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ABSTRACT HIV-1 enters cells through binding between viral envelope glycoprotein
(Env) and cellular receptors to initiate virus and cell fusion. HIV-1 Env precursor
(gp160) is cleaved into two units noncovalently bound to form a trimer on virions,
including a surface unit (gp120) and a transmembrane unit (gp41) responsible for vi-
rus binding and membrane fusion, respectively. The polar region (PR) at the N termi-
nus of gp41 comprises 17 residues, including 7 polar amino acids. Previous studies
suggested that the PR contributes to HIV-1 membrane fusion and infectivity; how-
ever, the precise role of the PR in Env-mediated viral entry and the underlying
mechanisms remain unknown. Here, we show that the PR is critical for HIV-1 fusion
and infectivity by stabilizing Env trimers. Through analyzing the PR sequences of
57,645 HIV-1 isolates, we performed targeted mutagenesis and functional studies of
three highly conserved polar residues in the PR (S532P, T534A, and T536A) which
have not been characterized previously. We found that single or combined muta-
tions of these three residues abolished or significantly decreased HIV-1 infectivity
without affecting viral production. These PR mutations abolished or significantly re-
duced HIV-1 fusion with target cells and also Env-mediated cell-cell fusion. Three PR
mutations containing S532P substantially reduced gp120 and gp41 association, Env
trimer stability, and increased gp120 shedding. Furthermore, S532A mutation signifi-
cantly reduced HIV-1 infectivity and fusogenicity but not Env expression and cleav-
age. Our findings suggest that the PR of gp41, particularly the key residue S532,
is structurally essential for maintaining HIV-1 Env trimer, viral fusogenicity, and
infectivity.

IMPORTANCE Although extensive studies of the transmembrane unit (gp41) of
HIV-1 Env have led to a fusion inhibitor clinically used to block viral entry, the func-
tions of different domains of gp41 in HIV-1 fusion and infectivity are not fully eluci-
dated. The polar region (PR) of gp41 has been proposed to participate in HIV-1
membrane fusion in biochemical analyses, but its role in viral entry and infectivity
remain unclear. In our effort to characterize three nucleotide mutations of an HIV-1
RNA element that partially overlaps the PR coding sequence, we identified a novel
function of the PR that determines viral fusion and infectivity. We further demon-
strated the structural and functional impact of six PR mutations on HIV-1 Env stabil-
ity, viral fusion, and infectivity. Our findings reveal the previously unappreciated
function of the PR and the underlying mechanisms, highlighting the important role
of the PR in regulating HIV-1 fusion and infectivity.
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HIV-1 enters cells through binding between viral envelope glycoprotein (Env) and
cellular receptors to initiate fusion of virus and cell membranes (1). The precursor

polyprotein of HIV-1 Env (gp160) is cleaved by a cellular protease into a surface unit
(gp120) and a transmembrane unit (gp41), which are noncovalently bound to form a
trimer on virions. HIV-1 gp120 and gp41 are responsible for virus binding to target cells
and membrane fusion, respectively. The binding of gp120 to the HIV-1 receptor CD4
and a coreceptor triggers refolding of gp41 into a trimer of hairpins with a six-helix
bundle core, which leads to membrane fusion and viral entry and infection (2). As a
class I fusion glycoprotein, HIV-1 gp41 contains an N-terminal ectodomain, a trans-
membrane domain, and a C-terminal cytoplasmic tail. The ectodomain of gp41 is
comprised of an N-terminal fusion peptide (FP), connected through a flexible polar
region (PR) to an N-terminal heptad repeat (NHR), a C-terminal heptad repeat (CHR),
and a membrane-proximal external region (MPER). Despite extensive studies of HIV-1
Env, the functions of different domains of gp41 in HIV-1 fusion and immunogenicity are
not fully elucidated (3).

The PR comprises 17 residues including 7 polar amino acids at the N terminus of
gp41, which was initially proposed to participate in peptide-based membrane fusion in
biochemical analyses (4, 5). However, the function of the PR in HIV-1 entry and
infectivity remains unclear. In previous studies, the PR was also referred to as the
FP-proximal region (FPPR) or the FP-proximal segment (6, 7). It has been suggested that
the FPPR and MPER can synergistically contribute to initiation of the HIV-1 membrane
fusion process and viral infection (6, 8). The structure of the gp41 ectodomain indicates
helical refolding of the FPPR and part of the MPER as well as insertion of the MPER into
the viral membrane within trimeric gp41, suggesting important roles of FPPR and MPER
in viral fusion (7). However, these studies have not defined the mechanisms by which
the PR modulates HIV-1 fusion and infectivity.

The HIV-1 Rev response element (RRE) is a highly structured cis-acting RNA element
essential for viral replication, which is located in the env gene partially overlapping the
gp120 and gp41 coding sequences (9). Binding of Rev to RRE is required for efficient
nuclear export of viral mRNA and protein synthesis. The stem-loop secondary structure
of the RRE is critical for Rev protein binding and its functions (9). To study the effect of
HIV-1 RNA modification on viral gene expression, Lichinchi et al. examined single and
combined mutations of three nucleotides in the HIV-1 RRE. They reported that N6-
methyladenosine (m6A) at A7883 in the stem-loop of RRE is critical for Rev binding and
enhanced viral mRNA nuclear export (10). However, they did not examine whether
these RRE mutations that overlap gp41 coding sequences affect HIV-1 fusion and
infectivity.

