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The mechanism of CD4-mediated fusion via activated human immunodeficiency virus type 1 (HIV-1) gp4l
and the biological significance of soluble CD4 (sCD4)-induced shedding of gpl20 are poorly understood. The
purpose of these investigations was to determine whether shedding of gpl20 led to fusion activation or
inactivation. BJAB cells (TF228.1.16) stably expressing HIV-1 envelope glycoproteins (the gpl2O-gp4l
complex) were used to examine the effects of pH and temperature on sCD4-induced shedding of gpl20 and on
cell-to-cell fusion (syncytium formation) with CD4+ SupTi cells. sCD4-induced shedding ofgpl20 was maximal
at pH 4.5 to 5.5 and did not occur at pH 8.5. At physiologic pH, sCD4-induced shedding of gpl20 occurred at
22, 37, and 40°C but neither at 16 nor 4°C. In contrast, syncytia formed at pH 8.5 (maximally at pH 7.5) but
not at pH 4.5 to 5.5. At pH 7.5, syncytia formed at 37 and 40°C but not at 22, 16, or 4°C. Preincubation of
cocultures of TF228.1.16 and SupTi cells at 4, 16, or 22°C before the shift to 37°C resulted in similar,
increased, or decreased syncytium formation, respectively, compared with the control. Furthermore, an

activated intermediate of CD4-gpl20-gp41 ternary complex may form at 16°C; this intermediate rapidly
executes fusion upon a shift to 37°C but readily decays upon a shift to the shedding-permissive but
fusion-nonpermissive temperature of 22°C. These physicochemical data indicate that shedding of HIV-1 gpl20
is not an integral step in the fusion cascade and that CD4 may inactivate the fusion complex in a process
analogous to sCD4-induced shedding of gpl20.

Binding of the human immunodeficiency virus type 1
(HIV-1) envelope glycoprotein gpl2O-gp4l complex via
gpl20 to its cell surface receptor, CD4, initiates a membrane
fusion cascade (11, 36). Fusion of viral and plasma mem-
branes is the major route for HIV-1 entry and consequently
viral infection (35, 56). HIV-1-mediated syncytium forma-
tion is also dependent upon the interaction of CD4 and
gpl2O-gp4l (28, 30, 31). The exact interaction of these
membrane proteins leading to membrane fusion is incom-
pletely understood. However, accumulated findings suggest
that binding of CD4 to gpl20 induces conformational
changes in the noncovalently linked gpl2O-gp4l fusion com-
plex (16, 37, 47), resulting in exposure and activation (1-4,
51) of the fusion domain in gp4l (8, 53). Activated gp4l
probably effects membrane fusion by insertion of its hydro-
phobic amino terminus into the target cell membrane (18).

Soluble recombinant forms of CD4 (sCD4) mimic CD4 in
binding to gpl20 (12, 17, 22, 60) and are capable of inducing
shedding of gp120 from virus and virus-infected cells (19, 27,
43). It has been suggested that sCD4-induced shedding of
gpl20 results in premature loss of fusogenic sites and con-
tributes to inhibition of virus infection and syncytium for-
mation (14, 42). However, on the basis of the notion of
receptor-mediated activation of fusion (1-3), it has been
suggested that shedding of gp120 may be an integral step in
exposing the cryptic sites of gp4l, thus priming for the fusion
events (19, 43). Dissociation of sCD4-induced shedding of
gpl20 and fusion activation has been addressed by using
site-directed mutagenesis of gpl20 (7, 58). However, in these
studies, the lack of correlation between shedding and fusion
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may simply represent the fact that a particular strain's or

variant's envelope glycoprotein is either resistant to sCD4-
induced shedding of gpl20 or incapable of exerting fusion
activation. Thus far, the biological significance of sCD4-
induced shedding of gpl20 is not clearly understood, nor is it
known whether the events mediated by sCD4 reflect the
interaction of CD4 and the gpl20-gp41 fusion complex.

