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The envelope glycoprotein of the human immunodeficiency virus type 2 (HIV-2) is synthesized as a
polyprotein precursor which is proteolytically processed to produce the mature surface and transmembrane
envelope glycoproteins. The processed envelope glycoprotein species are responsible for the fusion between the
viral envelope and the host cell membrane during the infection process. The envelope glycoprotein also induces
syncytium formation between envelope-expressing cells and receptor-bearing cells. To characterize domains of
the HIV-2 envelope glycoprotein involved in membrane fusion and in proteolytic processing, we introduced
single amino acid mutations into the region of the HIV-2 surface glycoprotein corresponding to the principal
neutralizing determinant (the V3 loop) of HIV-1, the putative HIV-2 envelope precursor-processing sequence,
and the hydrophobic amino terminus of the HIV-2 transmembrane envelope glycoprotein. The effects of these
mutations on syncytium formation, virus infectivity, envelope expression, envelope processing, and CD4
binding were analyzed. Our results suggest that the V3-like region of the HIV-2 surface glycoprotein and the
hydrophobic amino terminus of the transmembrane glycoprotein are HIV-2 fusion domains and characterize
the effects of mutations in the HIV-2 envelope glycoprotein precursor-processing sequence.

The human immunodeficiency virus type 1 (HIV-1) and
the human immunodeficiency virus type 2 (HIV-2) are linked
to the current worldwide epidemic of AIDS. Unlike HIV-1
infection, which has spread widely throughout the world,
most HIV-2 infection is localized to regions of West Africa
(7). While HIV-1 and HIV-2 share a similar genetic organi-
zation, they are considerably divergent at the amino acid
sequence level. The HIV-1 and HIV-2 envelope glycopro-
teins, for example, share only approximately 40% amino
acid sequence identity (18). HIV-2 is, however, closely
related to certain simian immunodeficiency viruses (SIV).
The envelope glycoproteins of HIV-2 and the SIV of the
rhesus macaque (SIVmac) share approximately 75% amino
acid sequence identity (8).
The envelope glycoprotein of HIV-2, like that of other

retroviruses, is synthesized as a polyprotein precursor which
is proteolytically processed by a host protease to generate
the surface (SU) envelope glycoprotein and the transmem-
brane (TM) envelope glycoprotein. The SU glycoprotein
binds the HIV receptor molecule CD4, while the TM glyco-
protein anchors the SU/TM complex in the viral envelope or
the plasma membrane of the infected cell.

Following the binding of CD4 by the HIV SU glycopro-
tein, the SU/TM complex triggers a membrane fusion reac-
tion between the viral envelope and the host cell membrane.
This membrane fusion reaction is an essential step in the
infection process (34). Once a cell is infected, the SU/TM
complex can also induce fusion between the infected cell and
uninfected CD4+ cells, leading to the formation of giant
polynucleated syncytia (27, 33). Syncytium formation,
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which results in extensive cell death in culture, may contrib-
ute to the depletion of CD4+ cells in infected individuals.
The membrane fusion function of the HIV envelope glyco-
protein therefore plays an important role in the life cycle and
perhaps in the pathogenic properties of HIV.

Mutational studies have identified several domains of the
HIV-1 envelope glycoprotein that are involved in the fusion
process. These domains include the highly hydrophobic
amino terminus of the TM glycoprotein (10, 13, 23) and the
principal neutralizing determinant, or V3 loop, of the SU
glycoprotein (14, 16, 19). Proper proteolytic processing of
the HIV-1 envelope precursor is also required to activate the
fusion function (12, 29).
Although the Cys residues that are involved in V3 loop

formation in the HIV-1 SU glycoprotein (26) are conserved
in HIV-2 (18), the V3 region of HIV-1 and the corresponding
region of HIV-2 are poorly conserved. Especially notable is
the lack of significant sequence conservation between HIV-1
and HIV-2 in the central, or tip, region of V3. This tip region,
a G-P-G-R motif in particular, is highly conserved among
different strains of HIV-1 (25).

