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To investigate the glycoprotein determinants of viral cytopathology, we constructed chimeric env genes

between a noncytopathic strain of human immunodeficiency virus type 2 (HIV-2), designated HIV-2/ST, and
a highly fusogenic and cytopathic variant derived from this virus. Expression of the resulting chimeric
glycoproteins indicated that efficient syncytium formation in the human T-cell line Sup Tl mapped to the
C-terminal region of the transmembrane (TM) glycoprotein subunit. In this region, the wild-type and
cytopathic ST glycoproteins differed by only four amino acids and by the presence of a premature termination
codon in the cytopathic variant. Subsequent site-directed mutagenesis indicated that the cytoplasmic domain
truncation was responsible for the enhanced fusion activity. This modification, however, increased the fusion
activity of the glycoprotein only in Sup Tl cells (in which the ST variant arose) but not in Molt 4 clone 8 or

peripheral blood mononuclear cells. These observations indicate that the length of the cytoplasmic domain of
the HIV-2 glycoprotein modulates the fusion activity of the exterior glycoprotein complex in a cell-specific
manner. Such adaptability appears to permit the emergence of fusogenic variants during HIV-2 passage in vitro
and may also regulate viral growth or cytopathic effects in selected cell types during natural infection in vivo.

Naturally occurring truncation of the transmembrane
(TM) protein has been observed with isolates of human
immunodeficiency virus type 2 (HIV-2) (1, 4, 8, 11, 17) and
simian immunodeficiency virus of macaques (SIVmac) (2, 3,
5, 12, 13, 16, 24) but not with isolates of HIV-1. Such viruses
possess prematurely terminated env genes that encode TM
subunits with short cytoplasmic domains: e.g., in HIV-2/
ROD, the 154-amino-acid (154AA) cytoplasmic domain is
truncated to 17AA (8). Interestingly, the TM subunits of
lentiviruses normally possess cytoplasmic domains that are
much longer than those of other retroviruses (e.g., that of
HIV-1 is 152AA long, and that of Rous sarcoma virus is
30AA long) (7) and whose normal function is unknown. To
date, direct studies of the effects of such naturally occurring
cytoplasmic domain truncations on lentiviral glycoprotein
structure or function have not been reported.
The present study was undertaken to investigate the

glycoprotein regions responsible for differential syncytium
formation by two genetically highly related but biologically
distinct HIV-2 viruses. Recombinant vaccinia virus expres-
sion of the env gene of HIV-2/ST (ST) (a previously de-
scribed replication-competent but noncytopathic virus [17,
18]) indicated that the glycoprotein was deficient in syncy-
tium formation (22). The ST glycoprotein was also found to
bind its cellular receptor CD4 with diminished affinity rela-
tive to HIV-1 and HIV-2 prototype viruses (14, 15, 22).
Compared with wild-type ST, the env protein of a molecu-
larly cloned cytopathic ST variant, designated HIV-2/ST/
24.1C#2 (10), caused more efficient syncytium formation in
the human T-cell line Sup Ti, in which the variant was

* Corresponding author.

originally generated by repeated passage (23). In order to
compare the primary structures of the cytopathic ST glyco-
protein with that of the wild type, we determined the
nucleotide sequence of the env gene of a representative
molecular clone (10). The predicted AA sequence for the
glycoprotein of cytopathic ST was found to differ by 11
residues from that of wild-type ST (18) (Fig. 1). Interest-
ingly, the glycoprotein of cytopathic ST (hereafter desig-
nated ST#2) possessed five amino acid substitutions each in
the external glycoprotein (gpl20) and in the TM subunit and
also a premature termination codon, which truncated the TM
cytoplasmic domain by 147AA (Fig. 2A). By immunoblot
analysis, the TM protein of ST#2 has been estimated to have
a molecular mass of 32 kDa, compared with 41 kDa for
wild-type ST (14).
To determine the specific glycoprotein domains or AA

residues responsible for the enhanced fusion activity of the
glycoprotein of ST#2, we constructed chimeric env genes,
cloned them into vaccinia virus expression vectors, and
evaluated expression and syncytium formation of the result-
ing envelope proteins in various CD4-bearing cell types.
Two chimeric genes (A and B) contained wild-type ST
sequences at their 5' ends ligated to 3' sequences of ST#2 at
shared unique HaeII (chimera A) or NcoI (chimera B)
restriction enzyme sites (nucleotides 7253 and 7952, respec-
tively [18]). The resulting chimeric glycoproteins contained
predicted N-terminal regions corresponding to wild-type ST
and C-terminal regions representative of ST#2 (chimera A,
368AA ST, 344AA ST#2; chimera B, 601AA ST, 111AA
ST#2) (Fig. 2B). Expression of the chimeric envelope gly-
coproteins was analyzed by metabolic labeling and immuno-
precipitation (Fig. 2C). Following a 17-h chase period, the
envelope glycoprotein precursors of ST and ST#2 of 160 and
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FIG. 1. Comparison of the envelope glycoprotein AA sequences of cytopathic ST#2 and wild-type ST. JSP4-27, wild-type ST;
ST/24.1C#2, cytopathic ST#2. The single-letter AA code is used. Residues at which differences occur are in boldface; dashes indicate
identity. #, premature TAA codon; SU, gpl20 coding region; TM, transmembrane glycoprotein coding region. The ST/24.1C#2 sequence is
truncated after AA712 by the premature termination codon.

