
JOURNAL OF VIROLOGY, Mar. 2002, p. 2075–2086 Vol. 76, No. 5
0022-538X/02/$04.00�0 DOI: 10.1128/JVI.76.5.2075–2086.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

A Replication-Competent, Neutralization-Sensitive Variant of Simian
Immunodeficiency Virus Lacking 100 Amino Acids of Envelope

Welkin E. Johnson,1 Jennifer Morgan,1 Julie Reitter,1† Bridget A. Puffer,2 Susan Czajak,1
Robert W. Doms,2 and Ronald C. Desrosiers*

New England Regional Primate Research Center, Department of Microbiology and Molecular Genetics, Harvard Medical School,
Southborough, Massachusetts 01772-9102,1 and Department of Microbiology, University of Pennsylvania,

Philadelphia, Pennsylvania 191042

Received 9 July 2001/Accepted 13 November 2001

Coding sequences for the first two variable loops of the gp120 envelope glycoprotein were removed from
simian immunodeficiency virus (SIV) strain 239 (SIVmac239). This deletion encompassed 100 amino acids.
The resulting virus replicated poorly after transfection into immortalized T-cell lines, with peak replication
occurring only after 25 to 30 days. Limited passaging of SIVmac239�V1V2 in cultures gave rise to a variant
which had significantly improved replication kinetics but which retained the original 100-amino-acid deletion
in gp120. Cloning and sequencing revealed 11 changes in the envelope, including amino acid substitutions in
both gp120 (5 substitutions) and gp41(6 substitutions). Four of the five changes in gp120 are predicted to lie
within and around the putative coreceptor binding domain, a region which is believed to be covered by the V1
and V2 loops in the native envelope complex. Analysis of recombinant clones surprisingly revealed that the
changes in gp41 were sufficient to overcome the replication deficiency created by deletion of the V1 and V2 loops
from gp120. The SIVmac239�V1V2 envelope displayed a significant reduction in its ability to mediate cell-cell
fusion, and the infectious titer of SIVmac239�V1V2 was approximately four- to eightfold lower than that of
parental SIVmac239. Although SIVmac239 is strongly dependent on both CD4 and a coreceptor for entry,
envelope protein lacking the V1 and V2 loops was able to mediate fusion with CD4� CCR5� cells at 60% the
level observed with CD4� CCR5� cells. Plasma from SIVmac239-infected monkeys was at least 100 to 1,000
times more effective at neutralizing SIVmac239�V1V2 than SIVmac239. These results demonstrate the dis-
pensability of the V1-V2 sequences of SIVmac239 for viral replication, a role for V1 and V2 in shielding the
coreceptor binding region of the envelope, and the extreme sensitivity of a SIV lacking these sequences to
antibody-mediated neutralization.

Soon after the isolation and identification of human immu-
nodeficiency virus (HIV) type 1 (HIV-1) as the causative agent
of AIDS, comparison of sequence data from different viral
isolates revealed the presence of highly variable subdomains
within the surface subunit (gp120) of the virus-encoded enve-
lope protein (44, 51). The secondary structure of gp120 pre-
dicts that four of these variable sequences are largely seques-
tered from the rest of the protein by intrachain disulfide bonds.
These four subdomains are often referred to as variable loops
and are designated V1, V2, V3, and V4. Based on the assign-
ment of disulfide bonds, the predicted folding pattern of gp120,
and the crystal structure of a gp120 subunit core, it is apparent
that V3 and V4 are distinct loop structures, whereas V1 and
V2 share a common stem (16, 18, 24). The V1-V2 region of
HIV-1 is approximately 70 amino acids long. Although the
envelope genes of the simian immunodeficiency viruses (SIV)
of Old World monkeys and the closely related HIV-2 are
clearly distinct from that of HIV-1, their protein structures are
likely to be similar (42). The region analogous to the V1 and
V2 loops of HIV-1 is approximately 30 to 40 residues longer in
SIV and HIV-2 and contains four additional cysteines (18).

These cysteines are predicted to form two additional disulfide
bonds (18).

The discovery of the variable domains in the envelope of
HIV-1 quickly led to speculation that the loops may serve as an
antigenic shield, screening more conserved, functionally im-
portant residues in the core of the envelope complex from
immune system recognition (10). Removal of the V1 and V2
variable loops from HIV-1 strain HXB-2 (a deletion encom-
passing approximately 70 amino acids) gave rise to a replica-
tion-competent variant with markedly increased sensitivity to
neutralization by monoclonal antibodies directed toward
epitopes within the core of the envelope complex (8). Stama-
tatos and Cheng-Mayer reported similar results for an HIV-1
strain from which only the V2 loop had been removed (43).