Retroviral envelope glycoprotein precursors are generally
cleaved by a host protease on the carboxy-terminal side of
the basic pair of amino acids in Arg-X-Lys/Arg-Arg se-
quences (where X is any amino acid). Cleavage at Arg-X-
Lys/Arg-Arg motifs is thought to be catalyzed by furin or
other members of the mammalian subtilisin family of prote-
ases (2, 20). The envelope glycoproteins of HIV-1 and HIV-2
have two sequences resembling retroviral precursor cleav-
age sequences: a downstream site (site 1) and an upstream
site (site 2). The results of mutational analyses from several
laboratories have strongly suggested that cleavage of the
HIV-1 envelope glycoprotein precursor occurs primarily at
the site 1 Arg (5, 12, 29). The site of cleavage of the HIV-2
envelope glycoprotein precursor has not been identified and
has been the subject of debate since certain strains of HIV-2
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have a Thr-Arg pair rather than a basic pair of amino acids at
site 1 (18, 36). A previous study indicated that mutation of
the Rous sarcoma virus envelope precursor cleavage se-
quence from Arg-Arg-Lys-Arg to Arg-Arg-Glu-Arg almost
completely blocked precursor processing (31). Cleavage of
the HIV-1 envelope precursor, however, is not absolutely
dependent upon the presence of a basic pair of amino acids
at site 1. Mutation of the HIV-1 site 1 sequence from
Arg-Glu-Lys-Arg to Arg-Glu-Asn-Arg reduced but did not
block precursor processing (5), and mutation of the HIV-1
site 1 sequence to Arg-Glu-Ile-Arg did not affect precursor
cleavage (12).
To characterize the domains of the HIV-2 envelope gly-

coprotein that are involved in processing and fusion, single
amino acid substitutions were introduced in three regions of
the HIV-2 SU and TM envelope glycoproteins: the region of
the HIV-2 SU glycoprotein corresponding to the V3 loop of
HIV-1 (the V3-like domain), the predicted site of proteolytic
processing of the HIV-2 envelope precursor, and the highly
hydrophobic amino terminus of the HIV-2 TM glycoprotein.
The effects of these mutations on syncytium formation,
envelope expression, envelope processing, CD4 binding,
and infectivity were examined.

MATERIALS AND METHODS

Expression of the HIV-2 envelope glycoprotein. To study
the HIV-2 envelope glycoprotein in the absence of virus
replication, we constructed the HIV-2 envelope expression
plasmid pCMVHIV-2env. The construction of this plasmid
has been described previously (11). Briefly, the env region
from the HIV-2RoD strain of HIV-2 was removed from the
plasmid pSP275 (provided by M. Emerman, Fred Hutchin-
son Cancer Research Center, Seattle, Wash.) and introduced
into the plasmid p763 (provided by B. Sugden, University of
Wisconsin, Madison). p763 contains the human cytomegalo-
virus immediate-early promoter/enhancer which drives
HIV-2 envelope expression in pCMVHIV-2env. Since the
env region introduced into pSP275 lacks the rev open reading
frame, pCMVHIV-2env was provided with HIV-1 Rev in
trans by cotransfection with pHenvKFS (11). Cotransfection
of pCMVHIV-2env and pHenvKFS into the CD4+ HeLa T4
cell line results in the formation of approximately 1,000
syncytia per ,ug of transfected pCMVHIV-2env DNA.

Mutagenesis of the HIV-2 envelope gene. The EcoRI-
BamHI fragment from pCMVHIV-2env was introduced into
M13 and subjected to oligonucleotide-directed mutagenesis
as described by Kunkle et al. (24). After mutagenesis, the
presence of the desired mutation was detected by DNA
sequencing, and the mutagenized fragment was reintroduced
into pCMVHIV-2env. After recloning, DNA sequencing was
performed again to confirm the presence of the mutation.

Cell culture and fusion assays. HeLa cells and HeLa T4
cells (28) were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% calf serum (HyClone).
HeLa T4 cell medium was also periodically supplemented
with G418 (900 ,ug/ml; GIBCO). The CD4 gene was effec-
tively maintained by culturing the cells for several days in
G418 at 2-week intervals. Transfections were performed as
previously described (15). One to two days posttransfection,
cells were stained and the number of syncytia were scored
microscopically as described previously (13).

