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The incorporation of envelope (Env) glycoproteins into virions is an essential step in the retroviral repli-
cation cycle. Lentiviruses, including human immunodeficiency virus type 1 (HIV-1), encode Env glycoproteins
with unusually long cytoplasmic tails, the functions of which have not been fully elucidated. In this study, we
examine the effects on virus replication of a number of mutations in a helical motif (a-helix 2) located near the
center of the HIV-1 gp41 cytoplasmic tail. We find that, in T-cell lines, small deletions in this domain disrupt
the incorporation of Env glycoproteins into virions and markedly impair virus infectivity. Through the analysis
of viral revertants, we demonstrate that a single amino acid change (34VI) in the matrix domain of Gag
reverses the Env incorporation and infectivity defect imposed by a small deletion near the C terminus of a-helix
2. These results provide genetic evidence, in the context of infected T cells, for an interaction between HIV-1
matrix and the gp41 cytoplasmic tail and identify domains of both proteins involved in this putative interaction.

Retroviral envelope (Env) glycoproteins are synthesized in
the endoplasmic reticulum as precursor proteins that are pro-
teolytically cleaved by a cellular protease during their transport
to the cell surface (11, 39). Cleavage of the Env precursor
generates the two components of the mature Env glycoprotein
complex: the surface (SU) and transmembrane (TM) Env gly-
coprotein subunits. In the case of human immunodeficiency
virus type 1 (HIV-1), the precursor, SU, and TM Env glycop-
roteins have been designated gp160, gp120, and gp41, respec-
tively. After reaching the plasma membrane, the Env complex
is incorporated into budding virions by a process whose details
remain to be elucidated.

A striking feature of lentiviruses is that they encode TM Env
glycoproteins with cytoplasmic tails (CTs) that are much longer
than those of other retroviruses. The HIV-1 and HIV-2 TM
CTs, for example, are generally around 150 residues in length,
more than five times longer than those of the avian and murine
oncoretroviruses. Previous studies have observed diverse ef-
fects of HIV-1 gp41 CT mutations, including defective Env
incorporation (6, 9, 46), impaired virus infectivity (6, 9, 13),
reduced gp160 processing and Env stability (13), disrupted
basolateral targeting of virus release (2, 25), and slower Env
internalization from the cell surface (3, 33, 36). The structure
of the gp41 CT has not been determined; however, several
regions within the tail are likely to adopt a helical folding (8,
40). One of these, termed a-helix 1, is located at the C termi-
nus of gp41; another, referred to as a-helix 2, is located near
the center of the CT (9). These helical motifs have also been
referred to as lentivirus lytic peptides due to their ability to
associate with and disrupt lipid bilayers (20, 28, 29, 38). The
periodic spacing of Leu residues in a-helix 2 suggests that it
may form a Leu zipper (23).

Mixed results have been reported concerning whether or not
the incorporation of lentiviral Env glycoproteins into virions

requires a direct interaction with the viral Gag proteins during
assembly. Evidence for a direct Gag-Env interaction includes
the findings that (i) mutations in the HIV-1 MA can block
HIV-1 Env incorporation (5, 9, 12, 45) (this incorporation
defect can be reversed by pseudotyping virions with heterolo-
gous Env glycoproteins containing short CTs or by removing
the gp41 CT [9, 12, 26]), (ii) HIV-1 Env directs basolateral
budding of Gag in polarized epithelial cells (25), (iii) a direct
binding between HIV-1 MA and gp41 CT peptides has been
reported in an in vitro system (4), and (iv) the Gag and Env
proteins of simian immunodeficiency virus can be coimmuno-
precipitated in virus-expressing cells (41). In contrast, several
observations support a more passive mode of Env incorpora-
tion: heterologous Env proteins (e.g., those of murine leuke-
mia virus, human T-cell leukemia virus, and vesicular stoma-
titis virus [VSV]) can be incorporated into HIV-1 virions (22,
26), and in some cases the gp41 CT is dispensable for HIV-1
Env incorporation (9, 12, 13, 42). A limitation of previous
studies is that the cell types used in the biochemical analysis of
Env incorporation have generally been those that are readily
transfectable, rather than those that naturally support produc-
tive, spreading HIV-1 infections. We recently reported that
truncation of the gp41 CT markedly impaired Env incorpo-
ration when virus was produced in most T-cell lines and
primary monocyte-derived macrophages but had only a mod-
est effect when virus was derived from HeLa and MT-4 cells
(31).

