable use
of CCR5(∆18) would compensate by increasing viral
interactions with ECL2 or other undamaged regions of the
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wild-type or adapted Env. Fusogenic activities of
Env(NYP) and wild-type Env (Env(wt)) were compared
by expressing them in 293T cells (designated as effector
cells) and measuring fusion with target HeLa cells that stably express CD4 at a uniform concentration and comparable surface densities of either wild-type CCR5 or
CCR5(∆18) [36].

Figure
Kinetics 1of Env(wt)HeLa-CD4
cells expressing
and Env(NYP)-induced
CCR5(wt) (A) orfusion
CCR5(∆18)
with (B)
Kinetics of Env(wt)- and Env(NYP)-induced fusion with
HeLa-CD4 cells expressing CCR5(wt) (A) or CCR5(∆18)
(B). (A) Fusion with CCR5(wt)-expressing cells induced by
Env(wt) and Env(NYP) is shown by filled circles and filled
squares, respectively. Fusion after establishing the 18°-TAS
(pre-incubation for 2 hr at 18°C) is shown by open circles
(Env(wt)) and open squares (Env(NYP)). (B) Fusion with
CCR5(∆18)-expressing cells induced by Env(wt) and by
Env(NYP) is shown by semifilled circles and filled triangles,
respectively. The kinetics of fusion between Env(NYP)- and
CCR5(∆18)-expressing cells after establishing the 27°-TAS
(pre-incubation for 2 hr at 27°C) is shown by open triangles.
The experimental points are means ± SE.

truncated coreceptor. A corollary of this hypothesis is that
Env(NYP) would bind CCR5(∆18) and CCR5(wt) more
strongly than Env(wt). An alternative hypothesis, which is
more consistent with our previous evidence [36], is that
Env(NYP) might be more easily triggered than Env(wt), so
that even weak interactions with CCR5(∆18) would enable gp120(NYP) to release gp41, resulting in a more facile
membrane fusion. To test these ideas in the context of
membrane fusion, we initially measured the kinetics of
fusion of CCR5(wt)-expressing cells with cells containing

Effector and target cells were co-incubated at 37°C and
their fusion was stopped at various times by adding a high
concentration of fusion inhibitor, C52L [41]. Like other
peptides derived from the heptad repeat 2 region of gp41,
this recombinant peptide blocks fusion by preventing
gp41 refolding into the final 6-helix bundle conformation. The rates of Env(wt)- and Env(NYP)-induced fusion
to cells expressing CCR5(wt) and the fraction of cells that
fused within 2 hr of co-incubation were similar (Fig. 1A,
filled circles and filled squares, respectively). Fusion
induced by both Env(wt) and Env(NYP) started after a lag
time that is typical for HIV Env-mediated cell-cell fusion
[42-46]. We have previously shown that formation of ternary complexes as a result of recruitment of CD4 and coreceptors by HIV Env is primarily responsible for the lag
time before fusion [46]. We have found that, when ternary
complexes were allowed to form by pre-incubating the
effector and target cells at temperatures that were not permissive for fusion, the kinetically advanced temperaturearrested stage (TAS) was created [45-47]. From this intermediate stage, fusion occurred without an appreciable lag
time. We examined whether receptor and coreceptor
engagement by JRCSF Env(wt) and Env(NYP) is also
responsible for the lag time before fusion. Effector and target cells were pre-incubated at sub-threshold temperature
(18°C) for 2 hr to establish TAS, and the rate of fusion
upon shifting to 37°C was measured. Cell-cell fusion
from 18°-TAS progressed without a detectable lag time for
both wild-type and adapted Env (Fig. 1A, open circles and
open squares). The more synchronous fusion from 18°TAS indicates that Env(wt) and Env(NYP) had engaged
CD4 and CCR5(wt) at sub-threshold temperature [45,46]
(see below).
It has been shown that an apparent binding affinity
between Env and CCR5 correlates with the resistance of
fusion to coreceptor binding inhibitors [25,27,28].
Accordingly, we used the CCR5 binding inhibitor, Sch-C
[48], to evaluate the apparent relative affinity of Env(wt)
and Env(NYP) to CCR5(wt). As shown in Fig. 2A, fusion
induced by these Envs was equally sensitive to Sch-C
(filled circles vs. filled squares). The calculated IC50 values
for Env(wt) and Env(NYP) were 25 ± 4 nM and 31 ± 4 nM,
respectively. Likewise, anti-CCR5 antibodies 2D7 and
PA14 nearly identically blocked fluorescent dye redistribution between cells induced by these two Envs (data not
shown). These results imply that the adaptation of JRCSF
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to CCR5(∆18) did not dramatically alter the apparent
affinity to CCR5(wt).
We have previously demonstrated that fusion from TAS
was partially resistant to CD4 and coreceptor binding
inhibitors [46]. This result implies that ternary Env-CD4coreceptor complexes had formed during pre-incubation
at sub-threshold temperature and that dissociation of
these complexes (if any) was slow compared to the rate of
fusion upon warming cells to 37°C. When Env(wt)- and
Env(NYP)-expressing cells were pre-incubated for 2 hr at
18°C with target cells expressing CD4 and CCR5(wt) (to
create TAS), a fraction of cells became resistant to Sch-C.
Considerable fusion occurred upon shifting cells to 37°C
from TAS in the presence of high doses of the inhibitor
added at this stage (Fig. 2A, open symbols). This finding
supports the notion that both Envs form complexes with
CCR5(wt) at sub-threshold temperature and that a significant fraction of these complexes can fuse in the presence
of Sch-C.
Next, we asked whether Env(wt) and Env(NYP) engage
CD4 and CCR5(wt) at similar rates, which is likely to
reflect the apparent "on-rate" of CCR5 binding. The kinetics of formation of ternary complexes at 18°C was evaluated by measuring the rate of acquisition of resistance to a
high concentration of Sch-C added after varied times of
pre-incubation. The extents of fusion were quantified after
additional incubation at 37°C. Env(wt) and Env(NYP)
Env acquired resistance to Sch-C with similar time courses
(Fig. 2B). After pre-incubation at reduced temperature for
4 hr, more than 40% of cells expressing either of these
Envs exhibited resistance to the drug. Note that at early
times (1.5 hr point in Fig. 2B), a slightly greater fraction of
Env(NYP)-expressing cells fused with CCR5(wt)-expressing cells in the presence of Sch-C. This observation is consistent with somewhat better protection of Env(NYP)induced fusion from inhibition by Sch-C added after a 2
hr-incubation at 18°C compared to Env(wt) (Fig. 2A).
In order to assess the stability of the ternary complexes
with CD4 and CCR5(wt) formed at sub-threshold temperature, we varied the duration of exposure to Sch-C added
at TAS prior to raising the temperature. We reasoned that
the time-dependence of inhibition by Sch-C added after
CCR5 had been engaged by Env should reflect the "offrate" for dissociation of coreceptors from Env(wt)-CD4
complexes. Cells captured at 18°-TAS were exposed to
300 nM Sch-C for 5 or 50 min at reduced temperature
prior to warming to 37°C. (In control experiments, the
incubation steps were identical but Sch-C was omitted).
Prolonged pre-incubation with Sch-C at 18°C dramatically reduced the extent of fusion (Fig. 2C). Thus the requisite ternary complexes formed at sub-threshold
temperature are reversible. The partial protection against

Figure
Inhibition
cells
by the
2 ofCCR5
fusion binding
with HeLa-CD4/CCR5(wt)-expressing
inhibitor, Sch-C
Inhibition of fusion with HeLa-CD4/CCR5(wt)-expressing
cells by the CCR5 binding inhibitor, Sch-C. (A) The inhibitory
activity of Sch-C was measured upon direct co-culture of
effector and target cells at 37°C for 2 hr (filled symbols) and
after creating TAS (open symbols). TAS was created by preincubating cells at 18°C for 2 hr, and fusion was triggered by
additional incubation at 37°C for 1.5 hr. Fusion mediated by
Env(wt) and Env(NYP) is shown by squares and circles,
respectively. (B) Effector cells expressing Env(wt) (squares)
or Env(NYP) (circles) were pre-incubated with HeLa-CD4/
CCR5(wt) cells at 18°C for varied times, exposed to 1.35
µM Sch-C for 5 min, and warmed to 37°C for 1.5 hr. (C) Following the creation of TAS (18°C, 2 hr), the cells were incubated for additional 5 or 50 min at 18°C with or without 300
nM Sch-C before raising the temperature to 37°C. The
resulting fusogenic activity was normalized to the extent of
fusion without the inhibitor. The Env(wt)- and Env(NYP)induced fusion is shown by squares and circles, respectively.
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Sch-C at TAS is likely due to the competing processes of
dissociation of ternary complexes and somewhat synchronized fusion induced by raising the temperature at this
stage (Fig. 1B, open squares). The rates at which fusion
diminished with the duration of drug treatment were virtually identical for Env(wt) and Env(NYP), suggesting that
the adaptive mutations in the V3-loop did not alter the
stability of Env-CD4-CCR5(wt) complexes (Fig. 2C). Collectively, the fusion kinetics data and the indirect measurements of the rates of formation and dissociation of
ternary complexes imply that the adaptive mutations in
JRCSF Env did not increase its apparent affinity for
CCR5(wt).
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formational changes compared those required for binding
wild-type
CCR5.