Radioimmunoprecipitation of the HIV-2 envelope glycopro-
tein. At 2 days posttransfection, HeLa T4 cells were meta-
bolically labeled with [35S]methionine for approximately 15
h, lysed, and immunoprecipitated with serum from rhesus

macaques infected with SIVmac. Macaque serum was pro-
vided by K. Schultz, University of Wisconsin, Madison. The
immunoprecipitated envelope glycoproteins were subjected
to polyacrylamide gel electrophoresis, the gels were treated
with En3Hance (New England Nuclear Corp., Boston,
Mass.), dried, and placed on film.
CD4-binding assay. Our method for analyzing CD4 binding

has been described previously (14, 16). Briefly, labeled cell
lysates were immunoprecipitated with the anti-CD4 mono-
clonal antibody OKT4 (Ortho Diagnostic Systems, Inc.,
Raritan, N.J.). Before polyacrylamide gel electrophoresis,
the immunoprecipitates were reprecipitated with serum from
a rhesus macaque infected with SIVmac. Envelope glyco-
proteins were thus precipitated in the first immunoprecipita-
tion by their association with CD4; the envelope glycopro-
teins detected in this assay therefore represent CD4-bound
envelope glycoproteins.
HIV-2 infectivity assays. To analyze the ability of the

mutant HIV-2 envelope glycoproteins to function in the
infection process, we used wild-type or mutant HIV-2 enve-
lope glycoproteins in a trans-complementation assay with
the replication-defective HIV-1 proviral clone pGB108 (pro-
vided by G. L. Buchschacher, Jr., and A. T. Panganiban,
University of Wisconsin, Madison). pGB108 is a derivative
of pNL4-3 (1) containing an env deletion into which was
cloned the hygromycin resistance gene expressed from a
simian virus 40 promoter. The use of pGB108 in trans-
complementation assays has been described elsewhere (8a,
11). Briefly, HeLa cells (5 x 105 cells per 60-mm tissue
culture dish) were cotransfected with pCMVHIV-2env (or
mutant-containing derivatives) and pGB108. At 1 day post-
transfection, the medium was changed, and at 2 days post-
transfection, the supernatant was harvested, mixed with
DEAE-dextran (to a final concentration of 8 ,ug/,ul), and used
to infect HeLa T4 cells. On the day following infection, the
medium was replaced with medium containing 200 ,ug of
hygromycin B per ml. The cells were scored for hygromycin-
resistant colonies at 8 to 13 days postinfection.

RESULTS

Mutagenesis of the HIV-2 envelope glycoprotein. An amino
acid sequence comparison of the V3 loop of HIV-1 and the
corresponding region of HIV-2 is presented in Fig. 1A. An
amino acid sequence comparison of the envelope precursor
processing regions of HIV-1 and HIV-2 is presented in Fig.
1B. To determine whether the V3-like region of the HIV-2
SU glycoprotein is involved in fusion, single amino acid
changes were introduced at positions throughout the pre-
dicted loop region (Fig. 2). Pro at amino acid 308 was
mutated to Arg (308PR), the Ile at amino acid 316 was
changed to Val (316IV), the Gly at amino acid 321 was
changed to Glu (321GE), the His at amino acid 325 was
mutated to Asp (325HD), and the Cys at amino acid 340,
which is predicted to be involved in disulfide bridge forma-
tion (21), was changed to Ser (340CS).

Single amino acid mutations were also introduced in the
HIV-2 envelope precursor processing region (Fig. 3). The
Arg at amino acid 501 was mutated to Lys (501RK), Thr
(SOiRT), His (5O1RH), and Gln (5O1RQ); the Thr at residue
510 was changed to Lys (51OTK); and the Arg at residue 511
was mutated to Lys (SllRK), Thr (SliRT), and Gln
(511RQ). Finally, a polar substitution (Val to Glu) was
introduced in the hydrophobic amino terminus of the TM
glycoprotein (2VE).