Physicochemical analyses have been widely used to dis-
sect conformational changes of viral envelope glycoproteins
which lead to membrane fusion. Mild acidic exposure (pH 5
to 6) is critical for entry of some viruses, such as Semliki
Forest virus (21, 61) and influenza virus (52, 55). An acidic
pH-independent process of the external membrane fusion
has been described for HIV-1 as the major route of viral
entry (35, 48, 56). However, the effects of pH on shedding of
gpl20 and syncytium formation have not been studied.
Temperature affects the interaction of CD4 and gpl20 (14,
40, 41, 59). Both shedding of gpl20 (19, 47) and membrane
fusion (15, 26, 48) are temperature sensitive. Our approach
of studying the correspondence between shedding of gp120
and membrane fusion was to analyze the effects of pH and
temperature on these events in a unique system. A BJAB-
derived HIV-1 envelope glycoprotein-expressing cell line,
TF228.1.16 (24), was used to study both sCD4-induced
shedding of gpl20 and CD4-mediated syncytium formation.
This report demonstrates that both shedding of gpl20 and
syncytium formation are sensitive to pH and temperature
and that the optimal conditions for each are different. The
results of physicochemical analyses strongly suggest that
CD4 and HIV-1 envelope glycoprotein-mediated membrane
fusion are independent of receptor-induced shedding of
gpl20.
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MATERIALS AND METHODS
0.5 -

Cell lines. The HIV-1 envelope glycoprotein-expressing
cell line TF228.1.16 (24) was derived by transfecting BJAB
cells with a vector containing the full-length BH10 HIV-1
gpl60 gene. The selected clone stably expresses functionally
active gpl2O-gp4l on its surface. As do virus-infected cells,
TF228.1.16 cells spontaneously release low levels of gpl20
into the media. TF228.1.16 and SupTl cultures were main-
tained in HY medium (GIBCO, Grand Island, N.Y.) supple-
mented with 15% fetal calf serum and antibiotics.

Analysis of shedding of gp120. TF228.1.16 cells were
washed twice with HY medium to remove spontaneously
released gpl20 and resuspended at 5 x 107 cells per ml in
culture medium supplemented with 20mMN-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid (HEPES; GIBCO). To
induce shedding of gpl20, sCD4 (SmithKline Beecham Phar-
maceuticals) (12) was added to cell suspensions of various
pHs in microcentrifuge tubes incubated in water baths at
various temperatures. To quantify the spontaneous release of
gpl20 under various conditions, control cells were incubated
with medium only. Cell-free supernatants were prepared by
centrifugation and mixed with sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis sample buffer, and the proteins
were separated by electrophoresis (7.5% separating gel).
Proteins were transferred to Immobilon membranes (Milli-
pore, New Bedford, Mass.), and the membranes were probed
with a rabbit antiserum against gpl20 (kindly provided by R.
Sweet, SmithKline Beecham Pharmaceuticals), detected with
a horseradish peroxidase-linked donkey anti-rabbit antibody
(Jackson ImmunoResearch, West Chester, Pa.), and visual-
ized with the ECL detection system (Amersham). The optical
density of protein bands was quantified with a densitometer
(LKB), and the area under the density curve was measured
with SigmaScan (Jandel Scientific, Corte Madera, Calif.) as
described previously (19).

Analysis of syncytium formation. Suspensions of TF228.1.
16 and SupTl cells (5 x 106 cells per ml in HEPES-buffered
culture medium) were mixed in microcentrifuge tubes. Co-
cultures were incubated statically to allow settlement of the
cells at unit gravity at various pHs and temperatures. At the
end of cocultivation, aliquots were diluted (1:10) with fresh
HEPES-buffered culture medium or fixed with 2.5% glutar-
aldehyde in 0.1 M phosphate buffer and then plated in
triplicate in a 48-well plate. Giant cells (.4 nuclei per cell)
were counted with the aid of an inverted microscope while
scanning through 1/10 of each well area. There were no
differences observed in the syncytium counts obtained from
live and fixed cells. This analysis of syncytium formation
was validated by the methods of differential cytoplasmic
fluorescent staining and flow cytometry.

Analyses of viability and metabolic activity. Trypan blue
staining was used to examine cell viability. Cellular meta-
bolic activity was analyzed by the tetrazolium-formazan
assay (49), in which soluble colored formazan products were
derived from metabolic reduction of 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hy-
droxide (XTT; Polysciences, Inc., Warrington, Pa.) and
quantified by spectrophotometry.

RESULTS

Parameters of shedding of gp120 and syncytium formation.
sCD4 induced a dose-dependent shedding of gpl20 into the
culture medium (Fig. 1A). Half-maximal shedding of gp120
was obtained with sCD4 at 50 ,ug/ml. Similar concentrations
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FIG. 1. sCD4-induced shedding of gpl20 from TF228.1.16 cells.