Env(NYP) is capable of inducing fusion after low-affinity
binding to CCR5(∆18)
To properly compare the extent and kinetics of fusion supported by wild-type and the N-terminally truncated coreceptor, we utilized HeLa cells expressing comparable
levels of CD4 and either CCR5(wt) or CCR5(∆18) (Figs. 1
and 2). When cells expressing CCR5(∆18) were used as
targets, Env(wt) failed to induce redistribution of cytoplasmic dye (Fig. 1B, semi-filled circles), whereas
Env(NYP) was still fusogenic (filled triangles). However,
in contrast to CD4+/CCR5(wt)+ cells, fusion to
CCR5(∆18)-expressing cells started after a long delay and
involved a relatively small fraction of cells. The low efficacy of fusion is in agreement with the similarly reduced
infectivity of Env(NYP)-bearing viruses in cells expressing
CCR5(∆18) compared to their infectivity in cells containing wild-type CCR5 [36].

The elimination of a lag time to fusion upon establishing
a 27°-TAS (Fig. 1B) suggests that this lag reflects the time
required for formation of ternary Env(NYP)-CD4CCR5(∆18) complexes, in agreement with our previous
data [46]. The much longer lag time observed for the truncated coreceptor compared to CCR5(wt) is indicative of
low-affinity binding between Env(NYP) and CCR5(∆18).
To more directly assess the relative affinity of Env(NYP) to
the truncated coreceptor, we measured the sensitivity of
fusion to Sch-C. The drug suppressed fusion with cells
expressing CCR5(∆18) with ~150-fold greater efficacy
than fusion with CCR5(wt)-expressing cells: the calculated IC50 were 0.2 and 31 nM for fusion supported by
CCR5(∆18) and CCR5(wt), respectively (Figs. 3A and 2A,
filled circles). Pre-incubation with CCR5(∆18) cells for 2
hr at 27°C to create TAS rendered fusion induced by
Env(NYP) somewhat less sensitive to Sch-C (Fig. 3A, open
circles, IC50 = 1.1 nM). This result is in contrast with far
more marked protection against Sch-C added at 18°-TAS
when CCR5(wt)-expressing cells were used as targets (Fig.
2A). Thus, even at somewhat elevated temperature,
Env(NYP) does not seem to form stable ternary complexes
that would allow Env(NYP) to induce fusion in the presence of Sch-C. On the other hand, the marginal increase
in the resistance to Sch-C (Fig. 3) and the accelerated
kinetics of fusion (Fig. 1B) from 27°-TAS, indicate that
Env(NYP) is capable of low-affinity interactions with
CCR5(∆18) at sub-threshold temperature.

Next, we examined the temperature-dependence of dye
transfer with cells expressing CCR5(∆18). Unlike CCR5supported fusion that occurred above 18°C [46,47,49],
fusion with these cells was not detected at temperatures
below 27°C (data not shown). This finding indicates that
binding to the truncated coreceptor and/or subsequent
refolding of gp41 require an elevated temperature. To distinguish between these possibilities, we tested whether
ternary complexes with CCR5(∆18) can form at 18°C, a
temperature that allowed Env(NYP) to engage CD4 and
CCR5(wt) (Figs. 1 and 2). Neither the rate of fusion nor
the resistance to Sch-C were enhanced significantly after
pre-incubation of Env(NYP)- and CCR5(∆18)-expressing
cells for up to 2.5 hr at 18°C (data not shown). On the
other hand, pre-incubation at 27°C resulted in formation
of a kinetically advanced intermediate, from which fusion
proceeded without a detectable lag time (Fig. 1B, open triangles). These results imply that formation of functional
ternary complexes between Env(NYP) and CCR5(∆18)
requires higher temperatures than those allowing engagement of CCR5(wt). The requirement for elevated temperature to create TAS indicates that, in order to engage
CCR5(∆18), gp120 must undergo more substantial con-

The Env(NYP)-CCR5(∆18) binding is highly sensitive to
temperature and coreceptor density
The apparent lack of functional recruitment of
CCR5(∆18) by Env(NYP) at 27°C could reflect slow
engagement of these coreceptors that requires much
longer than 2 hr at this temperature to manifest itself. We
therefore tested whether higher levels of CCR5(∆18)
expression would facilitate formation of a drug-resistant
intermediate. We employed the R5d18.23 cell line that
expressed a 2.4-fold higher density of CCR5(∆18) compared to R5d18.2 clone [36] used in the above experiments (Fig. 3A). The higher CCR5(∆18) density did not
considerably increase the extent of fusion or the resistance
to Sch-C upon direct co-culturing of effector and target
cells at 37°C (compare Fig. 3A and 3B, filled circles). But
when a 27°-TAS was created with cells expressing a higher
density of the truncated coreceptor, a dramatic increase in
the resistance to Sch-C was observed. The apparent IC50
for Sch-C increased from 0.2 nM upon direct co-incubation of cells at 37°C to 213 nM at TAS (filled vs. open circles). In other words, a 2.4-fold greater density of
CCR5(∆18) increased the resistance to Sch-C added at
27°-TAS more than 200-fold (compare open circles in Fig.
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dependence of formation of drug-resistant pre-fusion
complexes. Figure 3B (gray circles) shows that pre-incubation of cells expressing Env(NYP) with target cells expressing a high amount of CCR5(∆18) at 18°C resulted in a 9fold greater resistance to Sch-C (IC50 = 1.8 nM) compared
to direct fusion at 37°C. Thus protection against Sch-C
was far less pronounced at 18°-TAS compared to 27°-TAS:
the effective concentration of the drug was 2 orders of
magnitude greater at higher pre-incubation temperature.
This is in contrast to formation of Sch-C-resistant ternary
complexes with wild-type coreceptors that occurs readily
within 2 hr at temperature as low as 18°C (Fig. 2A). The
remarkably strong dependence of the resistance to Sch-C
on CCR5(∆18) density and on pre-incubation temperature suggests that the Env(NYP)-CCR5(∆18) binding may
be a cooperative process, in agreement with other evidence [50].

CCR5(∆18)-expressing
Inhibition
Figure 3 of fusion between
cells Env(NYP)by Sch-C and CD4/
Inhibition of fusion between Env(NYP)- and CD4/
CCR5(∆18)-expressing cells by Sch-C. The extent of fusion
upon direct co-incubation at 37°C for 3 hr (filled circles) and
after establishing 27°-TAS (open circles) was measured in the
presence of different concentrations of Sch-C, as described
in the legend to Figure 2. The TAS was created by a 2 hr preincubation at 27°C. This temperature was not permissive to
fusion with cells expressing a low (R5d18.2, panel A) and relatively high (R5d18.23, panel B) level of the truncated CCR5.
Inhibition of fusion by Sch-C added after creating 18°-TAS (2
hr at 18°C) with cells expressing a higher level of CCR5(∆18)
is shown by gray circles.