Effects of HIV-2 envelope glycoprotein mutations on syncy-
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FIG. 1. HIV-1 and HIV-2 amino acid sequence comparisons.
Amino acid sequence comparison of the principal neutralizing
determinant (the V3 loop) of HIV-1 and the corresponding region of
HIV-2 (A) and the HIV-1 and HIV-2 envelope precursor processing
regions (B). HIV-1 sequence, HIV-1BRU (35); HIV-2 sequence,
HIV-2RoD (18). The shaded regions represent hydrophobic domains;
the arrows indicate the site of envelope precursor cleavage. Aster-
isks represent amino acid sequence identity.

tium formation. After mutagenesis, the mutant env genes
were introduced into the HIV-2 envelope glycoprotein
expression vector pCMVHIV-2env (see Materials and Meth-
ods) (11). To analyze the effects of the HIV-2 mutations on
syncytium formation, the wild-type and mutant pCMVHIV-
2env expression constructs were introduced via transfection
into the CD4+ HeLa T4 cell line (28). The number of
syncytia resulting from transfection with mutant-containing
pCMVHIV-2env expression vectors was compared with the
number of syncytia resulting from transfection with wild-
type pCMVHIV-2env (Table 1). In the V3-like region of the
HIV-2 SU glycoprotein, the 308PR, 321GE, 325HD, and
340CS mutations completely abolished syncytium formation
induced by the HIV-2 envelope glycoprotein. The conserv-
ative 316IV mutation, however, had no effect on syncytium
formation.

In the region suspected of being the target of precursor

proteolytic processing, mutation of both the site 1 and site 2
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FIG. 2. Single amino acid mutations introduced into the V3-like
region of the HIV-2 SU envelope glycoprotein. The positions of
mutated residues are indicated. The shaded regions represent hy-
drophobic domains; the arrow above the bar indicates the site of
envelope precursor cleavage.

FIG. 3. Single amino acid mutations introduced into the HIV-2
envelope precursor processing region. The positions of mutated
residues are indicated. Site 1 and site 2 are the two potential sites of
precursor processing. The shaded regions represent hydrophobic
domains; the arrow above the bar indicates the site of envelope
precursor cleavage.

Arg residues to Lys did not block syncytium formation. In
contrast, mutation of the site 1 Arg to Thr or Gln and
mutation of the site 2 Arg to Thr or Gln completely abolished
syncytium formation. Mutation of the site 2 Arg to His
reduced syncytium formation to 1% of wild-type levels.
Creating a basic (Lys-Arg) pair at site 1 by introducing the
51OTK mutation had no effect on syncytium formation.
Finally, in the hydrophobic amino terminus of the HIV-2 TM
glycoprotein, a Val-to-Glu mutation (2VE) completely abol-
ished syncytium formation induced by the HIV-2 envelope
glycoprotein.

Effects of HIV-2 mutations on the infection process. To
examine the ability of the mutant HIV-2 envelope glycopro-
teins to function in the infection process, we performed
trans-complementation assays with the replication-defective
HIV-1 proviral clone pGB108 (see Materials and Methods).
pGB108, which lacks a functional env gene, encodes the

TABLE 1. Effects of HIV-2 envelope glycoprotein mutations on
syncytium formationa

Mutation Change Relative syncytium
formation'

None (wild-type control) 100
308PR Pro--Arg <1
3161V Ile--Val 96
321GE Gly--Glu <1
325HD His-*Asp <1
340CS Cys--Ser <1
501RK Arg-4Lys 139
501RT Arg--Thr <1
501RQ Arg--Gln <1
501RH Arg-*His 1
51OTK Thr-*Lys 106
511RK Arg--Lys 31
511RT Arg--Thr <1
511RQ Arg--Gln <1
2VE Val-*Glu <1

a All data represent averages of at least six assays.
b Standard deviations: 3161V, 20; 501RK, 93; 510RH, 2; 510TK, 16; 511RK,

24.
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TABLE 2. Effects of HIV-2 envelope glycoprotein mutations on
the formation of infectious virusa