It is now well established that HIV-1 entry into target cells
begins with sequential binding of the envelope complex to the
cellular receptor (CD4) and then to a seven-transmembrane
coreceptor (typically CCR5 or CXCR4). Receptor engage-
ment triggers the unfurling of the envelope fusion apparatus, a
process which has been extensively reviewed (9, 13, 41). The
gp120 protein is composed of inner and outer domains, with
the CD4 binding pocket being formed by the boundary be-
tween these two domains. A binding site for CCR5 has been
identified that is composed of four antiparallel � strands, which
connect the distal ends of the two domains and are collectively
referred to as the bridging sheet. Although the recently solved
crystal structure for HIV-1 gp120 does not include coordinates
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for the variable loops, the positions of these domains have
been inferred from the locations of the loops-stems in the
structure (22) and from antibody mapping data (29, 33, 46).
Specifically, it has been postulated that the V1 and V2 loops
partially occlude the binding sites for the cellular receptor
(CD4) and coreceptor (22, 53). Binding to CD4 induces con-
formational rearrangements in the envelope complex that in-
crease the exposure of the coreceptor binding site and facili-
tate the interaction of the envelope complex with the
coreceptor. These rearrangements presumably involve dis-
placement of the V1 and V2 loops to unmask the coreceptor
binding site.

In this report, we describe the properties of SIV strain 239
(SIVmac239) lacking V1-V2 sequences. Unlike the results of
previous reports with HIV-1 (8, 43), removal of the V1-V2
structure from SIVmac239 severely impaired viral replication.
Passaging of the deletion mutant in cultures gave rise to vari-
ants bearing compensatory changes; surprisingly, the changes
that allowed high-level replication of the virus missing V1-V2
mapped to the gp41 transmembrane protein. The V1-V2 de-
letion variant of SIVmac239 characterized in this report
(SIVmac239�V1V2) is capable of CD4-independent fusion
and is extremely sensitive to antibody-mediated neutralization.

MATERIALS AND METHODS

Viral plasmids and transfections. For manipulation of SIVmac239 DNA,
plasmids containing separate 5� and 3� halves of the proviral DNA were used.
The 5� clone p239SpSp5� contains the 5� long terminal repeat (LTR) and the gag,
pol, and vif genes. The 3� clone pSP72-239–3� contains the viral env gene; the
open reading frames for tat, rev, nef, vpx, and vpu; and the 3� LTR. To measure
the replication of viruses containing the parental or altered envelope genes, 3�
clones containing the relevant envelope sequences were digested with SphI,
ligated to SphI-digested p239SpSp5� to generate full-length proviral DNA, and
used to transfect cells by use of DEAE-dextran as a transfection reagent (30).
Viral replication was measured by quantitating the appearance of the p27 gag

antigen in the supernatant of transfected cells by using an antigen capture assay
(Coulter Corporation, Hialeah, Fla.).

Passaging of SIVmac239�V1V2. The supernatant collected at peak p27 from
221 cells transfected with SIVmac239�V1V2 DNA was used to infect fresh 221
cells (221 cells are a herpes virus saimiri immortalized rhesus monkey T-cell
line). Supernatant was collected from infected 221 cells once a week and pas-
saged to fresh 221 cells. Weekly samples were also frozen and kept at �80°C. To
compare the infectivities of passaged derivatives, archived stocks and parental
SIVmac239 stocks were thawed, normalized for p27 content, and assayed in
parallel infections of fresh 221 cells.

Mutagenesis and subcloning. The V1-V2 deletion in SIVmac239 was gener-
ated by the splice-overlap extension method (SOE) (49). For SOE, sequences 5�
and 3� of the sequence targeted for deletion are amplified in separate PCRs. In
each PCR, the primer adjacent to the sequence targeted for deletion contains a
region that overlaps and is complementary to a primer from the other reaction.
The resulting PCR products thus have a region of overlapping sequence. In the
next step, the two PCR products are mixed together and fused by a second round
of PCR. Primers complementary to the extreme 5� and 3� ends of the predicted
fusion product are included in the final PCR to improve the yield of the fusion
product. A deletion of 300 nucleotides was generated in the SIVmac239 gp120
envelope sequence by SOE. The resulting fusion product was then digested and
cloned into pSP72-239–3� to replace the parental envelope sequence.