3A and 3B). Note that fusion from 27°-TAS was still fully
inhibited by the six-helix bundle-blocking peptide, C52L,
added at this stage (data not shown).
The usage of cells expressing a higher density of
CCR5(∆18) permitted us to assess the temperature-

Collectively, the accelerated kinetics of fusion and protection against Sch-C after creating TAS show that Env(NYP)
does engage CCR5(∆18) at temperatures that are not permissive to fusion. Moreover, when CCR5(∆18) was
present at sufficiently high density and when the pre-incubation step was carried out at 27°C, Env(NYP) appeared
to form ternary complexes with the truncated coreceptor
that were capable of progressing to fusion in the presence
of high doses of Sch-C. The steep temperature-dependence of CCR5(∆18) recruitment and the relatively low
efficacy of fusion with CCR5(∆18)-expressing cells (Fig.
1B) suggest that Env(NYP) is less efficient at engaging
CCR5(∆18) compared to CCR5(wt). The above data are
consistent with low-affinity interactions between
Env(NYP) and CCR5(∆18) that, under special conditions
(27°-TAS), can result in accumulation of active pre-fusion
complexes that likely involve multiple cooperatively functioning CCR5(∆18)s.
The usage of CCR5(∆18) increases the apparent residency
time of Env(NYP) gp41 in a pre-bundle conformation
Next, we indirectly evaluated the relative rates of
Env(NYP) gp41 refolding into a 6-helix bundle for target
cells expressing wild-type CCR5 and CCR5(∆18). The
inhibitory potency of gp41-derived C-peptides (e.g., T-20
or C34) appears to be determined, in part, by the overall
time the gp41 spends in a pre-bundle conformation
before forming the peptide-resistant 6-helix bundle
[27,28]. The C34 peptide blocked Env(wt)- and
Env(NYP)-induced fusion to CCR5(wt)-expressing cells
equally effectively (Fig. 4), suggesting that Env(NYP) and
Env(wt) gp41 proceed through intermediate pre-bundle
conformations at similar rates. By contrast, Env(NYP)
fusion was 3-fold more sensitive to inhibition by C34
when cells expressing CCR5(∆18) were used as targets
instead of CCR5(wt)-expressing cells (Fig. 4, open circles
vs. open triangles). Consistent with our other evidence
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[36], this finding shows that Env(NYP) can efficiently recognize the CCR5 Nt although it does not require it.
The greater sensitivity to C34 and the overall slower rate
of fusion (Fig. 1B) suggest that Env(NYP) gp41 exists in a
pre-bundle conformation longer when it is forced to use
CCR5(∆18) instead of CCR5(wt). Because the gp41 coiled
coil becomes exposed upon engaging CD4 and coreceptor
[51-53,43,45], high sensitivity to C34 is in agreement
with low-affinity interactions between Env(NYP) and
CCR5(∆18) that may necessitate recruitment of a greater
number of truncated coreceptors in order to initiate conformational changes in gp41. Because the apparent affinity is lower, only a few of the complexes at any moment
would have enough CCR5(∆18)s to refold from a prebundle to a 6-helix bundle conformation. Moreover, the
weak association might not reduce the activation energy
barrier sufficiently to enable the refolding to occur
quickly. These effects would slow down the refolding,
extending the residency time of gp41 in a pre-bundle conformation compared to fusion supported by wild-type
CCR5. We also found that the potency of C34 was not
altered after arresting fusion with CCR5(∆18)-expressing
cells at 27°-TAS (Fig. 4, filled circles). This lack of potentiation of C34 activity at TAS indicates that the JRCSF gp41
coiled coil regions are not efficiently exposed upon weak
interactions with CCR5(∆18) at 27°C.
After binding to CD4, Env(NYP) is more prone to
inactivation than Env(wt)
The inefficient and/or asynchronous triggering of
Env(NYP) upon binding to CCR5(∆18) (as demonstrated
in Fig. 4) may lead to excessive inactivation of Env, consistent with the low extent of fusion observed for
CCR5(∆18)-expressing cells (Figs. 1B and 3). It is, thus,
possible that the failure of Env(wt) to use CCR5(∆18) for
fusion is due to a more pronounced inactivation of
Env(wt)-CD4 complexes compared to those formed by
Env(NYP). However, an alternative interpretation consistent with our other evidence is that the Env(NYP) is less
resistant to irreversible conformational change than
Env(wt), so that the adapted Env can be more easily triggered by damaged coreceptors such as CCR5(∆18). In
agreement with the latter interpretation, we found that
Env(NYP) was much more sensitive to inactivation by soluble CD4 than Env(wt) (Fig 5). Hence, in agreement with
the model proposed previously [36], it is likely that the
requirements for functional interactions of Env(NYP)
with coreceptors that initiate gp41 refolding are less stringent than for Env(wt). In other words, Env(NYP)-CD4
complexes are more prone to undergo irreversible conformational changes than Env(wt)-CD4 complexes (Fig. 5),
so that low-affinity interactions with the CCR5 domain(s)
other than the Nt are capable of triggering the Env(NYP)
gp41 refolding but not refolding of Env(wt).

Figure 4 of cell-cell fusion by the C34 peptide
Inhibition
Inhibition of cell-cell fusion by the C34 peptide. The extent of
fusion between Env(wt)-expressing (open squares) or
Env(NYP)-expressing (open triangles) cells and CD4/
CCR5(wt) cells was measured following a 2 hr-incubation at
37°C in presence of indicated concentrations of C34. When
CCR5(∆18)-expressing cells were used as targets, the C34
was added either at the beginning of co-culture with
Env(NYP)-expressing cells (2 hr at 37°C, open circles) or
after capturing cells at TAS (pre-incubation at 27°C for 2 hr,
filled circles). When added at TAS, the C34 was allowed to
bind for 5 min before warming the cells to 37°C.

Sulfated CCR5 Nt-derived peptides reconstitute the ability
of CCR5(∆18) to support fusion induced by wild-type Env
Sulfation of tyrosine residues within the Nt of CCR5 is
important for CCR5 function as a coreceptor for HIV entry
[18]. Sulfated Nt-derived peptides, but not unmodified
peptides, were able to inhibit infection by R5-tropic HIV1 [32,33]. In addition, sulfated peptides rescued the ability of the N-terminally truncated CCR5 to support HIV
entry [32,33]. We therefore asked whether the 22 residuelong Nt-derived peptide sulfated at positions 10 and 14
(referred to as S22 [32,33]) will permit the usage of
CCR5(∆18) by Env(wt) for entry and fusion. Replication
competent wild-type JRCSF was used to infect HeLa-CD4
cells expressing CCR5(∆18) in the presence or absence of
the S22 peptide. No infections were detected in multiple
experiments in the absence of the peptide. In contrast, the
sulfopeptide reproducibly caused a small but significant
(N = 6; p < 0.05) degree of infectivity by this same virus
(Fig 6A, open circles). By comparison, the S22 peptide was
unnecessary for infection of these cells by the CCR5(delta
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Figurethan
Env(NYP)
sCD4
5 isEnv(wt)
more readily inactivated by treatment with
Env(NYP) is more readily inactivated by treatment with
sCD4 than Env(wt). Cells expressing either Env(wt) or
Env(NYP) were collected from the culture dish using a nonenzymatic cell dissociation solution and treated with 25 µg/
ml sCD4 for 30 min at 37°C. Cells were washed twice to
remove free sCD4 and co-incubated with HeLa-CD4/
CCR5(wt) cells for 2 hr at 37°C. The results are plotted as
percentage of fusion observed for untreated effector cells.