Mutation Change Relative Hygr
(CFU/ml)b

None (wild-type control) 100
308PR Pro--Arg 0
316IV Ile--Val 143
321GE Gly-*Glu 0
325HD His--Asp 0
340CS Cys-+Ser 0
501RK Arg-+Lys 10
501RT Arg--Thr 0
501RQ Arg-*Gln 0
501RH Arg--His 0
510TK Thr--Lys 102
511RK Arg--Lys 7
511RT Arg-*Thr 0
511RQ Arg--Gln 0
2VE Val-*Glu 0

a All data represent averages of at least three assays.
b HeLa cells were cotransfected with 10 p.g of wild-type or mutant

pCMVHIV-2env plus 5 p.g of pGB108. Virus pools were harvested and used
to infect HeLa T4 cells. Standard deviations: 3161V, 40; 501RK, 10; 510TK,
34; 511RK, 6.

gene conferring resistance to hygromycin B. trans comple-
mentation by pCMVHIV-2env allows transfer of the hygro-
mycin B resistance gene to the infected cell. Selection of
infected cultures with hygromycin B and scoring the number
of hygromycin B-resistant colonies provide a measure of the
ability of the envelope glycoprotein provided in trans to
function in the infection process. The results of this analysis
are provided in Table 2. Those mutants which were blocked
for syncytium formation (Table 1) were unable to produce
infectious virus particles. The 3161V and 510TK mutations
had no effect on infectivity, while the 501RK and 511RK
mutations greatly reduced but did not block the formation of
infectious virus particles.

Expression and processing of mutant HIV-2 envelope glyco-
proteins. To analyze the effects of the env mutations on
envelope glycoprotein expression and processing, HeLa T4
cells were transfected, metabolically labeled with [35S]me-
thionine, lysed, and immunoprecipitated with serum from a
rhesus macaque infected with SIVmac. Of the eight macaque
serum samples tested that were reactive with the HIV-2
envelope glycoprotein, all bound the HIV-2 envelope pre-
cursor (Prenv) and the TM glycoprotein, while none bound
the mature HIV-2 SU glycoprotein (data not shown). Thus,
our analysis of envelope precursor processing relies upon
the presence or absence of the mature TM glycoprotein.
Data for the V3-like region mutants are presented in Fig. 4,
with the HIV-2 envelope precursors (Prenv) shown in panel
A and the TM glycoproteins shown in panel B. The 308PR,
316IV, 321GE, and 325HD mutations had no significant
effect on the expression or processing of the HIV-2 envelope
glycoprotein (Fig. 4, lanes 2 to 5). The 340CS mutation,
however, abolished proteolytic processing of the HIV-2
envelope glycoprotein precursor (Fig. 4, lane 6). These
results indicated that mutations in the V3-like region of the
HIV-2 SU envelope glycoprotein did not affect envelope
precursor processing. However, mutation of the putative
disulfide bond-forming Cys at amino acid 340 apparently
disrupted envelope glycoprotein structure sufficiently to
block precursor processing.
We also analyzed the effects of the processing region

A
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B
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FIG. 4. Radioimmunoprecipitation of HIV-2 envelope glycopro-
teins containing mutations in the V3-like domain of the SU envelope
glycoprotein. Radioimmunoprecipitation analysis was conducted as

described in Materials and Methods. (A) HIV-2 envelope precursor

(Prenv); (B) a longer exposure of the lower portion of the gel shown
in panel A. TM indicates the position of the HIV-2 TM envelope
glycoprotein. Lanes: 1, wild type; 2, 308PR; 3, 316IV; 4, 321GE; 5,
325HD; 6, 340CS; 7, untransfected HeLa T4.

mutations on envelope expression and processing (Fig. 5).
The SO1RK, 5O1RT, 5O1RQ, and 5O1RH mutations reduced
but did not abolish precursor processing. The 51OTK muta-
tion had no effect on precursor processing. The 511RK
mutation reduced precursor processing, while the 511RT and
511RQ mutations completely blocked processing of the
HIV-2 envelope precursor (Fig. SB, lanes 8 and 9). The
observation that site 1 (amino acid 511) mutations blocked
precursor processing supports the hypothesis that site 1 is
the primary site of HIV-2 envelope precursor processing.
The 2VE mutation (located in the hydrophobic amino

terminus of the HIV-2 TM glycoprotein) did not affect HIV-2
envelope expression or processing (Fig. 5, lane 10).