140 kDa, respectively, were observed in the cell lysates (top
band, lanes 1 and 3). The more rapid electrophoretic mobil-
ity of the ST#2 precursor resulted from its C-terminal
truncation. The external glycoprotein (gp120) of ST (approx-
imately 120 kDa) was observed in both the cell lysate (lower
band, lane 1) and culture supernatant (lane 2), while the
ST#2 gpi20 was primarily seen in the culture supernatant
(lane 4). Chimeric genes A and B each also possessed
premature env termination and encoded precursor proteins
(lanes 5 and 7, respectively) and gpi20 proteins (best ob-
served in supernatants, lanes 6 and 8, respectively) with
electrophoretic patterns similar to that of ST#2. The pres-
ence of soluble gp120 proteins in cell culture media indicated
that correct proteolytic processing and transport to cell
surfaces occurred with both the parental and chimeric pro-
teins. As described previously, the [35S]methionine and
[35Slcysteine pulse-labeled TM subunits were not clearly
resolved following immunoprecipitation of cell lysates (not
shown) (2, 22).
We then compared syncytium formation by the vaccinia

virus-expressed chimeric and parental glycoproteins in the
human T-cell line Sup Ti. ST#2 generated larger and more
numerous syncytia than wild-type ST envelope protein (Fig.
3), as previously observed (23). To our surprise, chimeric
proteins A and B each also formed larger and more numer-
ous syncytia than wild-type ST (Fig. 2D and 3). These results
indicated that efficient Sup Ti cell fusion by the ST#2
glycoprotein was determined by a C-terminal region of the
TM subunit.
As defined by chimera B, the minimal relevant C-terminal

region of the ST#2 TM protein comprised 111AA (AA 602 to
712 of Fig. 1). This region in ST#2 differs from that in
wild-type ST at five residues, one of which is the premature
termination codon which truncates the ST#2 cytoplasmic

domain. To identify the specific AA alterations within this
region that enhanced the fusion activity of the ST#2 glyco-
protein, we performed site-directed mutagenesis (25) on the
env gene of wild-type ST and initially tested for enhanced
fusion activity with a T7 RNA polymerase expression sys-
tem (6). To screen the potential AA determinants of en-
hanced fusion activity, we constructed mutant ST env genes
coding for three of the AA residues at which ST#2 differed
in the region of interest (positions G659--S, F712--S, and
Q713--TAA stop codon). Two of these codons (712 and 713)
were adjacent and so were most efficiently mutated with a
single mutagenic primer (mutant 5). The other two AA
differences between wild-type ST and ST#2 in this region of
interest were very conservative (M615-d and 1686-*M) and
were not evaluated. In the transient T7 system, the glyco-
protein of mutant 5 but not the G659->S mutant induced
significantly more syncytia in Sup Ti cells than wild-type ST
(not shown). A vaccinia virus recombinant expressing the
mutant 5 gene (Fig. 4A) was then constructed, and expres-
sion was evaluated by metabolic labeling and immunopre-
cipitation (Fig. 4B). Following the 17-h chase period, wild-
type ST and ST#2 proteins (lanes 1 to 4) were observed as
described above. The mutant 5 precursor protein of approx-
imately 140 kDa was present in the cell lysate, whereas little
gpl20 was observed there (lane 5). The cell culture superna-
tant, however, contained soluble gpl20 (lane 6), indicating
that efficient processing and transport of the mutant protein
had occurred. Continuous [35S]methionine-[35S]cysteine la-
beling of vaccinia virus recombinant-infected cells permitted
visualization of the full-length or truncated TM proteins of
wild-type ST and mutant 5, respectively (Fig. 4C). Strik-
ingly, numerous large syncytia were generated by the mutant
5 glycoprotein in Sup Ti cells (Fig. 3D), similar to ST#2 and
much greater than observed for wild-type ST glycoprotein
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FIG. 2. Construction, expression, and fusion activity of the
parental and chimeric HIV-2 envelope glycoproteins. (A) Parental
glycoproteins: ST, HIV-2/ST.JSP4-27 (wild type); ST#2, HIV-2/ST/
24.1C#2 (cytopathic variant); SU, external glycoprotein (gp120);
TM, transmembrane glycoprotein (gp4l [ST] or gp32 [ST#2]); V3,
location of third variable loop of gp120; b, location of a CD4-binding
epitope reported for HIV-1 (19); a, location of membrane-spanning
anchor domain; Q(713) -- (TAA) indicates the ST AA residue for