18)-adapted virus and did not have a consistent effect in
that case (filled circles).
Even though S22 peptide permitted usage of CCR5(∆18)
by wild-type JRCSF, the efficiency of infection did not
exceed 7% of that obtained on cells expressing comparable levels of CCR5(wt) in the absence of the peptide (Fig.
6A). In contrast, ADA and YU2 strains of HIV-1 have been
reported to efficiently utilize S22 peptide to infect cells
expressing N-terminally truncated CCR5 [23]. The determinants for binding of the S22 peptide to monomeric
gp120 have been previously mapped using the HIV-1 JRFL
isolate [23]. These studies implicated the relatively conserved stem region of the V3-loop in binding the sulfated
peptide. Comparison of the sequences of JRCSF and JRFL
isolates revealed that their V3-loops were identical except
that JRCSF had serine at position 298 of the V3 loop stem
instead of the consensus asparagine residue found in JRFL,
ADA, YU2 and other Clade B viruses.
Note that the S298N substitution is one of the three adaptive mutations in JRCSF Env permitting the usage of
CCR5(Y14N) and CCR5(∆18) for entry [36]. This finding
prompted us to assess the ability of JRCSF S298N mutant
to use the S22 peptide and CCR5(∆18) "in-trans" for virus
entry. We have made pseudoviruses bearing wild-type or

Figure
The
effect
6 of S22 peptide on virus infectivity
The effect of S22 peptide on virus infectivity. A. Infections of
HeLa-CD4 cells expressing CCR5(∆18) (R5d18.23 cells, 6.6
× 104 coreceptors/cell) were carried out in the absence and
the presence of varying concentrations of the S22 peptide (0,
25, 100, and 200 µM). The replication competent wild-type
(open circles) or CCR5(∆18)-adapted (filled circles) JRCSF
isolates were tested. Infections performed in the presence of
S22 were normalized to those obtained in cells expressing
wild-type CCR5 in the absence of peptide. The graph shows
a representative experiment performed in duplicate. Error
bars are the range. B. Reconstruction of CCR5(∆18) function
by S22 peptide using a single-cycle infectivity assay. Infectivities of viruses pseudotyped with JRCSF wt (open squares)
and S298N mutant (filled squares) were determined in the
presence of varied concentrations of the sulfopeptide. Titers
were normalized as in panel A. Data points represent averages of two experiments performed in duplicate. Error bars
are SE. Note that the overall infectivity of pseudoviruses on
these cells was much lower than those obtained for replication-competent viruses (panel B vs. panel A).
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S298N JRCSF Env and compared their infectivities in the
presence of the sulfopeptide. Figure 6B shows that the
S298N mutation alone in the context of the JRCSF gp120
enhanced the S22-dependent infection of cells expressing
CCR5(∆18). Thus, poor utilization of the S22 peptide by
JRCSF compared to other clade B viruses is, at least in part,
due to the presence of serine 298 in its V3-loop.
The S22 peptide also rescued the CCR5(∆18) function in
a cell-cell fusion assay, as evidenced by considerable redistribution of cytoplasmic dye between Env(wt)- and
CCR5(∆18)-expressing cells (Fig. 7A, open circles). The
sulfopeptide also augmented fusion induced by
Env(NYP) (filled circles), showing that interaction with
both S22 and CCR5(∆18) is beneficial, but not absolutely
necessary for Env(NYP) fusion activity. Note, however,
that even at S22 concentrations as high as 200 µM, the
extent of fusion of Env(wt) was still lower than that
induced by Env(NYP) in the absence of the sulfopeptide.
Overall, the S22-dependent Env(wt) fusion with
CCR5(∆18)-expressing cells reached only 15% of the level
supported by CCR5(wt)-expressing cells (compare Fig.
1A, filled circles, to Fig. 7A, open circles). Thus, wild-type
JRCSF Env inefficiently utilizes the S22 and CCR5(∆18)
"in-trans" to initiate infection (Fig. 6) or to induce cell-cell
fusion.
Based on our infectivity data, JRFL Env that has asparagine
at position 298 is expected to utilize S22 more efficiently
for infecting cells expressing CCR5(∆18). We, therefore,
assessed the ability of S22 peptide to reconstitute JRFL
Env-induced fusion with cells expressing the truncated
coreceptor. Whereas cell-cell fusion was not detected in
the absence of S22, co-incubation of JRFL- and
CCR5(∆18)-expressing cells in the presence of varied concentrations of S22 led to efficient dye redistribution (Fig.
7A). The extent of JRFL Env-induced fusion with
CCR5(∆18) cells in the presence of 200 µM of S22 reached
50–60% of fusion supported by comparable levels of
wild-type CCR5 (data not shown). The more efficient utilization of the S22 by JRFL compared to JRCSF provides
further support to our conclusion that the S298N substitution in the V3 loop may improve binding of the sulfopeptide.
Pre-incubation with the S22 peptide at sub-threshold
temperature enhances the ability of Env(wt) to use
CCR5(∆18)
We reasoned that if weak binding of S22 to gp120-CD4
reduces the probability of engaging the truncated coreceptor, the efficacy of fusion should be improved by extending the window of opportunity for coreceptor binding. To
test this notion, we pre-incubated Env(wt)- and
CCR5(∆18)-expressing cells at sub-threshold temperature
(27°C, 2 hr to create TAS) in the presence or in absence of

peptide of
Rescue
Figure
7 the CCR5(∆18) coreceptor function by the S22
Rescue of the CCR5(∆18) coreceptor function by the S22
peptide. (A) Cells expressing Env(wt) (open circles) or
Env(NYP) (filled circles) were co-cultured with HeLa-CD4
cells expressing a relatively high density of CCR5(∆18) (the
R5d18.23 line) for 3 hr at 37°C in the presence or in absence
of S22. For comparison, cell-cell fusion induced by JRFL Env
in the presence of varied concentrations of the S22 peptide is
shown by open triangles. (B) Fusion between Env(NYP)(filled bars) or Env(wt)-expressing (open bars) cells and CD4/
CCR5(∆18) cells after establishing a 27°-TAS. Two µM of
C52L was added (first column) or not added (second column) after creating TAS (27°C, 2 hr) prior to warming cells
to 37°C and incubating for additional 2 hr. Third column
shows fusion observed when 200 µM S22 was present during
the last 30 min of a 2 hr pre-incubation at 27°C required to
create TAS. Alternatively, a 27°-TAS was created in the presence of 200 µM S22 peptide, and cells were additionally incubated for 2 hr at 37°C (fourth column).

the S22, followed by additional incubation at 37°C to
induce fusion. Cell-cell fusion was not evident when S22
was not present in the incubation medium (Fig. 7B, second column). Addition of S22 (200 µM) during the last
30 min of pre-incubation at 27°C resulted in significant
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cell-cell fusion, but the extent of dye redistribution was
comparable to that obtained upon direct incubation at
37°C using the same concentration of S22 (Fig. 7A vs. 7B,
third column). In sharp contrast, when the S22 was
present throughout the pre-incubation step (2 hr, 27°C),
fusion was markedly enhanced. As much as 50% of cells
transfected with Env(wt) fused with cells expressing
CCR5(∆18) (Fig. 7B, fourth column), approaching the
extent of dye redistribution supported by CCR5(wt) (Fig.
1A). This finding implies that Env(wt) can recruit CD4,
S22 and the damaged coreceptor at sub-threshold temperature. Parallel measurements of Env(NYP)-induced fusion
with CCR5(∆18)-expressing cells revealed that S22 only
modestly enhanced cytoplasmic dye redistribution, irrespective of the experimental protocol (Fig. 7B, filled bars).
To summarize, wild-type JRCSF Env becomes competent
to induce fusion when sufficient time is provided for
binding S22 and CCR5(∆18) at sub-threshold temperature.
Even if S22 binds to JRCSF Env with low affinity, this process is unlikely to be rate-limiting for fusion or for formation of fusion-competent complexes at 27°C, because
these peptides bind monomeric gp120-CD4 complexes
very quickly [23]. We therefore propose that, the EnvCD4-S22 complexes form relatively quickly at reduced
temperature while subsequent engagement of CCR5(∆18)
occurs slowly, taking hours to reach completion. This
would explain why the stimulating effect of S22 is marginal after a shorter pre-incubation at 27°C (Fig. 7B, third
column). We assume that Env does not readily inactivate
at sub-threshold temperature, permitting the S22 binding
and slow formation of functional ternary complexes. In
contrast, at 37°C (even in the presence of S22), JRCSF Env
appears to lose activity before it forms ternary complexes
and becomes fusion-competent.