CD4-binding properties of mutant HIV-2 envelope glyco-

A
1 2 3 4 5 6 7 8 9 10 11

Prenv-* -- - -v ---

B
1 2 3 4 5 6 7 8 9 10 11

TM 4W 's.. S
FIG. 5. Radioimmunoprecipitation of envelope glycoproteins

containing mutations in the precursor processing region and in the
hydrophobic amino terminus of the TM envelope glycoprotein.
Radioimmunoprecipitation analysis was conducted as described in
Materials and Methods. (A) HIV-2 envelope precursor (Prenv); (B)
a longer exposure of the lower portion of the gel shown in panel A.
TM indicates the position of the HIV-2 TM envelope glycoprotein.
Lanes: 1, wild type; 2, 501RK; 3, 501RT; 4, 501RH; 5, 501RQ; 6,
510TK; 7, 511RK; 8, 511RT; 9, 511RQ; 10, 2VE; 11, untransfected
HeLa T4.
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FIG. 6. CD4-binding properties of HIV-2 envelope glycoproteins
containing mutations in the V3-like domain of the SU envelope
glycoprotein. The CD4-binding assay is described in Materials and
Methods. The position of the HIV-2 envelope precursor (Prenv) is
indicated. Lanes: 1, wild type; 2, 308PR; 3, 316IV; 4, 321GE; 5,
325HD; 6, 340CS; 7, untransfected HeLa T4.

proteins. Since binding of the HIV SU envelope glycoprotein
to CD4 is an essential step in the fusion process, we were
interested in determining whether any of the HIV-2 envelope
glycoprotein mutations disrupted binding between the HIV-2
envelope and CD4. Our method for analyzing CD4 binding
has been previously reported (13, 14) and is described in
Materials and Methods. The CD4-binding assays were per-
formed with the same lysates used in the immunoprecipita-
tions shown in Fig. 4 and 5. Figure 6 presents CD4-binding
data for the V3-like region mutants. The envelope glycopro-
teins detected in this assay represent CD4-bound envelope
glycoproteins. The 308PR, 316IV, 321GE, and 325HD mu-
tations did not block binding between the HIV-2 envelope
glycoprotein and CD4. The 340CS mutation, however, dis-
rupted CD4 binding (Fig. 6, lane 6).
The CD4-binding data for the processing region mutants

are presented in Fig. 7. Since CD4-bound envelope is
evident in all lanes, these results indicate that none of the
processing region mutations blocks CD4 binding. Because
this CD4-binding assay is not highly quantitative, we cannot
exclude the existence of subtle differences in CD4-binding
affinities.

DISCUSSION

The fusion function of retroviral envelope glycoproteins
plays an essential role in the infection process and may also
contribute to the pathogenic properties of primate immuno-
deficiency viruses. Studies conducted with murine leukemia
virus (15) and HIV-1 (12, 29) indicated that proper process-
ing of retroviral envelope glycoprotein precursors is a nec-

essary step in the activation of envelope glycoprotein fuso-
genicity. Mutational analyses have identified other domains
in the HIV-1 envelope glycoprotein that are involved in
some aspect of the fusion reaction. These domains include
the highly hydrophobic amino terminus of the TM glycopro-
tein (10, 13, 23) and the principal neutralizing determinant
(the V3 loop) of the HIV-1 SU glycoprotein (14, 16, 19).

1 2 3 4 5 6 7 8 9 10 11

Prenv -*

FIG. 7. CD4-binding properties of HIV-2 envelope glycoproteins
containing mutations in the precursor processing region and in the
hydrophobic amino terminus of the TM envelope glycoprotein. The
CD4-binding assay is described in Materials and Methods. The
position of the HIV-2 envelope precursor (Prenv) is indicated.
Lanes: 1, wild type; 2, 501RK; 3, 501RT; 4, 501RH; 5, 501RQ; 6,
510TK; 7, 511RK; 8, 511RT; 9, 511RQ; 10, 2VE; 11, untransfected
HeLa T4.