We previously determined that a-helix 2 of the gp41 CT
forms the boundary between truncation mutants whose incor-
poration is blocked by a single amino acid change in HIV-1
MA and truncated Env glycoproteins whose incorporation is
independent of MA mutation (9). Furthermore, we observed
that truncations that fell within a-helix 2 had profound effects
on Env incorporation and virus infectivity (9). These results
suggested that a-helix 2 might play a critical role in gp41 CT
function. In this report, we examine the effects of a number of
a-helix 2 mutations on virus infectivity and Env incorporation.
Biochemical analysis of Env incorporation in T-cell lines ca-
pable of sustaining a productive HIV-1 infection is made pos-
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sible by the use of a high-level, transient HIV-1 expression
system based on pseudotyping with the VSV G glycoprotein
(VSV-G) (31). Through the isolation and characterization of
viral revertants which appear spontaneously in infected T-cell
line cultures, we demonstrate that a single amino acid change
in MA can reverse the Env incorporation defect imposed by
a small deletion near the C terminus of a-helix 2. These
results provide genetic evidence, in the context of infected
T-cell lines, for an interaction between MA and a-helix 2 of
the gp41 CT.

MATERIALS AND METHODS

Cells, viruses, and plasmids. CEM (12D-7), H9, HeLa, and MAGI cells were
maintained as described previously (18). Human peripheral blood mononuclear
cells (PBMC) were stimulated with 1 mg of phytohemagglutinin (PHA) per ml
for 3 days and maintained in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, antibiotics, and 20 U of recombinant
human interleukin-2 (Roche Molecular Biochemicals) per ml. For infection of
T-cell lines and PBMC, virus was obtained by transfecting HeLa cells with the
T-cell-line-tropic molecular clone pNL4-3 (1) or derivatives containing muta-
tions in a-helix 2 of the gp41 CT. VSV-G was expressed using the plasmid
pHCMV-G (44) (kindly provided by J. Burns).

Mutagenesis of the gp41 CT a-helix 2. A template for oligonucleotide-directed
mutagenesis was constructed by cloning the BamHI-KpnI fragment from pNL4-3
(nucleotides [nt] 8465 to 9005) into M13mp18. Mutations in a-helix 2 were
introduced by site-directed mutagenesis using methods described by Kunkel et
al. (21). The mutagenized fragments were then recloned into pNL4-3 using the
unique BamHI (nt 8465) and XhoI (nt 8887) restriction sites and were sequenced
in their entireties. a-Helix 2 of the gp41 CT overlaps with the rev open reading
frame. Certain mutations (not used in this study) near the N terminus of a-helix
2 caused marked Rev defects (unpublished data). In contrast, the mutations
reported here had no significant effect on levels of Gag and Env expression,
indicating normal Rev function.

Molecular cloning of viral revertants. Virus supernatant was harvested at the
peak of virus replication from CEM (12D-7) or H9 cultures infected with mutant
d5, d7, or d8. Virus stocks were normalized for reverse transcriptase (RT) activity
and used to infect fresh CEM (12D-7) or H9 cells in parallel with the wild-type
(wt) virus. At the peak of virus replication in the infected cultures, total DNA was
purified using a QIAamp blood kit (Qiagen). A 0.98-kbp fragment spanning the
gp41 coding region was PCR amplified from the extracted DNA. The primers
used were as follows: (1), 59-GGAATGCTAGTTGGAGTAA-39, and (2), 59-
TGCCTTGTAAGTCATTGGT-39. The plus-sense and minus-sense primers
bound in the vicinity of pNL4-3 nt positions 8040 and 9020, respectively. For
analysis of the d8 revertant, a 1.2-kbp fragment spanning the MA coding region
was also PCR amplified as described previously (9). Amplified DNA was purified
and sequenced. The PCR products were digested with BamHI and KpnI (nt 8465
and 9005) and cloned into pUC19. Following resequencing, BamHI-XhoI frag-
ments from the pUC19 clones were exchanged for the BamHI-XhoI fragment (nt
8465 to 8887) of pNL4-3 to generate the pNL4-3/275LP/d5 and pNL4-3/271IN/d7
double mutants. To generate pNL4-3/d8/34VI, both pNL4-3/34VI (9) and pNL4-
3/d8 were digested with BssHII (nt 711) and EcoRI (nt 5743) and the 5-kbp
fragment from pNL4-3/34VI was ligated with the 10-kbp fragment from pNL4-
3/d8.