Discussion
Our results indicate that adaptation of HIV-1 Env to use
CCR5(∆18) for entry does not involve a tighter interaction
with the wild-type CCR5. The unaltered affinity to
CCR5(wt) is supported by similarities in the following
characteristics of fusion mediated by Env(wt) and
Env(NYP) glycoproteins: (i) the rate and extent of cytoplasmic dye redistribution; (ii) the resistance to CCR5
binding inhibitors; (iii) the ability to engage CCR5 at
reduced temperature; and (iv) the apparent stability of ternary Env-CD4-CCR5 complexes in the presence of Sch-C.
The finding that fusion from 18°-TAS was virtually abrogated after prolonged exposure to Sch-C showed that Env
reversibly engaged CCR5 at reduced temperature (Fig.
2C). Under our conditions, half of the pre-formed complexes dissociated (i.e., were not able to proceed to
fusion) within 25 min in the presence of Sch-C.
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In contrast to fusion supported by CCR5(wt), Env(NYP)induced fusion with CCR5(∆18)-expressing cells appears
to occur through low-affinity interactions with the truncated coreceptor. First, fusion supported by CCR5(∆18) is
extremely sensitive to inhibition by Sch-C. Second, the
unusually long lag time before fusion (Fig. 1B) is consistent with the reduced affinity to the truncated coreceptor
(low apparent "on-rate") that would slow down the formation of ternary complexes. Supporting the notion of
low-affinity interactions with CCR5(∆18) is the demonstration that CCR5(∆4) construct supported JRFL infection but did not permit detectable gp120 binding
(apparent binding affinity >21 nM) [54].
Even for the adapted Env, the temperature that permitted
CCR5(∆18) engagement was considerably higher than
that required for engaging CCR5(wt) (27° vs. 18°C). This
result suggests that gp120 must undergo additional temperature-dependent conformational changes in order to
form a functional pre-fusion complex with the truncated
coreceptor. We have previously obtained evidence that
formation of ternary complexes with CD4 and CXCR4 is
highly temperature-dependent with the temperature coefficient, Q10, around 10 [46]. In this work, we observed a
much steeper temperature-dependence (Q10~100) for
recruitment of CCR5(∆18) by JRCSF-derived Env(NYP).
The slow and highly temperature-dependent engagement
of coreceptor during cell-cell fusion is in contrast with
binding of monomeric JRFL gp120 to CCR5 that occurred
quickly and exhibited weak dependence on temperature
[55].
The remarkable temperature-sensitivity of ternary complex formation (Fig. 3B) may be indicative of cooperative
conformational changes in Env involved in formation of
pre-fusion complexes with the truncated coreceptor. In
addition, the extremely steep dependence of formation of
Env(NYP)-CD4-CCR5(∆18) complexes on coreceptor
density suggests that the requisite number of truncated
coreceptors in functional pre-fusion complexes may be
greater than the number of wild-type CCR5. We cannot
rule out the possibility that markedly different temperature- and coreceptor density- requirements for TAS formation by Env(wt) and Env(NYP) are, at least in part, due to
differences in the propensity of ternary complexes to form
higher order oligomeric assemblies. However, we do not
anticipate that deletion of the CCR5 Nt would alter the
ability of Env (or of ternary complexes) to oligomerize.
On the other hand, if a greater number of CCR5(∆18) is
required to form pre-fusion complexes, this process may
be more critically dependent on the lateral mobility of
truncated coreceptors.
The finding that inactivation of Env(NYP)-sCD4 complexes is more prominent compared to Env(wt) (Fig. 4)
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supports the view that adapted Env is in the "hair-trigger"
state, ready to undergo conformational changes upon
low-affinity interactions with truncated coreceptor [36].
Thus a few adaptive mutations localized within the V3loop appear to alter the overall stability of Env bound to
CD4, consistent with the fact that the V3-loop is the major
determinant of the ability of sCD4 to neutralize HIV [56].
Taken together, these results imply that local changes in
the V3-loop can modulate the global stability of Env-CD4
complexes. We speculate that the adaptive mutations
diminish the activation energy barrier for Env(NYP) gp41
refolding to the point where it can be triggered by lowaffinity interactions with the ECL2 alone.
There are many precedents for the usage of low-affinity
coreceptors for HIV entry: the laboratory adapted X4tropic HIV-1 Envs bind to CXCR4 with low affinity but are
capable of promoting efficient fusion. The apparent binding constant for monomeric X4 gp120 (200–500 nM
[57,58]) is ~100-fold lower than that for R5 gp120 (4–15
nM [55,59]). It is thus likely that laboratory adapted X4tropic Env have evolved to use low-affinity coreceptors
through lowering the activation barrier for gp41 refolding.
Supporting this idea is the fact that, overall, the X4-tropic
isolates are less reliant on the Nt region of coreceptor than
R5 isolates [32,35].
Recent studies suggest that Env-coreceptor interaction
occurs in multiple steps [8,14,16]. It is thought that the
stem of the V3-loop and the bridging sheet of gp120 bind
to the Nt of CCR5, whereas the tip of the protruding V3loop interacts with other determinants of CCR5, most
likely ECL2 [8,16,24]. The observation that anti-ECL2
antibodies potently block infection, while moderately
affecting the binding of monomeric gp120 to CCR5
[11,37,38], argues that high-affinity binding of gp120
involves the Nt domain, while interactions with the ECL2
trigger fusion. Indeed, whereas binding of monomeric
gp120 to CCR5(wt)-expressing cells in the presence of
sCD4 could be readily observed, binding to CCR5(∆18)expressing cells was not evident, even in the presence of
S22 peptide in the medium [32]. Moreover, substitution
of critical tyrosines within the CCR5 Nt reduces the binding of gp120-CD4 complexes to mutant coreceptors [30].
In addition, CXCR4, CCR1 and CCR2b chimeras bearing
the N-terminal domain of CCR5 have been shown to support entry of R5-tropic viruses [19,60]. These results indicate that the specificity of R5 gp120 interactions with
coreceptors is determined, at least in part, by the Nt
region.
The soluble S22 peptide reconstitutes the ability of the Nterminally truncated CCR5 to support HIV-1 entry [32]
and cell-cell fusion (this work). However, this peptide
only partially restored the ability of CCR5(∆18) to func-
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tion as a coreceptor for wild-type JRCSF Env (Figs. 6 and
7); the resultant fusion was far less efficient than that supported by CCR5(wt). Unexpectedly, pre-incubation with
the S22 peptide at sub-threshold temperature greatly
enhanced the efficacy of Env(wt)-induced fusion with
CCR5(∆18) cells (Fig. 7B). Creation of TAS also improved
the efficacy of Env(NYP)-mediated fusion with
CCR5(∆18)-expressing cells, albeit to a lesser extent (Figs.
3 and 7B). The improved efficacy of Env(wt) fusion in
these experiments is likely due to stabilization of EnvCD4 and/or Env-CD4-S22-CCR5(∆18) complexes at subthreshold temperature that reduces the probability of Env
inactivation. These data indicate that S22 binding is a prerequisite for wild-type gp120-CCR5(∆18) interactions.
The surface plasmon resonance data [8,33] showed that
the "on" and "off" rates of S22 binding to monomeric
gp120 were very fast. Thus the S22 binding step should
not be limiting for formation of functional pre-fusion
complexes at reduced temperature. The slow rate of formation of ternary complexes (based on resistance to SchC) is most likely determined by subsequent engagement
of CCR5(∆18) by the CD4- and S22-primed gp120. We
propose that this sequence of events occurs upon binding
to wild-type CCR5 – first gp120 engages the Nt and then
interacts with ECL2. The latter step triggers conformational changes in gp41. It appears that the Nt region interacts with the bridging sheet and the base of the V3-loop,
whereas the ECL2 domain binds to the tip of V3-loop
[8,16,23]. This model is supported by the molecular
dynamic simulation of gp120-coreceptor interactions
[24] and by the crystal structure of gp120 with the intact
V3-loop [16].

Conclusion
Our data imply that adaptation of JRCSF Env to
CCR5(∆18) does not occur through increasing the affinity
to CCR5 determinants other than the Nt. Rather, the
adaptation results in lowering the activation energy barrier for gp41 refolding which permits the usage of damaged, low affinity coreceptor. We also found that wildtype Env can slowly associate with CD4 and CCR5(∆18)
at sub-threshold temperature in the presence, but not in
the absence of the sulfated Nt-derived peptide. This finding suggests a similar sequence of events for fusion
induced by wild-type HIV-1 Env with cells expressing
CCR5(wt): engaging the Nt of CCR5 permits gp120-ECL2
interaction, which, in turn, releases the gp120 hold on
gp41.