Cell-cell fusion assay. Constructs containing parental or mutant envelope
genes under the control of Tat, Rev, and the viral LTR were transfected into
293T cells by the calcium phosphate method (2). At 24 h posttransfection, the
medium was removed and the cells were rinsed with phosphate-buffered saline.
At 48 h posttransfection, the transfected cells were overlaid with CEMx174SIV-
SEAP cells. CEMx174SIV-SEAP cells contain an integrated gene encoding se-
creted alkaline phosphatase (SEAP) under the control of the Tat-inducible SIV
LTR. In the event of Env-mediated fusion, the cytoplasmic contents of the two
cell types mix, and the Tat protein produced in the transfected 293T cells induces
the expression of the SEAP indicator gene provided by the CEMx174SIV-SEAP

cells. Fusion is quantitated by measuring the appearance of SEAP activity in the
supernatant by using a Phospha-Light assay system (Tropix, Bedford, Mass.).

The SIVmac239 envelope expression construct was a gift from the laboratory
of J. Sodroski and was described previously (25). Briefly, the expression construct
contains a full-length SIVmac239 provirus with an extensive deletion of the gag
gene. This construct expresses all the other viral proteins, including Tat, Rev, and
Env, under the control of the viral LTR.

CD4-independent fusion assay. The CD4-independent fusion assay was de-
scribed previously (37). Briefly, effector QT6 cells were infected with vaccinia
virus expressing T7 polymerase (vTF1.1) (1) and then transfected with plasmid
pCDNA3 containing the designated env gene via the calcium phosphate trans-
fection method. Target QT6 quail cells were transfected with plasmids expressing
CD4, the coreceptor, and T7 luciferase. AT 24 h postinfection or posttransfec-
tion, effector cells were added to the target cells; fusion was quantitated at 8 h
postmixing by lysing cells with 0.05% Triton X-100 in phosphate-buffered saline,
analyzing an aliquot of lysate with an equal volume of luciferase assay reagent
(Promega), and reading luminescence in a luminometer (Wallac).

Neutralization assay. Neutralization titers of animal plasma were determined
by infecting CEMx174SIV-SEAP cells; the method was described in detail pre-
viously (26). Briefly, successive dilutions of animal plasma or pooled SIV-positive
plasma samples were incubated with test virus for 1 h at room temperature and
then added to CEMx174SIV-SEAP cells. At 72 h postinfection, SEAP activity in
culture supernatants was measured by using the Phospha-Light assay kit (Ap-
plied Biosystems). Neutralization is reported as a reduction in the percentage of
SEAP activity produced by infection in the absence of plasma.

RESULTS

Construction and replication of SIVmac239�V1V2. A dele-
tion encompassing coding sequences for the first and second
variable loops (V1 and V2) of gp120 (residues 110 to 209) was
introduced into the SIVmac239 envelope gene (Fig. 1). The
cysteines that form the disulfide-bonded stem of the V1-V2
structure were retained, and the deleted segment was replaced
with a three-amino-acid (glycine-alanine-glycine) linker. The
effect of this extensive deletion of the envelope sequence on
viral replication was tested by transfection of proviral DNA
containing the V1-V2 deletion into immortalized rhesus mon-
key T cells (221 cells). Peak replication of SIVmac239, as
measured by the appearance of p27gag antigen in the tissue
culture supernatant, typically occurred at about day 6 or 7
posttransfection. In contrast, the mutant bearing the V1-V2
deletion replicated quite poorly, with peak replication being
delayed until 24 to 30 days posttransfection in repeated exper-
iments (Fig. 2).

Virus harvested at the peak of replication of SIVmac239
�V1V2 following transfection was used to infect fresh 221
cells; genomic DNA extracted from these cells was then used
to amplify and sequence viral envelope genes. Envelope genes
cloned and sequenced from three independent transfections
revealed that the virus had retained the original 100-amino-
acid deletion and acquired additional substitutions in the en-
velope. Interestingly, each clone contained changes in the
ectodomain of gp41 (Table 1).

An indicator cell line was used to compare the infectious
titer of SIVmac239 with that of SIVmac239�V1V2. Viral
stocks were collected at peak replication from transfected cells,
normalized for p27gag content, serially diluted, and used to
infect CEMx174SIV-SEAP cells. CEMx174SIV-SEAP is an
indicator cell line that expresses SEAP in response to viral
infection. SEAP expression requires the virus to complete the
early stage of infection, including entry, reverse transcription,
integration of the DNA provirus, and expression of the Tat
protein (26). Comparison of viral titers measured with the
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SEAP indicator cells (SEAP activity per nanogram of p27)
revealed a four- to eightfold reduction in the infectivity of the
deletion mutant virus compared to the parental virus (Fig. 3).

SIVmac239�V1V2 harvested from transfected 221 cells rep-
licated well in rhesus monkey peripheral blood mononuclear
cell cultures but with delayed kinetics compared to parental
SIVmac239 (data not shown).