Transfections and infections. Virus stocks of NL4-3, a-helix 2 mutants, and
VSV-G pseudotypes were obtained by transfecting HeLa cells using the calcium
phosphate precipitation method (14, 16). Transfected cell supernatants were
harvested, filtered (0.45-mm-pore-size filter), normalized for RT activity, and
used in infections as described below. Infections of T-cell lines and PBMC were
performed as previously described (12, 18). RT assays were performed as re-
ported previously (12). CEM (12D-7) cells (5 3 106) were infected with 1 ml of
VSV-G-pseudotyped HIV-1. To block subsequent spread of virions bearing the
HIV-1 Env glycoprotein following VSV-G-mediated infection, the CXCR4 in-
hibitor T22 (32) was added to the infected cultures.

Metabolic labeling and radioimmunoprecipitation. One day following infec-
tion, infected cells were plated in 5 ml of Cys-free RPMI medium supplemented
with 10% FBS and 1 mM T22 in 25-cm2 flasks. After addition of [35S]Cys (500
mCi), the cultures were incubated for 16 h at 37°C. Preparation of cell and viral
lysates and immunoprecipitation of cell- and virion-associated proteins with
AIDS patient sera (HIV-1 neutralizing sera; obtained from the National Insti-
tutes of Health AIDS Research and Reference Reagent Program; catalog no.
1983 and 1984) have been described previously (10). Quantitative analysis of
bands visualized by radioimmunoprecipitation was performed with a FujiX
BAS2000 Bio-Image analyzer.

Western blot analysis. Cell lysates prepared from HeLa or CEM (12D-7) cells
that were infected with VSV-G-pseudotyped HIV-1 were separated by sodium
dodecylsulfate–10% polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride membranes (Millipore) using a semidry blotter. Mem-
branes were incubated with the anti-gp41 monoclonal antibody T32 (7) (a kind

gift of P. Earl) or AIDS patient sera. Subsequently, membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies (Amersham Phar-
macia), and the antibody-bound proteins were detected by enhanced chemilu-
minescence (Amersham Pharmacia).

Flow cytometric analysis of HIV-1 Env surface expression. CEM (12D-7) cells
(106) that were uninfected or infected with VSV-G-pseudotyped wt or mutant
HIV-1 were incubated for 1 h at 4°C with 12.5 mg of the T32 anti-gp41 mono-
clonal antibody per ml in phosphate-buffered saline (PBS) supplemented with
1% FBS. The cells were then washed twice with PBS supplemented with 1% FBS
and incubated with fluorescein isothiocyanate-conjugated goat anti-mouse im-
munoglobulin G for 30 min at 4°C. Cells were then washed once with PBS
supplemented with 1% FBS and once with PBS and resuspended in 1% form-
aldehyde in PBS. Cell surface Env expression was analyzed with a FACScan flow
cytometer (Becton Dickinson).

Cell surface biotinylation. Cell surface proteins on VSV-G-pseudotype-in-
fected CEM (12D-7) cells were biotinylated essentially as described previously
(37) using 0.25 mg of sulfo-N-hydroxysuccinimide–biotin (Pierce). Biotinylated
cell lysates were immunoprecipitated with AIDS patient sera (to detect total
intracellular Env expression) or precipitated with neutravidin-agarose beads
(Pierce) (to detect cell surface Env) and subjected to Western blotting with
rabbit anti-gp120 polyclonal antibody as described above. Brefeldin A treatment
was performed for 4 h prior to biotinylation with 5 mg of brefeldin A (Sigma) per
ml.