Methods
Cell lines and transient expression of HIV-1 Env
HeLa cell derivatives expressing CD4 and either CCR5 or
CCR5(∆18) (JC.6, R5d18.2 and R5d18.23) were maintained in DMEM supplemented with 10% FBS (Hyclone,
Logan, UT), penicillin and streptomycin, as described in
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[36]. In addition to the above supplements, the growth
medium for HEK 293T cells contained 0.5 mg/ml G418
(Sigma). The R5d18.2 and R5d18.23 lines express on
average 1.5 · 105 molecules of CD4 and 2.7 · 104 or 6.6 ·
104 molecules of CCR5(∆18) per cell, respectively [36].
The JC.6 cells express CD4 and wild-type CCR5 at levels
similar to those expressed in R5d18.2 cells [61]. To
express HIV-1 JRCSF Env, a 6 cm culture dish of HEK 293T
cells was transfected with 5 µg of pcDNA3.0 rev/JRCSF or
pcDNA3.0rev/NYP plasmid [62] and of 2.5 µg of cRev
plasmid. These plasmids encode JRCSF Env and its NYP
variant with S298N, N300Y and T315P mutations in the
V3-loop [36]. Cells were transfected using the calcium
phosphate precipitation method and were used for fusion
experiments 42–45 hr post transfection. Both Env(wt)
and Env(NYP) proteins were expressed in 293T cells at
comparable levels, as determined by flow cytometry (data
not shown).
Reagents
Small molecule CCR5 binding inhibitors, Sch-C and
AD101, were kindly provided by Dr. Julie Strizki (Schering-Plough, Kenilworth, NJ). The gp41-derived C34 peptide (residues 628–661) was synthesized by
Macromolecular Resources (Fort Collins, CO), and a 55
residue-long recombinant peptide, C52L, was a generous
gift from Dr. Min Lu (Cornell University). The C52L peptide
(NHTTWMEWDREINNYTSLIHSLIEESQ
NLQEKNEQELLELDKWASLWNWFNIKIK) that encompasses virtually the entire second heptad repeat domain of
gp41 [41] has been routinely used to stop the fusion reaction at desired time points. The soluble CD4 (sCD4) was
obtained from Progenics Pharmaceutical (Tarrytown,
NY). Fluorescent dyes, calcein AM and CellTracker™ Blue
(CMAC, 7-amino-4-chloromethylcoumarin) were purchased from Molecular Probes/Invitrogen (Carlsbad, CA).
A 22-residue peptide derived from the N-terminal domain
of human CCR5, S22 [32] containing sulfated tyrosines at
positions 10 and 14 was synthesized by American Peptide
Company (Sunnyvale, CA) and was 98% pure, as judged
by HPLC.
Virus infection
Infections using wild-type replication competent HIV-1
JRCSF or variants adapted to use ∆18R5 were performed
as described [61]. Target cells were HeLa-CD4 cells
expressing wild-type CCR5 or a cell clone expressing
∆18R5 (6.6 · 104 molecules/cell). Infections were performed in the absence or in the presence of varying concentrations of S22. Infectious titers were obtained by the
focal infectivity method of Chesebro [63,64]. HIV-gpt
pseudotyped viruses bearing wild-type or mutant envelopes were produced and titered as described in [36].
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Cell-cell fusion
Fluorescence microscopy-based cell fusion assay has been
described in detail elsewhere [45]. Briefly, effector 293T
cells expressing HIV-1 Env, were labeled with calcein AM
(green emission) and co-incubated with target cells
loaded with CMAC (blue emission) to allow cell fusion.
Target cells expressed CD4 and either CCR5 (JC.6 line) or
CCR5(∆18) (R5d18.2 and R5d18.23 lines). Cells were coincubated in HEPES-buffered DMEM supplemented with
2 mg/ml BSA. A minimum of 100 cell pairs were inspected
for every measurement and the extent of fusion under various experimental conditions was determined from at
least 2 independent experiments containing duplicate
measurements. Fusion was quantified in several image
fields by counting the blue-green cells (containing both
calcein and CMAC) and the number of unfused blue cells
that were in contact with at least one fusion partner, using
standard fluorescein and DAPI filters on the Zeiss Axiovert
200 microscope (Carl Zeiss, Thornwood, NY). The extent
of fusion was plotted as per cent of fused cells out of the
sum number of fused cells and unfused target cells that
were in contact with at least one effector cell [45]. The efficacy of fusion inhibitors (IC50) was determined as
described in [47] by fitting the experimental data to one
site competition model.

The kinetics of cell fusion was measured by stopping the
process after varied times of cell co-incubation at 37°C.
This was achieved by adding 2 µM of C52L, a concentration that exceeded the fully inhibitory dose by ~3-fold, to
the cell incubation medium. In order to capture fusion at
a temperature-arrested stage (TAS), the effector and target
cells were pre-incubated for 2–2.5 hr at either 18°C (for
target cells expressing CCR5(wt)) or 27°C (for
CCR5(∆18)-expressing cells), unless stated otherwise.
From TAS, fusion was induced by additional incubation
for 1.5–2 hr at 37°C. The acquisition of resistance to SchC as a function of pre-incubation time at reduced temperature was measured by adding 1.35 µM Sch-C at indicated
times of cell co-incubation. Unless stated otherwise, cells
were exposed to high doses of Sch-C for 5 min at non-permissive temperature prior to triggering fusion by warming
cells to 37°C.

Abbreviations
C52L, recombinant peptide derived from the second heptad repeat domain of HIV-1 gp41; CCR5(∆18), N-terminally truncated CCR5; ECL2, extracellular loop 2 of a
chemokine receptor; Nt, amino-terminal segment of a
chemokine receptor; Env, envelope glycoprotein; NYP,
mutant adapted to grow on N-terminally truncated CCR5;
S22, sulfated 22-residue-long peptide derived from the Nterminus of CCR5; TAS, temperature-arrested stage of
HIV-1 Env-induced fusion; wt, wild-type.

Page 12 of 14
(page number not for citation purposes)

Retrovirology 2007, 4:55

http://www.retrovirology.com/content/4/1/55

Competing interests
The author(s) declare that they have no competing interests.

14.

Authors' contributions

15.

GM conceived this work, designed the experiments, analyzed the cell-cell fusion data and drafted the manuscript.
EP carried out the infectivity experiments and helped to
draft the manuscript. DK participated in the design of
experiments, interpreting the results and writing the manuscript. All authors read and approved the final manuscript.

Acknowledgements
The authors wish to thank Lev Deriy for excellent technical assistance,
James Durnin for help with the S22 infectivity assays, Dr. Min Lu (Cornell
University) for providing the C52L peptide and Dr. Julie Strizki (ScheringPlough) for providing the Sch-C compound. This work was supported by
NIH grants GM54787 to G.M. and CA67358 to D.K.

16.

17.

18.

19.

References
1.
2.
3.
4.
5.
6.
7.

8.

9.

10.

11.

12.

13.

Berger EA, Murphy PM, Farber JM: Chemokine receptors as HIV1 coreceptors: roles in viral entry, tropism, and disease. Annu
Rev Immunol 1999, 17:657-700.
Wyatt R, Sodroski J: The HIV-1 envelope glycoproteins:
fusogens, antigens, and immunogens.
Science 1998,
280(5371):1884-1888.
Earp LJ, Delos SE, Park HE, White JM: The many mechanisms of
viral membrane fusion proteins. Curr Top Microbiol Immunol
2005, 285:25-66.
Eckert DM, Kim PS: Mechanisms of Viral Membrane Fusion and
Its Inhibition. Annu Rev Biochem 2001, 70:777-810.
Gallo SA, Finnegan CM, Viard M, Raviv Y, Dimitrov A, Rawat SS, Puri
A, Durell S, Blumenthal R: The HIV Env-mediated fusion reaction. Biochim Biophys Acta 2003, 1614(1):36-50.
Carr CM, Kim PS: A spring-loaded mechanism for the conformational change of influenza hemagglutinin. Cell 1993,
73(4):823-832.
Brelot A, Heveker N, Montes M, Alizon M: Identification of residues of CXCR4 critical for human immunodeficiency virus
coreceptor and chemokine receptor activities. J Biol Chem
2000, 275(31):23736-23744.
Cormier EG, Tran DN, Yukhayeva L, Olson WC, Dragic T: Mapping
the determinants of the CCR5 amino-terminal sulfopeptide
interaction with soluble human immunodeficiency virus type
1 gp120-CD4 complexes. J Virol 2001, 75(12):5541-5549.
Chabot DJ, Zhang PF, Quinnan GV, Broder CC: Mutagenesis of
CXCR4 identifies important domains for human immunodeficiency virus type 1 X4 isolate envelope-mediated membrane fusion and virus entry and reveals cryptic coreceptor
activity for R5 isolates. J Virol 1999, 73(8):6598-6609.
Doranz BJ, Orsini MJ, Turner JD, Hoffman TL, Berson JF, Hoxie JA,
Peiper SC, Brass LF, Doms RW: Identification of CXCR4
domains that support coreceptor and chemokine receptor
functions. J Virol 1999, 73(4):2752-2761.
Lee B, Sharron M, Blanpain C, Doranz BJ, Vakili J, Setoh P, Berg E, Liu
G, Guy HR, Durell SR, Parmentier M, Chang CN, Price K, Tsang M,
Doms RW: Epitope mapping of CCR5 reveals multiple conformational states and distinct but overlapping structures
involved in chemokine and coreceptor function. J Biol Chem
1999, 274(14):9617-9626.
Lin G, Baribaud F, Romano J, Doms RW, Hoxie JA: Identification of
gp120 binding sites on CXCR4 by using CD4-independent
human immunodeficiency virus type 2 Env proteins. J Virol
2003, 77(2):931-942.
Pontow S, Ratner L: Evidence for common structural determinants of human immunodeficiency virus type 1 coreceptor
activity provided through functional analysis of CCR5/