(A) TF228.1.16 cells were incubated in the absence or presence of
sCD4 for 90 min at 37°C in physiologic pH culture medium. gpl20
shed into the culture supernatant was identified by Western immu-
noblotting. The intensity of the gp120 band was analyzed by
densitometry, and the area under the optical density curve was

measured and expressed in arbitrary units (A.U.). (B) Time course

of spontaneous and sCD4-induced shedding of gp120 from
TF228.1.16 cells in the absence or presence of sCD4 (100 ,ig/ml).
sCD4-induced shedding of gp120 was slow during the initial 30 min
and was followed by rapid shedding until 60 min, after which time
gp120 accumulated in the culture supernatant at a much slower rate.
A slow, steady spontaneous release of gp120 was observed, with
amounts < 10% and <25% of those detected in the presence of sCD4
in 60- and 90-min incubation periods, respectively.

were required to induce shedding of gpl20 from transfected
cells expressing HIV-1 envelope glycoproteins (6, 43). This
concentration is approximately 10-fold higher than that
needed to induce shedding of gpl20 from HIV-1 virions or

infected cells (19, 27, 43). gpl60, the precursor of the HIV-1
envelope glycoproteins, could be detected only in the cell
pellets, indicating that gpl20 release was not due to cell
lysis. Cell pellet extracts derived from the cells treated with
excessive sCD4 showed similar amounts of gpl60 and sig-
nificantly less gpl20 than did controls.
The kinetics of sCD4-induced shedding of gpl20 from

TF228.1.16 was triphasic (Fig. 1B). The initial rate of sCD4-
induced shedding of gpl20 was slow for the first 30 min,
progressed at a rapid rate between 30 and 60 min, and pla-
teaued between 60 and 120 min. The initial 30-min lag period
may represent a set of initial events of sCD4-gpl2O-gp4l
interaction, including binding and conformational changes in
the temary complex of sCD4-gpl2O-gp4l. In the absence of
sCD4, gpl20 was spontaneously released at a slow, steady rate
that did not exceed 10% of that observed in the presence of
sCD4 for 60 min. The kinetics of shedding of gpl20 was similar
to, although somewhat delayed in comparison with, that of
HIV-1 virions or infected cells (6, 19, 27, 43).
The ability of TF228.1.16 cells to form syncytia with

SupTl cells was analyzed by counting the number of giant
cells formed in cocultures (Fig. 2A). A syncytium was

scored if it contained at least four nuclei. The time course of
syncytium formation (Fig. 2B) exhibits a 30-min lag period
similar to that observed for sCD4-induced shedding of
gpl20. However, this lag is probably due to the size criteria
for scoring a syncytium (.4 nuclei per cell), which would not
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FIG. 2. Time course of syncytium formation and sCD4 concentration-dependent inhibition of syncytium formation. (A) Light micrographs

of cocultures of TF228.1.16 and SupTl cells at the indicated times. The bar equals 100 ,um. (B) Syncytium counts. Syncytia (ca. .4 nuclei
per cell) were scored from sequential aliquots taken following incubation at 37°C in pH 7.5 culture medium. A maximal number of syncytia
formed in 90 min of incubation was seen at a 1:1 cell ratio (inset). The slow appearance of syncytia during the initial 30 min was due to the
size limitation for syncytium scoring rather than to the immediate fusion events. A rapid increase in the number of syncytia was observed
between 30 and 90 min. After 90 min, there was little increase seen in the absolute number of syncytia; however, the syncytia continued to
grow in size (A). (C) sCD4 concentration dependence of blocking of syncytium formation. TF228.1.16 and SupTl cells were incubated in the
absence or presence of sCD4. Syncytium counts were obtained after 90 min of incubation in pH 7.5 medium at 37°C. Percent inhibition was
calculated on the basis of the mean of syncytium counts of cocultures without sCD4 (0% inhibition), which gave a nominal range in syncytium
number of 100 to 150 in repeated experiments. Half-maximal inhibition of syncytium formation was seen with approximately 25 ,ug of sCD4 per

ml. Syncytium numbers are expressed as mean ± standard error of the mean (n = 3) for these experiments and those shown in Fig. 3 to 6.