Receptor-independent fusion. Although the recently pub-
lished crystal structure for HIV-1 gp120 did not contain the

variable loop domains, several lines of evidence indicate that
the V1 and V2 loops partially mask the receptor and corecep-
tor binding sites (7, 55). Current models for the mechanism of
viral entry postulate that binding to CD4 induces exposure of
the coreceptor binding site. Based on this model, we hypoth-
esized that removal of the V1 and V2 loops from SIVmac239
should increase the exposure of the CCR5 coreceptor binding
site on the native envelope complex. In cell-cell fusion assays,
the ability of the parental SIVmac239 envelope complex to

FIG. 1. Variable loops V1 and V2. (A) Folding pattern of the V1 and V2 loops of HIV-1 Env protein gp120. (B) Predicted folding pattern of
the V1-V2 structure of SIVmac239 (12). (C) SIVmac239�V1V2. The deletion mutant was created by deleting 100 amino acids (a.a.) of envelope,
encompassing all of V1 and V2, and replacing the deleted residues with a Gly-Ala-Gly linker. The deletion mutant retains the stem of the V1-V2
structure. Potential sites of N-linked glycosylation attachment are indicated by asterisks.
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promote membrane fusion was reduced by �95% in the ab-
sence of CD4 (CD4� CCR5�) and by 90 to 95% even when the
target cells expressed high levels of the CCR5 coreceptor
(CD4� CCR5�) (Fig. 4). Unlike the parental envelope com-
plex, the deletion mutant envelope complex was able to drive
fusion with CD4� CCR5� target cells at 60% the level seen
with CD4� CCR5� cells (Fig. 4). The Env protein of SIV-
mac316, a variant which can replicate in CD4� CCR5� cell

lines, was included as a positive control (27). It should be noted
that the percentages reported in Fig. 4 are relative to the values
for the same envelope in the context of CD4 plus CCR5. The
absolute fusogenic activity of the deletion mutant virus enve-
lope was almost 10-fold lower than that of the parental SIV-
mac239 envelope when tested with CD4� CCR5� target cells;
this reduction in fusogenic activity is consistent with the mark-
edly delayed replication of SIVmac239�V1V2 after transfec-
tion (Fig. 2) and its reduced infectivity (Fig. 3). Similar reduc-
tions in the levels of fusion were also observed in an
independent assay (see below). Thus, the overall fusogenic
activity of the envelope was significantly reduced by the re-
moval of the V1 and V2 loops, but most of the fusogenic
activity with the mutant Env was retained in the absence of
CD4. Changes that compensate for the deletion of V1 and V2.
To further understand the effect of the V1-V2 deletion on
envelope structure and function, viral stocks generated by

FIG. 2. Replication of SIVmac239�V1V2. Mutant DNA was used
to transfect immortalized rhesus macaque T cells (221 cells), and viral
replication was assayed by monitoring the expression of p27 capsid
protein in the supernatant. Panels A and B show results of two inde-
pendent transfections.

FIG. 3. Infectious titer of SIVmac239�V1V2. Viral stocks were
normalized for p27 content and then used for duplicate infections of
CEMx174SIV-SEAP indicator cells, which contain a Tat-inducible
gene for SEAP. SEAP activity was measured 72 h postinfection, a
measure which principally reflects the first round of infection (26).
Indicator cells were the same cells as those used in the neutralization
assay (see Materials and Methods). Error bars show standard devia-
tions.

FIG. 4. The mutant envelope complex with a deletion of V1 and V2
can mediate CD4-independent fusion. Effector cells expressed paren-
tal SIVmac239 envelope (black bars), SIVmac316 envelope (grey
bars), or SIVmac239�V1V2 envelope (white bars). Target cells ex-
pressed CD4 and coreceptor CCR5, CD4 alone, or CCR5 alone. Error
bars show standard deviations. (For more details, see Materials and
Methods.)

TABLE 1. Early substitutions in SIVmac239�V1V2

Transfection Peaka

(day) Subunit Substitution

1 33 gp120 I437T
gp41 V529G

2 29 gp120 None
gp41 F682S

3 30 gp120 None
gp41 D683G

Y690H

a Measured as the p27 concentration in transfected cell supernatants.