20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

CXCR4
chimeric
coreceptors.
J
Virol
2001,
75(23):11503-11514.
Safarian D, Carnec X, Tsamis F, Kajumo F, Dragic T: An anti-CCR5
monoclonal antibody and small molecule CCR5 antagonists
synergize by inhibiting different stages of human immunodeficiency virus type 1 entry. Virology 2006, 352(2):477-484.
Bieniasz PD, Fridell RA, Aramori I, Ferguson SS, Caron MG, Cullen
BR: HIV-1-induced cell fusion is mediated by multiple regions
within both the viral envelope and the CCR-5 co-receptor.
Embo J 1997, 16(10):2599-2609.
Huang CC, Tang M, Zhang MY, Majeed S, Montabana E, Stanfield RL,
Dimitrov DS, Korber B, Sodroski J, Wilson IA, Wyatt R, Kwong PD:
Structure of a V3-containing HIV-1 gp120 core. Science 2005,
310(5750):1025-1028.
Zhou N, Luo Z, Luo J, Liu D, Hall JW, Pomerantz RJ, Huang Z: Structural and functional characterization of human CXCR4 as a
chemokine receptor and HIV-1 co-receptor by mutagenesis
and molecular modeling studies.
J Biol Chem 2001,
276(46):42826-42833.
Blanpain C, Doranz BJ, Vakili J, Rucker J, Govaerts C, Baik SS, Lorthioir O, Migeotte I, Libert F, Baleux F, Vassart G, Doms RW, Parmentier M: Multiple charged and aromatic residues in CCR5
amino-terminal domain are involved in high affinity binding
of both chemokines and HIV-1 Env protein. J Biol Chem 1999,
274(49):34719-34727.
Doranz BJ, Lu ZH, Rucker J, Zhang TY, Sharron M, Cen YH, Wang
ZX, Guo HH, Du JG, Accavitti MA, Doms RW, Peiper SC: Two distinct CCR5 domains can mediate coreceptor usage by
human immunodeficiency virus type 1.
J Virol 1997,
71(9):6305-6314.
Dragic T: An overview of the determinants of CCR5 and
CXCR4 co-receptor function.
J Gen Virol 2001, 82(Pt
8):1807-1814.
Kuhmann SE, Platt EJ, Kozak SL, Kabat D: Polymorphisms in the
CCR5 genes of African green monkeys and mice implicate
specific amino acids in infections by simian and human
immunodeficiency viruses. J Virol 1997, 71(11):8642-8656.
Siciliano SJ, Kuhmann SE, Weng Y, Madani N, Springer MS, Lineberger
JE, Danzeisen R, Miller MD, Kavanaugh MP, DeMartino JA, Kabat D:
A critical site in the core of the CCR5 chemokine receptor
required for binding and infectivity of human immunodeficiency virus type 1. J Biol Chem 1999, 274(4):1905-1913.
Cormier EG, Dragic T: The crown and stem of the V3 loop play
distinct roles in human immunodeficiency virus type 1 envelope glycoprotein interactions with the CCR5 coreceptor. J
Virol 2002, 76(17):8953-8957.
Liu S, Fan S, Sun Z: Structural and functional characterization
of the human CCR5 receptor in complex with HIV gp120
envelope glycoprotein and CD4 receptor by molecular modeling studies. J Mol Model 2003, 9(5):329-336.
Biscone MJ, Miamidian JL, Muchiri JM, Baik SS, Lee FH, Doms RW,
Reeves JD: Functional impact of HIV coreceptor-binding site
mutations. Virology 2006, 351(1):226-236.
Kwong PD, Wyatt R, Robinson J, Sweet RW, Sodroski J, Hendrickson
WA: Structure of an HIV gp120 envelope glycoprotein in
complex with the CD4 receptor and a neutralizing human
antibody [see comments]. Nature 1998, 393(6686):648-659.
Reeves JD, Gallo SA, Ahmad N, Miamidian JL, Harvey PE, Sharron M,
Pohlmann S, Sfakianos JN, Derdeyn CA, Blumenthal R, Hunter E,
Doms RW: Sensitivity of HIV-1 to entry inhibitors correlates
with envelope/coreceptor affinity, receptor density, and
fusion kinetics. Proc Natl Acad Sci U S A 2002, 99(25):16249-16254.
Reeves JD, Miamidian JL, Biscone MJ, Lee FH, Ahmad N, Pierson TC,
Doms RW: Impact of mutations in the coreceptor binding site
on human immunodeficiency virus type 1 fusion, infection,
and entry inhibitor sensitivity. J Virol 2004, 78(10):5476-5485.
Dragic T, Trkola A, Lin SW, Nagashima KA, Kajumo F, Zhao L, Olson
WC, Wu L, Mackay CR, Allaway GP, Sakmar TP, Moore JP, Maddon
PJ: Amino-terminal substitutions in the CCR5 coreceptor
impair gp120 binding and human immunodeficiency virus
type 1 entry. J Virol 1998, 72(1):279-285.
Farzan M, Choe H, Vaca L, Martin K, Sun Y, Desjardins E, Ruffing N,
Wu L, Wyatt R, Gerard N, Gerard C, Sodroski J: A tyrosine-rich
region in the N terminus of CCR5 is important for human
immunodeficiency virus type 1 entry and mediates an asso-

Page 13 of 14
(page number not for citation purposes)