detect initial cell-to-cell fusion events. After 30 min, we

observed a rapid increase in the number of syncytia, which
progressed until 90 min. Within this time frame of coculti-
vation, the syncytia formed were generally consistent in
size. The absolute number of syncytia increased slowly after
90 min, with the established syncytia continuing to recruit
cells and increase in size. The effect of cell ratio (TF228.1.16/
SupTl) on syncytium formation was investigated to deter-
mine the optimal conditions. A symmetrical bell-shaped
distribution plot of syncytium formation versus cell ratio
with the peak centered at a 1:1 cell ratio was observed (Fig.
2B, inset). All further syncytium formation analyses were

done with this cell ratio.
The capability of sCD4 to block syncytium formation in

our assay system was evaluated to address the specificity of
CD4-gpl2O-gp4l interaction-dependent syncytium formation
for TF228.1.16 cells. Cocultures of TF228.1.16 and SupTl
cells were incubated in the presence or absence of sCD4 for
90 min, and syncytia were counted (Fig. 2C). Percent
inhibition of syncytium formation was calculated on the
basis of the syncytium count from cocultures without sCD4.
Half-maximal inhibition of syncytium formation was ob-
tained with sCD4 at 25 ,ug/ml.

sCD4-induced shedding of gpl20 and syncytium formation
are pH sensitive. The effects of pH on shedding of gpl20 and
syncytium formation were investigated in the established
assay system for TF228.1.16 cells. In comparison with the

standard levels obtained at pH 7.5, acidic media (pH 4.5 to
6.5) facilitated sCD4-induced shedding of gpl20 from
TF228.1.16 cells (Fig. 3A). In contrast, sCD4-induced shed-
ding of gpl20 at pH 8.5 was reduced to the background level.
Spontaneous release of gpl20 from TF228.1.16 cells was not
affected by pH. The levels of spontaneous gpl20 release
were <20%, or equal to the sCD4-induced shedding of gpl20
at pH 4.5 to 7.5 or at pH 8.5. The lack of sCD4-induced
shedding of gpl20 at pH 8.5 was not due to inhibition of
sCD4 binding, since blockade of syncytium formation with
sCD4 was observed at this pH.
Syncytium formation was maximal at pH 7.5 (Fig. 3B).

Acidic medium (pH 4.5 to 5.5), which was optimal for
sCD4-induced shedding of gpl20, was unfavorable for syn-
cytium formation. Although there was no sCD4-induced
shedding of gpl20 at pH 8.5, this basic pH reduced syncy-
tium counts only mildly (ca. 25 to 30%).
The pH range investigated had little effect on cell viability

or metabolic activity. Cells remained generally intact at pH
4.5 throughout the incubation period (90 min), as there was
no detectable gpl60 in the supernatants. In addition, more
than 85% of the cells remain viable at pH 4.5 or 8.5, as

evaluated by trypan blue exclusion. Similarly, when cell
metabolic activity was assessed by tetrazolium-formazan
assay, approximately 85% of the activity of the cells at pH
7.5 was seen for those incubated for 90 min at either pH 5.5
or 8.5. Neither the molecular integrity of gpl20 nor its
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FIG. 3. Effects of pH on shedding of gpl20 and syncytium
formation. (A) TF228.1.16 cells were incubated in the absence or
presence of sCD4 (50 ,ug/ml) for 90 min in media with a pH range of
4.5 to 8.5. A greater than twofold increase of sCD4-induced shed-
ding of gpl20 was detected in mildly acidic medium (pH 4.5 or 5.5)
in comparison with that at pH 7.5 (control). sCD4 did not induce
shedding of gpl20 at pH 8.5. Spontaneous release of gp120 was not
affected over the pH range tested. (B) The maximal number of
syncytia formed at 37°C in 90 min was seen in the cocultures
incubated at pH 7.5 (control) and hence designated 100%. The
optimal pH for sCD4-induced shedding of gpl20 gave negligible
syncytium counts. Mildly reduced (ca. 25 to 30%) syncytium for-
mation was seen at pH 8.5.