Single-cycle MAGI infectivity assay. Single-cycle infectivity of HeLa-derived
virus was determined by transfecting HeLa cells with wt or mutant molecular
clones, harvesting virus stocks, normalizing them for RT activity, and infecting
the MAGI cell line (19). To measure the infectivity of T-cell-line-derived virus,
HeLa cells were cotransfected with wt or mutant molecular clones and a VSV-G
expression vector. HeLa-derived stocks were normalized for RT activity and
used to infect CEM (12D-7) cells. Two days postinfection, virus-containing
supernatants were harvested from the CEM (12D-7) cells, normalized for RT
activity, and used to infect the MAGI cell line. Infected MAGI cells were
fixed, stained, and scored 2 days postinfection essentially as described previ-
ously (19).

RESULTS

Small deletions in a-helix 2 of the gp41 CT markedly impair
virus replication in T-cell lines. To determine the role of the
a-helix 2 domain of the gp41 CT in HIV-1 replication, we
introduced a number of single and double amino acid substi-
tutions, and several small deletions, into this region (Fig. 1).
These mutations were designed primarily to reduce the pre-
dicted helical nature of this sequence or to disrupt its ability to

FIG. 1. Mutagenesis of a-helix 2 of the gp41 CT. A linear representation of
the gp41 CT is shown at the top; the shaded area represents the membrane-
spanning domain of gp41 (MSD). Two predicted helical domains within the CT
(a-helix 1 and 2) and gp41 amino acid positions are indicated. The wt sequence
is shown; residues which could form a Leu zipper are boxed. Below the wt
sequence are indicated the positions of the a-helix 2 mutations. Dashes denote
amino acid identity with wt; dots represent deleted residues.
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form a leucine zipper. We first examined the effect of these
changes on virus replication kinetics in the CEM (12D-7) and
H9 T-cell lines. In general, single and double amino acid
changes produced minor to moderate effects: 261LW, 273EP,
275LR, and 281EP replicated with near-wt kinetics; 259HP,
260RP, 263DP, 289LR, and 275LR/289LR replicated with a
delay of 4 to 6 days relative to wt NL4-3; 263DP/273EP and
263DP/281EP were delayed 8 and 12 days, respectively, rela-
tive to wt (data not shown). In CEM (12D-7) cells, the d7 and
d8 deletion mutants replicated with 40- and 14-day delays,
respectively, whereas d5 failed to replicate (Fig. 2A). In H9
cells, d5, d7, and d8 replicated with delays of 20, 10, and 32
days, respectively, relative to wt (Fig. 2B). In both CEM
(12D-7) and H9 cells, the d6 deletion mutant failed to produce
any detectable RT activity. We also examined replication of
the deletion mutants in PHA-stimulated human PBMC. No
replication was observed for any of the mutants (data not
shown). Thus, small deletions in gp41 a-helix 2 markedly
impaired virus replication in both T-cell lines and primary
PBMC.

Characterization of a-helix 2 deletion mutants in HeLa
cells. We next tested the infectivity of virus stocks obtained by

transfecting HeLa cells with wt or mutant molecular clones in
the single-cycle MAGI assay (19). Relative infectivities of d5,
d6, d7, and d8, normalized for the RT activity of each input
inoculum, were 27 6 20, 20 6 19, 89 6 32, and 51% 6 24% of
the wt value (average of at least four assays, 6 standard devi-
ation). To examine the effect of the a-helix 2 deletions on Env
incorporation, we transfected HeLa cells in parallel with wt or
mutant molecular clones, metabolically labeled the transfected
cells with [35S]Cys, and immunoprecipitated cell- and virion-
associated proteins with AIDS patient sera. The results indi-
cated that the deletion mutations had no significant effect on
Env incorporation when virus was produced in HeLa cells; in
a typical assay, the amount of gp120 in d5, d6, d7, and d8
virions (normalized for virion p24) was 160, 106, 93, and 83%
of that of the wt. These results demonstrated that the deletion
mutations, particularly d5 and d6, significantly impaired virus
infectivity in the MAGI assay even in the absence of a reduc-
tion in Env incorporation.