To identify and characterize domains of the HIV-2 enve-

lope glycoprotein that are involved in fusion and envelope
precursor processing, we introduced mutations in the region
of the HIV-2 SU glycoprotein corresponding to the principal
neutralizing determinant (the V3 loop) of HIV-1, the pre-
dicted HIV-2 envelope precursor-processing sequence, and
the hydrophobic amino terminus of the HIV-2 TM glycopro-
tein.

Nonconservative mutations throughout the V3-like region
of the HIV-2 SU glycoprotein completely abolished syncy-
tium formation. A conservative mutation in this region (at
amino acid 316) had no effect on fusion. Using an envelope
glycoprotein trans-complementation system, we determined
that the nonconservative mutations in the V3-like domain
blocked the formation of infectious virus particles, while the
conservative mutation at amino acid 316 had no effect on
infectivity. These results suggest that the V3-like region of
the HIV-2 SU glycoprotein plays a role in the membrane
fusion process.
The results of radioimmunoprecipitation analysis indi-

cated that mutations at amino acids 308, 316, 321, and 325
had no effect on envelope expression or precursor process-
ing, nor did they abolish binding to CD4. Because the
antisera used in this study do not detect the HIV-2 SU
glycoprotein, we cannot rule out the possibility that the
association between the SU and TM glycoproteins may be
affected by some of these mutations. Linker insertion muta-
tions at a number of positions in the HIV-1 SU and TM can
disrupt SU/TM association (23). Our previous studies with
the V3 loop of HIV-1, however, indicated that single amino
acid mutations in this region have no effect on the associa-
tion between the SU and TM glycoproteins (14, 16). We
must also emphasize that our CD4-binding assay is not
quantitative and therefore might not detect subtle differences
in CD4-binding affinity.

Mutation of the Cys residue at amino acid 340 completely
abolished precursor processing and greatly reduced CD4
binding. We previously obtained a similar result upon muta-
tion of the Cys at the analogous position in the HIV-1 SU
glycoprotein (14). This Cys residue in HIV-1 has been shown
to be involved in disulfide bond formation (26). The fact that
mutation of the amino acid 340 Cys of the HIV-2 SU
glycoprotein results in defects in both precursor processing
and CD4 binding suggests, but certainly does not prove, that
this residue is involved, as it is in HIV-1, in disulfide bond
formation. Elimination of this disulfide bond presumably
results in a global perturbation of SU glycoprotein structure,
thereby interfering with precursor processing and CD4 bind-
ing.
Comparison of the amino acid sequence of the HIV-1 V3

loop and the corresponding region of HIV-2 (Fig. 1A) reveals
no extensive sequence conservation. The central portion of
this region, which is highly conserved among HIV-1 isolates
(25), is particularly poorly conserved between HIV-1 and
HIV-2. The absence of significant sequence conservation
between the tip of the HIV-1 V3 loop and the corresponding
region of HIV-2 is intriguing in light of the fact that these
regions appear to have similar functions. As we demon-
strated here, the V3-like region of HIV-2 appears to play a
role in membrane fusion induced by the HIV-2 envelope
glycoprotein, and several recent studies suggest that, as is
the case for HIV-1, this region may be an immunodominant
epitope and a neutralizing determinant of the HIV-2 enve-
lope glycoprotein (3, 6, 9, 30). Other investigators, however,
demonstrated that peptides corresponding to the V3-like
region of HIV-2 do not elicit neutralizing antibodies (32).
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This latter report suggests that loop conformation may play
an important role in antibody recognition of this region.
The HIV-1 and HIV-2 envelope glycoprotein precursors