2078 JOHNSON ET AL. J. VIROL.



transfection were passaged continuously on 221 cells. Viral
supernatants collected at various times during passage were
normalized for p27 content and used to infect 221 cells. Virus
collected between days 119 and 133 of passage had replication
kinetics similar to those of parental SIVmac239 (Fig. 5). Viral
envelope sequences were amplified from cells infected with the
day 119 virus, cloned, and sequenced. Complete sequencing of
the cloned envelope sequences revealed that the day 119 virus
retained the original 100-amino-acid deletion of V1 and V2 but
acquired 11 nonsynonomous changes throughout the envelope,
including five substitutions in gp120 and six substitutions in the
ectodomain of gp41 (Table 2). Among the six changes in gp41,
there was a notable clustering of four substitutions within a
20-amino-acid stretch adjacent to the membrane-spanning seg-
ment of the protein.To determine whether these 11 changes
were sufficient to compensate for the replication defect in
SIVmac239�V1V2, an XhoI-NheI fragment containing all 11
substitutions was used to replace the corresponding fragment
in the original p239Sp3��V1V2 construct. The virus containing
the deletion and all 11 substitutions, SIVmac239�V1V2(d119),

replicated significantly better following DNA transfection than
the original deletion mutant (Fig. 6).To determine whether
some or all of the 11 changes were sufficient to compensate for
the deletion of the V1 and V2 loops, subsets of the 11 changes
were introduced into the original SIVmac239�V1V2 con-
struct, and viral replication was measured after transfection of
221 cells (Fig. 6). Surprisingly, the subclones that replicated
best were those that contained at least some of the changes in
gp41, whereas the variant carrying only the five substitutions in
gp120 failed to replicate at all (Fig. 6B). Thus, amino acid
alterations in the ectodomain of gp41 are principally respon-
sible for allowing high-level replication of the virus lacking the
V1 and V2 loops.

Surface expression. Western blot analysis of transiently
transfected cells revealed that the envelope protein lacking the
V1 and V2 loops was expressed and processed into the gp120
and gp41 subunits. To examine the expression and transport to
the cell surface of the mutant envelope complexes, transfected
293T cells were examined by surface staining with an anti-
gp120 monoclonal antibody followed by flow cytometry (Fig.
7A). At 48 h posttransfection, the parental SIVmac239 and
SIVmac239�V1V2 envelope complexes were both expressed
on the cell surface and at approximately similar levels (mean
peak channel fluorescence values, 50.3 and 51.4, respectively).
The envelope protein bearing the deletion of the V1 and V2
loops as well as the six changes in gp41 (clone C-N) was also
expressed on the cell surface at a similar level (mean peak
channel fluorescence value, 60.9).

Membrane fusion. The ability of transiently expressed enve-
lope proteins to drive cell-cell fusion was also measured in a
different assay. Briefly, 293T cells were transfected with Env
expression constructs containing tat, rev, and env; at 48 h post-
transfection, these cells were overlaid with CEMx174SIV-
SEAP cells. In the event of Env-mediated fusion, syncitia form
and SEAP expression is induced. By 24 h after mixing of the
effector and target cells, the envelope protein with the deletion
of the V1 and V2 loops had achieved significantly less cell-cell
fusion than the parental envelope protein (Fig. 7B). Similar
reductions in absolute fusogenicity were seen in the CD4-
independent fusion assay described above (Fig. 4). The paren-
tal and mutant envelope proteins were expressed to compara-
ble levels on the surfaces of transfected QT6 cells (data not
shown) and 293T cells (Fig. 7A).Interestingly, the compensa-
tory changes in gp41 improved the fusogenic capacity of the

FIG. 5. Infectivity of passaged SIVmac239�V1V2. SIVmac239
�V1V2 was passaged continuously on 221 cells, and supernatants were
collected weekly. Supernatants collected on days 85 (d85), 119, and 133
of passage were normalized for p27 content and used to infect fresh
221 cells.

TABLE 2. Amino acid changes in SIVmac239�V1V2(d119)

Substitution Subunit Domain Function Reference(s)

V32A gp120 N terminus Subunit interactions 17, 21
E218K gp120 Bridging sheet Coreceptor binding 35, 36
I335V gp120 V3 loop Coreceptor binding 35, 36
W345R gp120 V3 stem Coreceptor binding 35, 36
E454K gp120 Bridging sheet Coreceptor binding 35, 36
V529A gp41 Fusion peptide Membrane insertion 4, 14, 15, 45
T591A gp41 N peptide Fusion (multimer) 9, 41
G679S gp41 Trp-rich motif Fusion and incorporation 38
I688V gp41 Trp-rich motif Fusion and incorporation 38
Y690H gp41 Trp-rich motif Fusion and incorporation 38
V699A gp41 Membrane spanning Membrane anchor 50
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deletion-containing envelope protein, although not to the level
seen with the parental envelope protein.

Antibody-mediated neutralization of SIVmac239�V1V2.
SIVmac239 is a molecular clone of a primary pathogenic SIV
isolate (12, 34). In monkeys inoculated with SIVmac239, neu-
tralizing antibody responses are slow to develop (5, 6, 11).