binding to CD4 was impaired by the acidic pH, as indicated
by the levels of the spontaneous or sCD4-induced release of
gpl20 within the same course of incubation (90 min at 37°C)
at low pH.
sCD4-induced shedding of gpl20 and syncytium formation

are temperature sensitive. It was demonstrated previously in
our laboratory that sCD4-induced shedding of gpl20 from
HIV-1-infected cells does not occur at 4°C (19). By using the
HIV-1 envelope glycoprotein-expressing cell line, this tem-
perature dependence of sCD4-induced shedding of gpl20
and syncytium-forming activity were studied in greater de-
tail. sCD4-induced shedding of gp120 did not occur at either
4 or 16°C (Fig. 4A). However, there was no difference in the
level of sCD4-induced shedding of gp120 observed following
incubation at 22, 37, and 40°C. Little spontaneous release of
gpl20 was detected at all temperatures tested (control bar at
pH 7.5 in Fig. 3A). In contrast, syncytium formation was not
observed at temperatures of <220C.
The absence of sCD4-induced shedding of gp120 at < 16°C

and of syncytium formation at <220C was not due to a lack
of binding of sCD4 or CD4 to gpl20, as assessed in the
following sCD4-mediated syncytium blocking experiment.
TF228.1.16 cells were incubated in the presence and absence
of sCD4 at 4, 16, 22, or 37°C for 30 min, washed twice to
remove unbound sCD4, and then cocultured with SupTl
cells for 90 min at 37°C. As shown in Fig. 4B, inhibition of
syncytium formation displayed an sCD4 concentration de-
pendency despite different preincubation temperatures dur-
ing the binding phase, indicating that equivalent binding of
sCD4 or CD4 to gpl20 of TF228.1.16 cells could occur at
these temperatures.

Effect of preincubation temperature on syncytium forma-
tion. The differential temperature sensitivity of TF228.1.16
cells for shedding gp120 and forming syncytia allowed us to
test the hypothesis that CD4 can act similarly to sCD4 in
blocking syncytium formation, possibly via inducing shed-
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FIG. 4. Effects of temperature on sCD4-induced shedding of
gpl20 and syncytium formation. (A) TF228.1.16 cells were incu-
bated with sCD4 (100 p,g/ml) at 4, 16, 22, 37, or 40°C in pH 7.5
medium for 90 min. The levels of gpl20 were standardized on the
basis of that released at 37°C (control), which was designated 100%
for quantitative comparison. Induced shedding of gpl20 did not
occur at either 4 or 16'C, but levels similar to the control levels were
obtained at 22 and 40°C. In comparison, syncytium formation of
TF228.1.16 and SupTl cocultures was evaluated over the same
range of temperatures incubated for 90 min. No syncytium forma-
tion was seen at and below 22°C. (B) TF228.1.16 cells were
incubated in the absence or presence of sCD4 at various tempera-
tures for 30 min, washed twice, and then cocultured with SupTl
cells for 90 min without exogenous sCD4. Control syncytium counts
were derived from the cocultures incubated for 90 min without
sCD4. Inhibition of syncytium formation was dependent on sCD4
concentration and independent of temperature during the preincu-
bation with sCD4.

ding of gpl20. Cocultures of TF228.1.16 and SupTl cells
were incubated at the fusion-nonpermissive temperature of
4, 16, or 22°C for 3 h and then shifted to 37°C for 90 min to
allow syncytium formation. The syncytium counts were
compared with those of the control, which was coculture
incubated at 37°C for 90 min. The control syncytium counts
were in the range of 100 to 125 in these and subsequent
experiments. Compared with the control, similar, increased,
or decreased syncytium formation was observed when the
cocultures preincubated at 4, 16, or 22°C, respectively, were
shifted to 37°C (Fig. SA). Furthermore, separate cultivation
of TF228.1.16 and SupTl cells at these preincubation tem-
peratures before the cells were mixed and shifted to 37°C
resulted in syncytium formation similar to that of the con-
trol.
To evaluate the kinetics of the observed increase or

decrease in the rate of syncytium formation seen at 16 or
22°C, respectively, a series of temperature shift experiments
was conducted. Cocultures were incubated at 22°C (Fig. SB)
or 16°C (Fig. SC) for variable intervals before the shift to
37°C for 90 min. Syncytium counts were compared with
those of the control as described above. Preincubation of
cocultures at 22°C for 30 min did not affect syncytium
formation. However, after preincubation for 60 min, a sig-
nificant decrease in syncytium formation at 37°C was ob-
served (Fig. SB).