The a-helix 2 deletion mutants show Env incorporation
defects in a T-cell line. We recently observed (31) that trun-
cation of the gp41 CT had little effect on Env incorporation
when virus was produced from HeLa cells but drastically re-
duced levels of virion gp120 and gp41 when virus was produced
by most T-cell lines. We were therefore interested in deter-
mining the effect of the d5 to d8 deletions on Env incorpora-
tion in T-cell lines. Since levels of virus expression suitable for
biochemical analyses are generally not observed immediately
following transfection of T-cell lines, we utilized a high-level,
transient HIV-1 expression system based on pseudotyping with
VSV-G (31). HeLa cells were cotransfected with a VSV-G
expression vector (44) and either wt pNL4-3 or derivatives
expressing the gp41 mutants. VSV-G-pseudotyped virus stocks
were harvested and used to infect CEM (12D-7) cells. One day
postinfection, cells were metabolically labeled overnight with
[35S]Cys, virions were pelleted by ultracentrifugation, and cell
and virion lysates were prepared and immunoprecipitated with
AIDS patient sera. Examination of cell-associated material
demonstrated that all mutants showed essentially wt levels of

FIG. 2. Replication kinetics of a-helix 2 deletion mutants. Virus stocks, ob-
tained by transfection of HeLa cells with the indicated molecular clones, were
normalized for RT activity and used to infect the CEM (12D-7) (A) and H9 (B)
T-cell lines. mock, mock infected.

FIG. 3. Radioimmunoprecipitation analysis of a-helix 2 deletion mutants.
CEM (12D-7) cells were infected with wt or mutant NL4-3 virions pseudotyped
with VSV-G. Infected cells were metabolically labeled overnight with [35S]Cys.
Virion-associated material was obtained by pelleting the infected cell superna-
tant in an ultracentrifuge; lysates derived from cell- and virion-associated mate-
rial were immunoprecipitated with AIDS patient sera (see Materials and Meth-
ods). The positions of the Env precursor gp160, the mature surface glycoprotein
gp120, p66 (RT), the Gag precursor Pr55Gag, p32 (IN), and p24 (CA) are
indicated; the sizes of molecular mass markers are shown in kilodaltons (K). The
results are representative of two independent experiments.
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Env expression and processing (Fig. 3). However, the deletion
mutations significantly reduced Env incorporation; in an aver-
age of three independent assays, virion gp120 levels relative to
p24 were reduced to approximately 35 (d5), 10 (d6), or 20%
(d7 and d8) of those present on wt virions.

The virion gp120 data presented in Fig. 3 demonstrate that
the deletion mutations caused modest (3-fold) to severe (10-
fold) defects in Env incorporation in the CEM (12D-7) T-cell
line. To investigate whether this incorporation defect might
result from reduced cell surface Env expression, the levels of
wt and mutant Env on the cell surface were measured. Cell
surface Env expression was analyzed by flow cytometry using
CEM (12D-7) cells that were uninfected or infected with VSV-
G-pseudotyped HIV-1. All mutants showed essentially wt lev-
els of Env at the cell surface (Fig. 4). These results suggest that
the Env incorporation defect imposed by small deletions in
gp41 a-helix 2 does not result from reduced cell surface Env
expression. This conclusion is supported by the observation
that the d8 mutation did not affect the levels of gp120 detected
in cell surface biotinylation experiments using infected CEM
(12D-7) cells (see below).

Isolation of revertants of a-helix 2 deletion mutants. To
gain further insights into the mechanism by which the a-helix
2 deletion mutations impaired virus replication, we sought to
determine whether the RT peak detected at delayed time
points (Fig. 2) was due to the emergence of viral revertants.
Supernatants were harvested at the peak of virus replication,
normalized with wt for RT activity, and used to reinfect fresh
CEM (12D-7) or H9 cells. In all cases, the repassaged viruses
replicated with accelerated kinetics relative to the original mu-
tant (data not shown), suggesting the presence of viral rever-
tants in the infected cultures.

To examine the possibility that the putative revertants har-
bored a second-site compensatory mutation(s), viral DNA was
prepared from infected cultures at the peak of RT production
and PCR amplification was performed using primers specific
for the gp41 CT coding region. The repassaged d5 contained
second-site changes at gp41 amino acid 205 (S3L) and 275
(L3P); the putative d7 revertant acquired a change at gp41

residue 271 (I3N). Both putative revertants retained the orig-
inal (d5 and d7) mutations. By constructing and analyzing
double mutants containing second-site changes in combination
with the original deletions, we determined that the 275LP and
271IN substitutions were sufficient to repair the virus replica-
tion defect imposed by the d5 and d7 deletions, respectively
(data not shown).