SIVmac239 is very ineffectively neutralized by antisera, even by
sera from SIVmac239-infected monkeys with high titers of
antibodies that recognize Env in an enzyme-linked immu-
nosorbent assay (26). To ascertain the influence, if any, of the
V1 and V2 loops on sensitivity to antibody-mediated neutral-
ization, SIV-positive plasma specimens from infected monkeys

FIG. 6. Mapping of compensatory changes in SIVmac239
�V1V2(d119). (A) The top two lines depict the parental and mutant
constructs; arrows indicate restriction fragments used to generate sub-
clones. The third line depicts the envelope gene cloned from day 119
posttransfection, with the positions of the 11 nonsynonymous changes
indicated. The last six lines depict the subclones used to map changes
that compensate for the deletion of the V1 and V2 loops. The relative
capacity of each variant to replicate in 221 cells is indicated to the right
(����, replication like that of the wild type; �, no detectable rep-
lication; �/�, extreme delay in replication typical of SIV�V1V2 trans-
fections; according to the data in Fig. 6B and other results not shown).
(B) Replication of subclones of SIVmac239�V1V2(d119) in 221 cells.
Data for variant X-C/M-N are not shown.
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were tested for the ability to neutralize SIVmac239 and
SIVmac239�V1V2 in an in vitro neutralization assay (26).
Stocks of SIVmac239 and SIVmac239�V1V2 were harvested
from transfected 221 cells and normalized for p27 content.
Successive dilutions of each stock were preincubated with
pooled SIV-positive plasma samples or an SIV-negative con-
trol plasma sample and then added to CEMx174SIV-SEAP
indicator cells. The wild-type virus, SIVmac239, was only
weakly affected by the presence of SIV-positive plasma. More-
over, the neutralizing activity of the plasma was overcome by
increasing the viral input (Fig. 8A). In contrast,
SIVmac239�V1V2 and SIVmac239�V1V2(clone C-N) (con-
taining the six compensatory substitutions in gp41) were both
extremely sensitive to neutralization by the SIV-positive
plasma, even at the highest levels of viral input (Fig. 8B and C).

In subsequent assays, a fixed amount of each virus was in-
cubated with serial dilutions of plasma, and the neutralization
sensitivity of each virus was measured as the percent reduction
in infectivity compared to that of the same virus treated with
SIV-negative plasma (26). Pooled plasma samples from SIV-
mac239- and SIVmac251-infected animals had very little neu-
tralizing activity against SIVmac239. However, the same
plasma pool reduced the infectivity of SIVmac239�V1V2 by
�50% at dilutions as high as 1:40,000 (Fig. 9A). SIVmac239

FIG. 7. (A) Surface expression of the envelope. 293T cells were
transfected with Env expression constructs, and cells were harvested
48 h posttransfection, stained with monoclonal antibody KK42 and a
fluorescein isothiocyanate-conjugated secondary antibody, and then
sorted by flow cytometry. (B) Cell-cell fusion assay. 293T cells were
transfected with envelope expression constructs as in panel A or con-
trol vectors. At 48 h posttransfection, the cells were overlaid with
CEMx174SIV-SEAP indicator cells, and SEAP activity was measured
at the indicated times. (See Materials and Methods for details.)

FIG. 8. Neutralization of SIVmac239�V1V2 by SIV-positive rhe-
sus monkey plasma. Increasing concentrations of stock SIVmac239 or
SIVmac239�V1V2 were incubated with control plasma (squares) or
with pooled SIV-positive plasma (circles) diluted 1:200 with RPMI
medium. (A) Effect of increasing concentrations of SIVmac239 on
sensitivity to SIV-positive plasma. (B) Effect of increasing concentra-
tions of SIVmac239�V1V2 on sensitivity to SIV-positive plasma.
(C) Effect of increasing concentrations of SIVmac239�V1V2(clone
C-N) on sensitivity to SIV-positive plasma.
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�V1V2(clone C-N) exhibited sensitivity to antibody-mediated
neutralization similar to that of SIVmac239�V1V2 (Fig. 9B).

Further neutralization assays were performed with individ-
ual plasma samples collected from three SIVmac239-infected
monkeys at 16 and 24 weeks postinfection. These three animals
included one with a very weak overall antibody response to
SIV (467–95) and two animals with moderate to strong overall
antibody responses (258–95 and 259–95), as measured by an

enzyme-linked immunosorbent assay, to whole, lysed virions.
None of the monkey plasma samples from either time point
was able to neutralize the homologous virus (Fig. 10). In con-
trast, plasma from all three animals had strong neutralizing
activity against SIVmac239�V1V2 as early as 16 weeks postin-
fection. The potencies of the individual samples against
SIVmac239�V1V2(d119) varied, with 50% neutralization ti-
ters as high as 1:81,920 (Fig. 10).