which a stop codon is substituted in ST#2. The 11 AA residues that
differ between ST and ST#2 are shown. (B) Construction of the
chimeric glycoproteins. (C) Glycoprotein expression by the recom-

binant vaccinia viruses. HeLa cells were infected with the recom-
binants at a multiplicity of infection of 1 and pulse-labeled with
[35S]methionine-[3 S]cysteine, and cell lysates (odd-numbered
lanes) or media (even-numbered lanes) were immunoprecipitated
with human anti-HIV-2 serum following a 17-h chase period (22).
Approximate molecular sizes (180 or 116 kDa) are shown to the left.
(D) Syncytium assays in Sup Ti cells. A total of 7.5 x 104 cells (in
a 96-well plate) were infected with the recombinants at a multiplicity
of infection of 1 and visually scored for syncytium formation at 18 h
postinfection as described previously (23). The syncytium index is
calculated as [(number of syncytia observed)/(maximal number of
syncytia, any recombinant)] x 100. Results are shown as mean

syncytium index + standard deviation for determinations by two
observers, each scoring three independent experiments. In a repre-
sentative experiment, the absolute numbers of syncytia per well
observed for ST, ST#2, A, and B were 21, 210, 172, and 246,
respectively.

(Fig. 4D). These results demonstrate that truncation of the
cytoplasmic domain of the wild-type ST glycoprotein dra-
matically enhances syncytium formation in Sup Ti cells.

Previously we found that although the variant ST viruses
arising during passage of wild-type ST in Sup Ti cells were
fusogenic and cytopathic in that cell type, they remained,
like ST, highly restricted in cell host range and failed to
infect several CD4-bearing cell types (14). To investigate the
effect of the cytoplasmic domain on fusion activity in cell
types other than Sup Ti, we again used the vaccinia virus
expression system. In the human T-cell line Molt 4 clone 8,
ST#2 was more efficient at inducing fusion than wild-type
ST, although compared with the Sup Ti line, this cell type
was more susceptible to wild-type ST fusion (Fig. SA).

(a

FIG. 3. Sup Ti cell fusion by the recombinant glycoproteins.
Sup Ti cells infected with the vaccinia virus recombinants at a

multiplicity of infection of 1 were photographed after 24 h of
incubation. (A) ST; (B) ST#2; (C) chimera B; (D) mutant 5. The
envelope glycoprotein of wild-type ST caused few, small syncytia,
while that of ST#2, chimeras A (not shown) and B, and mutant 5
generated numerous, large syncytia.

Chimeras A and B fused Molt 4 clone 8 cells with the high
efficiency of ST#2, while mutant 5 was no better at fusion of
this cell type than wild-type ST. These results indicated that
cytoplasmic domain truncation was not sufficient to account
for the enhanced fusion activity of the ST#2 glycoprotein in
the Molt 4 clone 8 cell line (unlike the result in Sup Ti cells).
Rather, the results with chimera B suggested that efficient
fusion of Molt 4 clone 8 cells by the ST#2 glycoprotein was
encoded, either singly or cooperatively, among the five
unique codons present in the ST#2 region of chimera B
(positions 602 to 713) (Fig. 2A and B).

Previously, the envelope glycoprotein of wild-type ST but
not ST#2 has been observed to cause detectable cell fusion
of fresh human peripheral blood mononuclear cells (PBMCs)
(23). We next evaluated the effect of cytoplasmic domain
truncation on fusion activity in PBMCs (Fig. SB) and found
that the efficiency of chimera A was less than half that of
wild-type ST, while chimera B fused PBMCs with an effi-
ciency equal to that of wild-type ST. Mutant 5 generated
syncytia with an efficiency no different from that of the
wild-type ST glycoprotein. These results suggest that the
cytoplasmic domain was neither a positive nor a negative
modulator of glycoprotein fusion activity in human PBMCs.
Furthermore, the results with chimeras A and B suggested
that critical determinants of efficient PBMC fusion were

encoded among the three unique AAs present between
residues 369 and 601 of the wild-type ST glycoprotein (the
ST region present in chimera B but not in chimera A) (Fig.
2A and B).
The above observations indicate that the cytoplasmic