Sequencing of d8-derived PCR fragments indicated that no
changes were present in the gp41 CT coding region, apart from
the original d8 deletion. To assess the possibility that a d8
compensatory change might map to MA, we sequenced PCR
products obtained by amplification of the MA coding region.
Intriguingly, the putative d8 revertant that emerged indepen-
dently in both CEM (12D-7) and H9 cells acquired the same
second-site change in MA: a V3I substitution at MA residue
34.

The Env incorporation defect imposed by the d8 deletion is
reversed by the 34VI change in MA. To evaluate whether the
MA 34VI change was responsible for the improved replication
kinetics observed upon repassage of d8, a 34VI/d8 double
mutant was constructed. CEM (12D-7) cells were transfected
in parallel with wt pNL4-3 or derivatives containing the d8 or
34VI/d8 mutation (Fig. 5A). In the pNL4-3-transfected cul-
ture, virus replication peaked on day 8 posttransfection; peak
virus production in d8-transfected cells occurred 12 days later.
In contrast, the replication kinetics of the 34VI/d8 double
mutnat were delayed only 4 days relative to wt. We also ob-
served that the 34VI/d8 mutant showed wt replication kinetics
in H9 cells (Fig. 5B). To examine the effect of the 34VI change
in natural target cells, the replication kinetics of d8 and
34VI/d8 in PHA-stimulated human PBMC were examined. As
shown in Fig. 5C, the 34VI/d8 double mutant displayed a
marked improvement in replication relative to d8. These re-
sults indicate that the MA 34VI change is sufficient to largely
reverse the replication defect imposed by d8 in T-cell lines and
primary PBMC.

We next examined whether the 34VI change improved d8
infectivity in a single-cycle assay. CEM (12D-7) cells were
infected with VSV-G-pseudotyped wt, d8, 34VI/d8, and KFS
(env minus [12]) virions; virus stocks were harvested, and their
infectivities were measured by MAGI assay (Materials and
Methods) (Fig. 6). d8 showed an infectivity approximately 25%
of that of wt, whereas 34VI/d8 showed near-wt infectivity.
These results demonstrate that, using virus stocks obtained
from CEM (12D-7) cells, the d8 infectivity defect is repaired by
the MA 34VI substitution.

As indicated in Fig. 3, the d8 mutation caused a significant
defect in Env incorporation in the CEM (12D-7) T-cell line. To
determine whether the improved replication kinetics and sin-
gle-cycle infectivity observed with the 34VI/d8 revertant were
due to an increase in Env incorporation relative to the original
d8 mutant, we performed radioimmunoprecipitation analysis
of cell- and virion-associated material derived from CEM
(12D-7) cells (Fig. 7A). 34VI/d8 virions contained approxi-
mately 70% of wt levels of gp120 relative to p24, a substantial
improvement over the fivefold-reduced gp120 levels observed
in d8 virions. The 34VI single mutant displayed wt levels of
Env incorporation. To determine whether the reduced levels of
gp120 present on d8 virions are the result of increased gp120
shedding from virions following Env incorporation, we mea-
sured the levels of gp41 on wt, d8, 34VI, and 34VI/d8 virions.
Consistent with the gp120 data (Fig. 7A), d8 showed a signif-
icant reduction in virion gp41 which was restored to near-wt
levels in 34VI/d8 double mutant virions (Fig. 7B). These results
support the conclusion drawn from the gp120 data that d8

FIG. 4. FACS analysis of cell surface Env expression. Cell surface immuno-
staining with an anti-gp41 monoclonal antibody (T32) was performed using CEM
(12D-7) cells infected with wt or mutant NL4-3 virions pseudotyped with VSV-G.
Averages of duplicate experiments are presented 6 standard deviations. Solid
bars represent mean fluorescence intensities determined by FACScan; open bars
indicate percent Env-positive cells. Approximately 40% of cultures infected with
the wt were Env positive.
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