FIG. 9. SIVmac239�V1V2 is extremely sensitive to neutralization by SIV-positive plasma. CEMx174SIV-SEAP cells were infected with virus
in the presence of increasing dilutions of plasma from uninfected rhesus macaques (closed symbols) or plasma from SIV-positive rhesus macaques
(open symbols). (A) Neutralization of SIVmac239�V1V2. Background SEAP levels in this experiment are indicated by the line labeled “unin-
fected.” (B) Comparative neutralization of SIVmac239�V1V2 and SIVmac239�V1V2(clone C-N).
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DISCUSSION

HIV-1 isolates display a broad range of sensitivities to anti-
body-mediated neutralization, ranging from neutralization-
sensitive, T-cell-line-adapted isolates to neutralization-resis-
tant, primary isolates. To explain this variability, a model has
been proposed in which the native HIV-1 envelope complex
oscillates between open and closed states (23). According to
this model, envelope spikes of T-cell-line-adapted HIV-1 iso-
lates are predicted to have an equilibrium that favors the open
state, in which the envelope core, including the receptor and
coreceptor binding sites, are exposed. In contrast, difficult-to-
neutralize, primary isolates are expected to favor the closed
state. Structural features that are thought to contribute to the
state of the envelope complex include the locations of N-linked
glycans, subunit-subunit interactions, and the positioning of
the variable loops (8, 20, 28, 29, 52, 54, 55). In fact, the removal
of large portions of the V1-V2 structure has been reported to

greatly increase the sensitivity of HIV-1 to neutralization by
HIV-1-positive human sera or monoclonal antibodies directed
against epitopes in the core of the gp120 protein (8, 43). We
have now demonstrated a similar result with SIVmac239, a
lentivirus of Old World monkeys; removal of the 100-amino-
acid V1-V2 structure from SIVmac239 results in a variant with
significantly increased sensitivity to plasma from SIV-infected
rhesus monkeys. Deletion of the V1 and V2 loop sequences
from SIVmac239 may have resulted in an envelope structure
that resembles the open configuration, that is, with critical
epitopes more accessible to antibody binding and therefore
more readily neutralizable.

Deletion of the V1 and V2 loops may also have influenced
the sensitivity of the virus to antibody-mediated neutralization
through effects on envelope function. For example, if the V1
and V2 loops contribute to the structure of the coreceptor
binding site itself, the 100-amino-acid deletion may create a

FIG. 10. Neutralization of SIVmac239�V1V2 with various plasma samples. Plasma samples from three SIV-positive rhesus monkeys were
tested for neutralizing activity against SIVmac239 (open symbols) and SIVmac239�V1V2 (closed symbols). (A) Plasma collected from animals at
week 16 postinfection. (B) Plasma collected at week 24 postinfection.
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less stable, or altered, binding site. A decrease in the efficiency
of entry could prolong the window of opportunity during which
antibodies could access the envelope complex or perhaps delay
the process of entry in such a way as to increase the opportu-
nity for antibodies to recognize and block the transition to a
fusogenic state. This explanation is also consistent with the
reduced infectivity of SIVmac239�V1V2 and the overall re-
duction in fusogenicity of the mutant envelope with a deletion
of the V1 and V2 loops in cell-cell fusion assays (Fig. 3 and 4).

It has also been suggested that the density of envelope spikes
on the surface of virions can influence relative sensitivity to
antibody-mediated neutralization (7). If the V1-V2 deletion
results in a large decrease in spike incorporation or an effective
decrease in the number of functional oligomers (e.g., due to a
higher level of spontaneous shedding of gp120), then the in-
creased neutralization sensitivity of SIVmac239�V1V2 could
reflect a reduction in the number of antibody molecules re-
quired to inactivate mutant virions. Our data do not rule out
the possibility that the V1-V2 deletion has resulted in de-
creased incorporation of functional envelope spikes.

It has been hypothesized that high-titer antibody in HIV
patients may be induced by monomeric envelope protein or
viral debris (32). An alternative hypothesis for the neutraliza-
tion sensitivity of SIVmac239�V1V2 is that the mutant virions
contain a higher proportion of nonoligomeric or nonfunctional
envelope proteins, and antibody bound to such molecules
could neutralize infectivity through simple steric hindrance (7,
31).