domain is capable of modulating the fusion activity of the
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FIG. 4. Mutant 5 glycoprotein construction, expression, and
fusion activity. (A) Mutant 5 glycoprotein is the ST glycoprotein
mutated to reflect the premature termination codon (codon 713) and
C-terminal residue (AA712) of the cytopathic variant ST#2. The
mutagenic primer used in the construction of mutant 5 was 5'-
TTAGGAGTACGCGGGGGGGGA-3' (altered nucleotides shown
in boldface), which is complementary to wild-type ST nucleotides
8267 to 8287 (18). (B) Expression of parental and mutant 5 glyco-
proteins by recombinant vaccinia viruses (method as in legend to
Fig. 2C). (C) The TM proteins of wild-type ST and mutant 5 (M5)
were observed following 6 h of continuous labeling and immunopre-
cipitation with cross-reactive rhesus monkey anti-SIV serum. C,
control vaccinia virus recombinant. Several nonspecific bands (mi-
grating between the surface [SU] and TM proteins) were also
present in an overexposure of the control lane (not shown). Sizes are

shown in kilodaltons. (D) Syncytium assays in Sup Ti cells (method
and syncytium index as in legend to Fig. 2D).

exterior glycoprotein complex of HIV-2 in selected cell
types. The observed differential effects of truncation of the
cytoplasmic domain on fusion in three human cell types
emphasize this cell specificity. Similarly, SIVsmLIB1 was
found to develop a truncated TM glycoprotein and faster
replication kinetics during passage in the human T-cell line
Hut 78 (20) but not in the CEMx174 line, in which the SIVsm
isolate initially replicated well (21). Although mutant 5 was a
double mutant possessing the premature termination codon
at position 713 and also a substitution at AA712, it is more
likely that the striking Sup Ti cell fusion enhancement
obtained with mutant 5 was due to the termination codon,
since it caused a major structural alteration-loss of 147
AA-as opposed to the single AA substitution at position
712. Also supporting the view that the truncation itself,
rather than the identity of the carboxy-terminal AA, was
likely to have caused the enhanced fusion activity of mutant
5 are the reports that analogous site-directed mutants encod-
ing premature env termination codons in SIVmac provide a

replicative advantage to that virus (perhaps via enhanced
fusion activity, as our results would suggest) without a

requirement for alteration of the carboxy-terminal residue
(2, 12, 16).
While earlier mutagenesis studies with SIVmac clearly

indicated that mutations creating cytoplasmic domain trun-
cations analogous to that found in ST#2 provided a selective
growth advantage in certain human cell types, these studies
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FIG. 5. Syncytium assays in two additional human cell types.

Method and syncytium index are as described in the legend to Fig.
2D. A, Molt 4 clone 8 (M4C8) cells; B, human PBMCs (48-h
phytohemagglutinin-stimulated blasts). M5, mutant 5.

did not further define the nature of the replicative advantage
(2, 12, 16). In directly evaluating the effect of cytoplasmic
domain truncation on glycoprotein function, we have shown
that premature env termination in HIV-2 enhances the fusion
activity of the glycoprotein in some types of cells. More
efficient membrane fusion activity is likely to potentiate both
viral entry and cell-to-cell transmission of viral genomes as
well as the overall cytopathic potential of the virus. The
precise biochemical mechanism by which alteration of the
cytoplasmic domain of the HIV-2 glycoprotein affects the
fusion activity of the exterior envelope complex is presently
undefined. Possible explanations include altered glycopro-
tein export to the cell surface; greater lateral mobility of the
glycoprotein in the lipid bilayer; distant conformational
changes in exterior glycoprotein domains (i.e., which might
enhance CD4 binding or fusion peptide function); and alter-
ation of the noncovalent association between the exterior
TM and gpl20 molecules comprising the assembled glyco-
protein complex. Interestingly, experimental HIV-1 cyto-
plasmic domain truncation has been shown to increase
glycoprotein cleavage and export to the surface ofCHO cells
(9). Recently, the glycoprotein of an uncloned cytopathic ST
strain possessing a truncated TM protein and, presumably,
other AA changes relative to wild-type ST was shown to
bind soluble CD4 with greater affinity than wild-type ST (14).
Finally, whether HIV-2 strains possessing premature env
terminations exist in infected humans in vivo is unknown,
but the plasticity and adaptability of the cytoplasmic domain
could have potentiated the ability of an SIV-like HIV-2
ancestor virus to extend its host range to humans.

Nucleotide sequence accession number. The nucleotide
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sequence for the env gene of HIV-2/ST/24.1C#2 has been
submitted to GenBank (accession number M86924).
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