In a similar set of experiments to examine the increased
rate of syncytium formation, preincubation of cocultures at
16°C resulted in an opposite time course of temperature
effect on syncytium formation (Fig. SC). This priming effect
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FIG. 5. Effects of preincubation temperature on syncytium for-
mation. (A) TF228.1.16 and SupTl cells were cocultured at 4, 16, or

22°C for 3 h and then shifted to 37°C for 90 min. Syncytium counts
were compared and expressed as percent of the value for controls,
which were incubated at 37°C for 90 min. Preincubation at 4°C did
not affect syncytium formation. Compared with controls, cocultures
preincubated at 16 or 22°C had a 50% increase or decrease,
respectively, in syncytium formation. (B and C) The time course of
the effects of preincubation temperature on syncytium formation
was analyzed by coculturing the cells at 22°C (B) or 16°C (C) for
various intervals before shifting them to 37°C for 90 min. Syncytium
formation in these cocultures was compared with the control level as

previously described. Syncytium formation was not affected by
preincubation at either temperature <30 min. A decrease in syncy-
tium formation was observed when the coculture was first incubated
at 22°C for 60 min (B). An increase in syncytium formation was

observed after 60 min and plateaued at 120 min following incubation
at 16°C before the shift to 37°C (C).

plateaued after 120 min of preincubation at 16°C. At the
plateau of priming, both the number and the size of syncytia
formed at 37°C in 90 min were similar to those seen in the
control cocultures incubated for .3 h (Fig. 2). Thus, this
priming effect does not reflect an increase in the absolute
number of fusion events but rather reflects an increase in the
rate of fusion events.
Decay of the intermediate of fusion activation. Preincuba-

tion of cocultures at the shedding-permissive but fusion-
nonpermissive temperature of 22°C decreased the rate of
syncytium formation (Fig. 5A and B). These results suggest
that fusion is abolished in a process that is probably analo-
gous to sCD4-induced shedding of gpl20. We next examined
whether the priming for an enhanced rate of syncytium
formation established during cocultivation at 16°C could be
reversed by incubation at 22°C. Cocultures were incubated
at 4, 16, or 22°C for 3 h, shifted to 22°C for variable intervals,
and finally shifted to 37°C for 90 min (Fig. 6). Shifting of the
cocultures preincubated at 16°C to the shedding-permissive
temperature of 22°C before incubation at the fusion-permis-
sive temperature of 37°C decreased the syncytium formation
observed in a time (at 22°C)-dependent fashion. Incubation
at 4°C for 3 h (0 min at 22°C) did not affect syncytium

50 primary incubation
.......- 16°C

25-*\O-*-* 4C
00 .........-*.-- 22°C

75 ........

50
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FIG. 6. Decay of the intermediate of fusion activation. Cocul-
tures were first incubated at 4, 16, or 22°C for 3 h, shifted to 22°C for
various intervals (x axis), and then shifted to 37°C for 90 min.
Controls were cocultures incubated at 37°C for 90 min. The time
course of inactivation of fusion was dependent on the previous
phase of incubation temperatures. A faster reduction in syncytium
formation was seen for cocultures following an initial incubation at
16°C than for those preincubated at 4°C. No further decrease in
syncytium formation was seen upon further extension of the incu-
bation time (.3 h) at 22°C.

formation of the cocultures; however, when these cocultures
were shifted to 22°C for increasing times, a decrease in
syncytium formation at 37°C similar to that seen in Fig. 5B
was observed. Following an initial incubation at 16°C, a
significant reduction of syncytium formation was seen after
the cocultures had been shifted to 22°C for >30 min. The
decrease of syncytium formation by 22°C treatment pro-
ceeded at a faster rate for the cocultures preincubated at
16°C than for those preincubated at 4°C. No further decrease
in syncytium formation was seen by further extending the
incubation time (.3 h) at 220C.