Experimental infection of rhesus monkeys with SIVmac239
typically induces responses by both the cellular and the hu-
moral branches of the immune system; nevertheless, viral loads
remain high throughout the course of infection. Longitudinal
studies of the antibody response in SIV-infected macaques
have revealed that the maturation of neutralizing antibodies
against SIVmac239 is a lengthy process, requiring months to
generate antibodies with a detectable capacity to neutralize the
virus present at the time of initial infection (5, 6, 11). Sera from
experimentally infected animals typically exhibit weak or un-
detectable neutralizing activity against SIVmac239 (26). We
have shown that sera collected from three animals in the early
stages of experimental infection did not neutralize SIVmac239,
yet these same samples clearly neutralized the SIVmac239
�V1V2 variant, with 50% neutralization titers as high as
1:81,920. The implications of these results are as follows: (i)
infection with parental SIVmac239, with the V1 and V2 loops
intact, elicits antibodies which recognize viral epitopes that are
largely incapable of neutralizing SIVmac239; and (ii) these
antibodies can be generated during the early stages of infec-
tion. The comparable inability of high-titer antibodies to neu-
tralize primary isolates of HIV-1 gave rise to the hypothesis
that the anti-Env antibody response may be largely directed
against forms of the envelope protein other than the native
complex, such as shed monomeric gp120 or viral debris (33).
Such antibodies are believed to be inefficient at binding to
oligomeric spikes on the virion surface of primary isolates.

The V1 and V2 loops of the HIV-1 gp120 molecule are
thought to lie on the surface of the envelope complex and
partially mask the receptor and coreceptor binding sites in the
core of the gp120 protein (54). Evidence from several studies
suggests that binding of the envelope complex to CD4 moves

the loops and increases the exposure of the coreceptor binding
site (3, 20, 39, 40, 46–48). Furthermore, Kolchinsky et al. (19)
reported that specific changes within the V1-V2 coding se-
quences can confer a CD4-independent phenotype on HIV-1.
We observed that the SIV envelope protein with a deletion of
the V1 and V2 loops was capable of mediating CD4-indepen-
dent membrane fusion. Our results are consistent with a model
in which the removal of the V1-V2 sequences bypasses the
need for prior interactions with CD4 and allows direct inter-
actions with a coreceptor.

We also report the novel finding that amino acid substitu-
tions in the gp41 transmembrane subunit can compensate for
the deletion of sequences from gp120. Of the six changes in
gp41, four were found to cluster within a 20-amino-acid stretch
of the ectodomain adjacent to the transmembrane-spanning
segment (Table 2). Two additional, independent transfection
experiments gave rise to SIVmac239�V1V2 variants with
changes in this same region (Table 1). This C-terminal region
of the ectodomain has been referred to as the tryptophan-rich
motif and is highly conserved among lentiviruses (38). Al-
though its exact role in viral replication has not been estab-
lished, specific mutations in the region affect post-CD4-binding
steps in the fusion process and the incorporation of the enve-
lope into virions (38). Understanding how these changes com-
pensate for the deletion of the V1 and V2 loops may also
reveal novel interactions between the gp120 and gp41 subunits
of the envelope complex.

Although a high-resolution structure of the SIV gp120 pro-
tein has not been reported, it is possible to map SIVgp120
residues onto the recently published structure of HIV-1 gp120
(22). The approximate structural locations of the five changes
in the gp120 sequence of SIVmac239�V1V2(d119) are sum-
marized in Table 2. Four of these five changes clustered at the
distal end of the molecule, in or near regions thought to inter-
act with the receptor and coreceptor. Assuming that the basic
structural features of HIV-1 gp120 are conserved in the SIV
protein, these changes included two changes in the bridging
sheet, one change in V3, and one change in the V3 stem.
Selection of changes in this region is consistent with the hy-
pothesis that the V1-V2 domain lies close to or interacts with
the coreceptor binding region of gp120. The observed substi-
tutions alone do not rescue viral replication but may represent
subtle structural or biochemical adjustments to the removal of
the overlying loops. The fifth substitution in gp120 was located
near the N terminus, a region previously implicated in gp120-
gp41 interactions (17, 21).

Although the V1 and V2 loops of SIVmac239 differ from
those of HIV-1 in size and sequence, our results demonstrate
that they make similar contributions to the function and anti-
genicity of the envelope complex. Specifically, the V1 and V2
loops contribute to the extreme neutralization-resistant prop-
erties of SIVmac239, and removal of the loops exposes the
virus to efficient antibody-mediated neutralization. The con-
servation of design and function between the HIV-1 and SIV
envelope complexes suggests that the SIV-rhesus monkey sys-
tem can be used to explore features of the virus-encoded en-
velope that contribute to antigenicity, immunogenicity, and
pathogenesis and that may be relevant to vaccine development.
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