Retrovirology 2007, 4:55

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

ciation between gp120 and CCR5.
J Virol 1998,
72(2):1160-1164.
Ross TM, Bieniasz PD, Cullen BR: Multiple residues contribute to
the inability of murine CCR-5 to function as a coreceptor for
macrophage-tropic human immunodeficiency virus type 1
isolates. J Virol 1998, 72(3):1918-1924.
Farzan M, Chung S, Li W, Vasilieva N, Wright PL, Schnitzler CE, Marchione RJ, Gerard C, Gerard NP, Sodroski J, Choe H: Tyrosine-sulfated peptides functionally reconstitute a CCR5 variant
lacking a critical amino-terminal region. J Biol Chem 2002,
277(43):40397-40402.
Cormier EG, Persuh M, Thompson DA, Lin SW, Sakmar TP, Olson
WC, Dragic T: Specific interaction of CCR5 amino-terminal
domain peptides containing sulfotyrosines with HIV-1 envelope glycoprotein gp120. Proc Natl Acad Sci U S A 2000,
97(11):5762-5767.
Farzan M, Vasilieva N, Schnitzler CE, Chung S, Robinson J, Gerard NP,
Gerard C, Choe H, Sodroski J: A tyrosine-sulfated peptide based
on the N terminus of CCR5 interacts with a CD4-enhanced
epitope of the HIV-1 gp120 envelope glycoprotein and inhibits HIV-1 entry. J Biol Chem 2000, 275(43):33516-33521.
Brelot A, Heveker N, Pleskoff O, Sol N, Alizon M: Role of the first
and third extracellular domains of CXCR-4 in human immunodeficiency virus coreceptor activity.
J Virol 1997,
71(6):4744-4751.
Platt EJ, Shea DM, Rose PP, Kabat D: Variants of human immunodeficiency virus type 1 that efficiently use CCR5 lacking the
tyrosine-sulfated amino terminus have adaptive mutations
in gp120, including loss of a functional N-glycan. J Virol 2005,
79(7):4357-4368.
Olson WC, Rabut GE, Nagashima KA, Tran DN, Anselma DJ, Monard
SP, Segal JP, Thompson DA, Kajumo F, Guo Y, Moore JP, Maddon PJ,
Dragic T: Differential inhibition of human immunodeficiency
virus type 1 fusion, gp120 binding, and CC-chemokine activity by monoclonal antibodies to CCR5.
J Virol 1999,
73(5):4145-4155.
Wu L, Paxton WA, Kassam N, Ruffing N, Rottman JB, Sullivan N,
Choe H, Sodroski J, Newman W, Koup RA, Mackay CR: CCR5 levels and expression pattern correlate with infectability by
macrophage-tropic HIV-1, in vitro.
J Exp Med 1997,
185(9):1681-1691.
Farzan M, Mirzabekov T, Kolchinsky P, Wyatt R, Cayabyab M, Gerard
NP, Gerard C, Sodroski J, Choe H: Tyrosine sulfation of the
amino terminus of CCR5 facilitates HIV-1 entry. Cell 1999,
96(5):667-676.
Martin KA, Wyatt R, Farzan M, Choe H, Marcon L, Desjardins E, Robinson J, Sodroski J, Gerard C, Gerard NP: CD4-independent binding of SIV gp120 to rhesus CCR5.
Science 1997,
278(5342):1470-1473.
Deng Y, Zheng Q, Ketas TJ, Moore JP, Lu M: Protein design of a
bacterially expressed HIV-1 gp41 fusion inhibitor. Biochemistry
2007, 46(14):4360-4369.
Frey S, Marsh M, Gunther S, Pelchen-Matthews A, Stephens P,
Ortlepp S, Stegmann T: Temperature dependence of cell-cell
fusion induced by the envelope glycoprotein of human
immunodeficiency virus type 1. J Virol 1995, 69(3):1462-1472.
Gallo SA, Puri A, Blumenthal R: HIV-1 gp41 six-helix bundle formation occurs rapidly after the engagement of gp120 by
CXCR4 in the HIV-1 Env-mediated fusion process. Biochemistry 2001, 40(41):12231-12236.
Golding H, Zaitseva M, de Rosny E, King LR, Manischewitz J, Sidorov
I, Gorny MK, Zolla-Pazner S, Dimitrov DS, Weiss CD: Dissection of
human immunodeficiency virus type 1 entry with neutralizing antibodies to gp41 fusion intermediates. J Virol 2002,
76(13):6780-6790.
Melikyan GB, Markosyan RM, Hemmati H, Delmedico MK, Lambert
DM, Cohen FS: Evidence that the transition of HIV-1 gp41 into
a six-helix bundle, not the bundle configuration, induces
membrane fusion [In Process Citation]. J Cell Biol 2000,
151(2):413-424.
Mkrtchyan SR, Markosyan RM, Eadon MT, Moore JP, Melikyan GB,
Cohen FS: Ternary complex formation of human immunodeficiency virus type 1 Env, CD4, and chemokine receptor captured as an intermediate of membrane fusion. J Virol 2005,
79(17):11161-11169.

http://www.retrovirology.com/content/4/1/55

47.

48.

49.

50.
51.
52.

53.

54.
55.
56.
57.
58.

59.

60.

61.

62.

63.
64.

Abrahamyan LG, Mkrtchyan SR, Binley J, Lu M, Melikyan GB, Cohen
FS: The cytoplasmic tail slows the folding of human immunodeficiency virus type 1 Env from a late prebundle configuration into the six-helix bundle. J Virol 2005, 79(1):106-115.
Strizki JM, Xu S, Wagner NE, Wojcik L, Liu J, Hou Y, Endres M, Palani
A, Shapiro S, Clader JW, Greenlee WJ, Tagat JR, McCombie S, Cox
K, Fawzi AB, Chou CC, Pugliese-Sivo C, Davies L, Moreno ME, Ho
DD, Trkola A, Stoddart CA, Moore JP, Reyes GR, Baroudy BM: SCHC (SCH 351125), an orally bioavailable, small molecule
antagonist of the chemokine receptor CCR5, is a potent
inhibitor of HIV-1 infection in vitro and in vivo. Proc Natl Acad
Sci U S A 2001, 98(22):12718-12723.
Abrahamyan LG, Markosyan RM, Moore JP, Cohen FS, Melikyan GB:
Human immunodeficiency virus type 1 Env with an intersubunit disulfide bond engages coreceptors but requires bond
reduction after engagement to induce fusion. J Virol 2003,
77(10):5829-5836.
Kuhmann SE, Platt EJ, Kozak SL, Kabat D: Cooperation of multiple
CCR5 coreceptors is required for infections by human
immunodeficiency virus type 1. J Virol 2000, 74(15):7005-7015.
Furuta RA, Wild CT, Weng Y, Weiss CD: Capture of an early
fusion-active conformation of HIV-1 gp41. Nat Struct Biol 1998,
5(4):276-279.
He Y, Vassell R, Zaitseva M, Nguyen N, Yang Z, Weng Y, Weiss CD:
Peptides trap the human immunodeficiency virus type 1
envelope glycoprotein fusion intermediate at two sites. J Virol
2003, 77(3):1666-1671.
Kilgore NR, Salzwedel K, Reddick M, Allaway GP, Wild CT: Direct
evidence that C-peptide inhibitors of human immunodeficiency virus type 1 entry bind to the gp41 N-helical domain
in receptor-activated viral envelope.
J Virol 2003,
77(13):7669-7672.
Baik SS, Doms RW, Doranz BJ: HIV and SIV gp120 binding does
not predict coreceptor function. Virology 1999, 259(2):267-273.
Doranz BJ, Baik SS, Doms RW: Use of a gp120 binding assay to
dissect the requirements and kinetics of human immunodeficiency virus fusion events. J Virol 1999, 73(12):10346-10358.
Hwang SS, Boyle TJ, Lyerly HK, Cullen BR: Identification of envelope V3 loop as the major determinant of CD4 neutralization sensitivity of HIV-1. Science 1992, 257(5069):535-537.
Babcock GJ, Mirzabekov T, Wojtowicz W, Sodroski J: Ligand binding characteristics of CXCR4 incorporated into paramagnetic proteoliposomes. J Biol Chem 2001, 276(42):38433-38440.
Hoffman TL, Canziani G, Jia L, Rucker J, Doms RW: A biosensor
assay for studying ligand-membrane receptor interactions:
binding of antibodies and HIV-1 Env to chemokine receptors. Proc Natl Acad Sci U S A 2000, 97(21):11215-11220.
Wu L, Gerard NP, Wyatt R, Choe H, Parolin C, Ruffing N, Borsetti
A, Cardoso AA, Desjardin E, Newman W, Gerard C, Sodroski J:
CD4-induced interaction of primary HIV-1 gp120 glycoproteins with the chemokine receptor CCR-5. Nature 1996,
384(6605):179-183.
Rucker J, Samson M, Doranz BJ, Libert F, Berson JF, Yi Y, Smyth RJ,
Collman RG, Broder CC, Vassart G, Doms RW, Parmentier M:
Regions in beta-chemokine receptors CCR5 and CCR2b that
determine HIV-1 cofactor specificity. Cell 1996, 87(3):437-446.
Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D: Effects of
CCR5 and CD4 cell surface concentrations on infections by
macrophagetropic isolates of human immunodeficiency
virus type 1. J Virol 1998, 72(4):2855-2864.
Platt EJ, Kuhmann SE, Rose PP, Kabat D: Adaptive mutations in
the V3 loop of gp120 enhance fusogenicity of human immunodeficiency virus type 1 and enable use of a CCR5 coreceptor that lacks the amino-terminal sulfated region. J Virol 2001,
75(24):12266-12278.
Chesebro B, Wehrly K: Development of a sensitive quantitative
focal assay for human immunodeficiency virus infectivity. J
Virol 1988, 62(10):3779-3788.
Chesebro B, Wehrly K, Metcalf J, Griffin DE: Use of a new CD4positive HeLa cell clone for direct quantitation of infectious
human immunodeficiency virus from blood cells of AIDS
patients. J Infect Dis 1991, 163(1):64-70.

Page 14 of 14
(page number not for citation purposes)