DISCUSSION

This report describes a series of experiments in which we
have studied the effects of pH and temperature on sCD4-
induced shedding of HIV-1 gpl20 and CD4-mediated syncy-
tium formation. These experiments showed that both shed-
ding of gpl20 and syncytium formation were pH and
temperature dependent and that there were marked differ-
ences in the pH optima and permissive temperatures for
these phenomena. We have also found evidence that CD4
may inactivate HIV-1 envelope glycoprotein-mediated fu-
sion in a similar fashion to that of sCD4. Furthermore, these
data suggest that binding of CD4 to gpl20 can lead to
metastable activation of the fusion complex. These findings

permissive
temperature

CD4 binding > 4C
to gpl 20-gp4l

CD4-gp1 20-gp41
>activated intermediate > 16C

shedding
> 22Cof gpl2O

fusionE> 37C

FIG. 7. Model of the stepwise fusion process, with the permis-
sive temperatures listed for each step. An intermediate of fusion
activation may follow receptor binding-initiated conformational
changes. Shedding of gpl20 is not an integral step in the fusion
process and leads only to fusion inactivation.
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allow us to propose a model shown in Fig. 7 for some of the
events which occur between binding of CD4 to gpl20 and
cell-to-cell fusion.
For our studies, we used a recombinant human cell line

stably expressing the transfected gene for full-length HIV-1
gpl60. This system has allowed us to study the interaction of
CD4 and gpl20-gp41 without the potential complications
introduced by other viral proteins. Because this system also
provides rapid, high-efficiency syncytium formation, it al-
lowed us to study the effect of pH and temperature on

syncytium formation over a few hours rather than overnight,
minimizing the impact of metabolic influences (protein syn-

thesis, cell viability, etc.). Although it has been suggested
that membrane fusion and syncytium formation are kineti-
cally separable events (13), the rapid syncytium formation
seen in our system minimizes the discrepancies that might
exist between the two events.

Previous studies of the interaction of CD4 or sCD4 with
gp120-gp41 have shown high-affinity binding (28, 29, 54) and
sCD4-induced shedding of gpl20 (6, 7, 14, 15, 19, 27, 41, 43).
It has also been suggested that CD4 can induce shedding of
gpl20 (34). However, the biological significance of shedding
of gpl20 in relation to fusion activation is still incompletely
understood. Antibodies against gp120 (38) or CD4 (44, 46)
have been used to dissociate the event of CD4 binding to
gpl20 from that of fusion. These findings indicate that
binding does not ensure fusion and that postbinding events
are still susceptible to fusion blockade by specific antibodies.
Studies using a mutagenesis approach to dissociate fusion
from shedding of gpl20 have shown that mutations within
the V3 loop of gpl20 block fusion but not sCD4-induced
shedding of gp120 (7). These results indicate that shedding of
gpl20 does not ensure activation of fusion but do not rule out
the possibility that shedding of gpl20 is integral in fusion.
Another study addressed the correlation between shedding
of gpl20 and fusion by examining a set of HIV-1 envelope
variants which showed resistance to sCD4-induced shedding
of gpl20 but retained their fusion capability (58, 59). As we

have shown in the present study, the physicochemical con-

ditions (acidic pH or 22°C) which facilitated sCD4-induced
shedding of gpl20 were unfavorable for syncytium forma-
tion, and syncytium formation could occur at conditions (pH
8.5) in which sCD4 would not induce shedding of gpl20.
Assuming that the interaction of CD4 with gpl20-gp41 is
similar to that of sCD4, our data further support the notion
that fusion is independent of shedding of gpl20.

Receptor-mediated activation of fusion (2) has been de-
scribed for several enveloped viruses. In addition, many
enveloped viruses require physicochemical activation for
fusion to occur. The results with immunodeficiency viruses
are rather complicated. It has been suggested that CD4
activates HIV-1 envelope glycoprotein-mediated fusion (20),
but sCD4 and sCD4-derived molecules have been shown to
either inhibit (12, 17, 19, 22, 43, 51, 60) or enhance (3, 4, 9,
51, 63) viral infectivity or membrane fusion activity in
different systems. These studies have shown marked differ-
ences among HIV-1, HIV-2, simian immunodeficiency virus,
and their variant strains for receptor-mediated activation or

inactivation of fusion, indicating that after receptor binding,
the interaction between gpl20 and gp4l is resolved differ-
ently in different systems. In addition to CD4, other mole-
cules such as leukocyte adhesion factor LFA-1, which is
required for HIV-mediated cell-to-cell fusion (45), may play
a role in the process of fusion activation; however, they must
act in context with the CD4-gpl2O-gp4l interaction.
One of the more intriguing results of our studies was the