contain two sites, site 1 and site 2, which resemble se-
quences utilized by the host protease to proteolytically
process retroviral envelope glycoprotein precursors (Fig.
1B). The sequence at site 1 in certain strains of HIV-2 (for
example, HIV-2RoD and HIV-2NIH-z [18, 36]) contains a
Thr-Arg pair instead of the Lys-Arg or Arg-Arg (dibasic) pair
typically found at the site of envelope precursor proteolytic
processing. To characterize the precursor-processing se-
quence of the HIV-2 envelope glycoprotein, we introduced
single amino acid mutations at both the site 1 and site 2 Arg
residues (Fig. 3). Conservative and nonconservative muta-
tions were introduced. We also created a basic pair at site 1
by mutating the amino acid Thr-510 to Lys. Our results
indicated that conservative (Arg to Lys) mutations at site 1
or site 2 did not block syncytium formation induced by the
HIV-2 envelope glycoprotein, whereas nonconservative mu-
tations at either position greatly reduced or completely
abolished syncytium formation. The mutations that blocked
syncytium formation also abolished the ability of the mutant
envelope glycoproteins to trans complement an envelope-
defective HIV-1 proviral clone. Proteolytic processing of the
HIV-2 envelope precursor was more sensitive to mutations
at site 1 than at site 2, consistent with the hypothesis that site
1 is the primary site of precursor processing. Creation of a
basic pair at site 1 had no effect on syncytium formation,
infectivity, or processing. None of the mutations in the
processing region affected envelope glycoprotein binding to
the CD4 receptor molecule.

It is interesting that mutations at site 2 had such a major
impact on envelope precursor processing and syncytium
formation. There are, however, precedents for upstream
mutations greatly affecting proteolytic processing reactions.
Mutations at site 2 of the HIV-1 envelope glycoprotein
reduced processing of the HIV-1 envelope glycoprotein
precursor (5, 22). Also, mutations upstream of the presoma-
tostatin cleavage site (a Lys-Arg pair) greatly affected for-
mation of the mature products (17). Furin, or other members
of the subtilisin family of mammalian proteases, is thought to
mediate the cleavage of viral envelope precursors at Arg-X-
Lys-Arg sequences (where X is any amino acid) (2, 20).
These enzymes generally prefer to cleave at basic pairs of
amino acids, rather than at single basic residues (2). Perhaps
the lack of a basic pair of amino acids at site 1 makes HIV-2
envelope precursor cleavage particularly sensitive to up-
stream mutations. We cannot, however, rule out more-
complex interpretations of the results presented here. For
example, complete processing of the HIV-2 envelope pre-
cursor and the resulting activation of the TM glycoprotein
fusion domain might require cleavage reactions at both site 1
and site 2. Thus, mutations at either site would dramatically
affect the efficiency of the processing reaction and the
activation of the fusion domain. Nor can we exclude the
possibility that alternative cleavage sites can be utilized to
process mutant HIV-2 envelope glycoprotein precursors. It
is also possible that the block in processing observed for
some of these mutants may result from impaired envelope
transport. Further analysis of this region will provide more
information concerning the role of site 1 and site 2 sequences
in precursor processing. In particular, it would be interesting
to determine whether creation of a basic pair at site 1 (with
the 510TK mutation, for example) would render the proc-
essing reaction less sensitive to mutations at site 2.
The hydrophobic amino termini of the HIV-1 (10, 13, 23)

and SIVmac (4) TM glycoproteins play a role in the fusion
process. Because of the close relationship between SIVmac
and HIV-2 (8), one would predict that the hydrophobic
amino terminus of the HIV-2 TM glycoprotein is also a
fusion domain. To test this prediction, we introduced a polar
substitution mutation (Val to Glu) in the amino-terminal
hydrophobic region of the HIV-2 TM glycoprotein. This
mutation (2VE) completely abolished syncytium formation
without affecting envelope precursor processing or CD4
binding. The 2VE mutation also blocked the ability of the
HIV-2 envelope glycoprotein to trans complement an env-
minus HIV-1 proviral clone. These results suggest that the
hydrophobic amino terminus of the HIV-2 TM glycoprotein
functions in the fusion process.
The data presented here identify the V3-like region of the

HIV-2 SU envelope glycoprotein and the hydrophobic
amino terminus of the HIV-2 TM glycoprotein as fusion
domains. This study also characterizes the effects of single
amino acid mutations in the two sequences of the HIV-2
envelope glycoprotein which resemble sites of envelope
precursor processing. Further studies will elucidate the
mechanism by which these domains function in the mem-
brane fusion process.
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