enhanced rate of syncytium formation observed when cocul-
tures of TF228.1.16 and SupTl cells were preincubated at
16°C and then shifted to 37°C (Fig. 5A and C). Preincubation
of the cocultures at 4°C did not enhance the rate of syncy-
tium formation. Our data on the ability of sCD4 to irrevers-
ibly block syncytium formation when preincubated at 4 or
16°C (Fig. 4B) suggest that these effects were not at the
levels of CD4 binding to gp120.
Data from our temperature shift experiments also suggest

that the intermediate of fusion activation established at 16°C
may be metastable. As shown in Fig. 5B and C, there was an
approximately 30-min lag for priming for both an increase (at
16°C) and a decrease (at 22°C) in syncytium formation.
However, as shown in Fig. 6, when the cocultures were
shifted from 16 to 22°C, there was an immediate and rapid
decrease in syncytium formation, suggesting that the primed
fusion activation is an intermediate step and can decay
rapidly. Similar metastability of activated fusion proteins has
been described for influenza virus (55) and Semliki Forest
virus (61).
The results of our studies suggest that a variety of func-

tionally significant events occur after CD4 binding to gpl20-
gp4l. The precise mechanism of these events is unknown but
may be a consequence of conformational changes in a
CD4-gpl20-gp41 ternary complex as has been suggested in
many reports (16, 44, 57, 62). Conformational changes of
viral coat proteins have been shown to be pH dependent.
Although infection by HIV-1 is not dependent on acidic pH
(35, 48, 56), other viruses, e.g., influenza virus (55), Semliki
Forest virus (61), and Sindbis virus (39), are dependent on
exposure to mildly acidic pH for conformational changes
which activate fusion proteins. Conformational changes in a
CD4-gpl20-gp4l ternary complex could very well be tem-
perature dependent, as receptor binding (23, 39, 59) and
membrane fusion (26) are both affected by temperature.
Thermodynamic analysis of sCD4 binding to HIV-1 virions
(41) supports this concept of temperature-dependent dy-
namic interactions between CD4 and gpl20-gp41. This group
demonstrated that high- and low-affinity binding of sCD4 to
virions occurred at 37 and 4°C, respectively, and that the
minimum temperature for both sCD4 affinity transition and
shedding of gpl20 ranged between 20 and 25°C. Alterna-
tively, in a transiently gpl20-expressing cell model (14), the
affinity of sCD4 for cell-bound gpl20-gp41 at 4 or 37°C was
not significantly different, but the rate of reaching equilib-
rium was much slower at 4°C than at 37°C. Similar findings
were demonstrated with another system (40), and the slow
rate of reaching equilibrium at 4°C (versus 37°C) was attrib-
uted primarily to a slow rate of dissociation. The variations
between different systems indicate that receptor clustering
or multimeric molecular interaction could further complicate
the issue of binding events. Thus far, no satisfactory system
has been described for affinity and kinetics analyses of
binding between cell-bound gp120 and CD4 molecules. Re-
gardless of the effects of temperature on the apparent affinity
or kinetics of binding events, receptor binding-initiated
conformational changes are likely to be temperature depen-
dent as has been demonstrated for Sindbis virus fusion
proteins (39).
An important question which remains, however, is why

22°C is nearly nonpermissive for syncytium formation. Stud-
ies on lateral diffusion of transmembrane glycoproteins have
shown that the rate of diffusion decreases with temperature
(50), but the mobility of receptors for clustering is retained
even at 4°C (5). Furthermore, pinocytosis, a process depen-
dent on membrane fusion, can occur below 16°C, and a
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threshold for receptor-mediated endocytosis has been ob-
served at 15 to 17°C (25, 32, 33). These findings suggest that
neither immobility of the CD4-gpl20-gp41 ternary complex
nor a nonspecific blockade of membrane fusion can explain
the blockade of syncytium formation observed at 22°C. This
observation suggests that there is an additional or alternative
temperature-sensitive driving force for syncytium formation
which may involve conformational change-mediated expo-
sure and proteolytic cleavage of the V3 loop of gp120 (10).

In conclusion, our experiments have provided additional
data which indicate that shedding of gp120 is not an integral
step in cell-to-cell fusion mediated by HIV-1 envelope gly-
coproteins. We have also shown that CD4 may, analogously
to sCD4, induce shedding of gp120 and that a metastable
intermediate of fusion activation of the CD4-gp120-gp4l
ternary complex may form following binding. Finally, addi-
tional or alternative conformational changes in the CD4-
gp120-gp41 ternary complex probably are required for fu-
sion.
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