In this study, we found that the three RRE mutations reported by Lichinchi and
colleagues (10) altered amino acid sequences of the PR and fusogenicity of gp41 but
did not affect RRE function. We performed targeted mutagenesis and structural and
functional analyses of three highly conserved residues in the PR that have not been
studied previously. These point mutations abolish or substantially reduce HIV-1 fusion
efficiency and viral infectivity by destabilizing the Env trimer. Our data reveal an
undefined mechanism by which the PR determines HIV-1 fusion and infectivity. These
findings indicate that the highly conserved PR may represent a new target for antiret-
roviral and vaccine development against HIV-1 entry and infection.

RESULTS
RRE mutations overlapping the gp41 coding sequence do not affect RRE

function. To study the effect of HIV-1 RNA modification on viral gene expression,
Lichinchi et al. examined single and combined mutations of three nucleotides (U7871C,
A7877G, and A7883G) in the RRE of the HIV-1LAI strain and suggested that m6A
modification at A7883 is critical for Rev binding and enhanced viral mRNA nuclear
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export (10). We noticed that these three RRE mutations also changed 1 to 3 amino acids
(aa) of gp41 compared with wild-type (WT) HIV-1 sequence (Fig. 1A). Our bioinformatic
analyses of 63,612 RRE sequences in the HIV Sequence Database revealed that these
three nucleotides are highly conserved, with a 0.2% to 7.3% mutation frequency (Fig.
1B). The three polar residues (S532, T534, and T536) are within the 17-aa PR of gp41
located between the fusion peptide (FP) and N-terminal heptad repeat (4) (Fig. 1C) and
are highly conserved among 57,645 HIV-1 isolates (Fig. 1D). Of note, residues 533 and
541 in the PR show polymorphisms in different HIV-1 subtypes (Fig. 1D). These data
suggest the importance of these residues of the PR in HIV-1 replication.

To investigate the effect of these mutated RREs on Rev interaction during HIV-1
infection, we engineered rev- and env-deficient reporter HIV-1 strains containing the WT
or each mutant RRE in the presence or absence of Rev. Because the nucleotide
mutations in RRE resulted in amino acid changes in Env (Fig. 1A), the reporter HIV-1
defective for Env expression was pseudotyped with vesicular stomatitis virus glycopro-
tein G (VSV-G) to allow endocytosis-mediated viral entry (11). We found that HIV-1
bearing mutant RREs responded to trans-complemented Rev similarly to WT HIV-1, with
comparable infectivity (Fig. 1E and F), indicating that these RRE mutations do not affect
Rev-RRE interactions when Rev is expressed in trans.

PR mutations significantly decrease HIV-1 infectivity without affecting viral
production. To investigate the role of these nucleotides in HIV-1 replication, we
generated five HIV-1 mutants (M1 to M5) with single or combined mutations at T7814C,
A7820G, and A7826G in the RRE of the HIV-1NL4-3 strain (Fig. 1A). These mutations
caused 1- to 3-aa changes in gp41, namely M1 (S532P and T534A), M2 (T536A), M3
(S532P, T534A, and T536A), M4 (S532P), and M5 (T534A) (Fig. 1A). Intriguingly, when
equal amounts of HIV-1 were used to infect target cells, M1, M3, and M4 lost infectivity,
while M2 and M5 reduced infectivity over 10-fold compared with the level of WT HIV-1
(Fig. 2A), suggesting that these three residues in gp41 are critical for HIV-1 infection.

To examine the effect of these gp41 mutations on HIV-1 production, we compared
mutant viruses with replication-competent WT HIV-1 generated from proviral DNA-
transfected HEK293T cells. Relative to WT HIV-1 proteins expressed in virus-producing
cells, mutants M1 to M5 showed comparable levels of HIV-1 Gag, capsid ([CA] p24),
gp160, and gp41 proteins (Fig. 2B). HIV-1 gp160 is cleaved into gp120 and gp41 by furin
or a related cellular protease primarily at a motif before the first residue of the FP of
gp41 or at a secondary site located 8 aa N-terminal to the first site (12, 13). The first
mutation (S532P) is 22 aa and 30 aa from the primary and secondary cleavage sites of
gp160, respectively (2). These gp41 mutations did not alter the gp160 cleavage sites,
and cleaved gp41 levels in virus-producing cells were comparable between WT and
mutants M1 to M5 (Fig. 2B), suggesting that gp160 cleavage is not affected by these
mutations. However, compared with WT HIV-1-producing cells, cleaved gp120 was
undetectable in cells expressing the M1, M3, and M4 mutants and significantly de-
creased in cells expressing the M5 mutant (Fig. 2B), suggesting that these mutations
may reduce gp120 stability or increase gp120 shedding. Furthermore, similar p24 levels
of WT and mutant viruses were detected in the supernatants of transfected cells (no
statistically significant difference) (Fig. 2C), indicating that these PR mutations did not
affect HIV-1 production and release.

PR mutations decrease gp120 association and reduce viral fusion and infec-
tivity. To investigate whether the decreased infectivity of the mutants was attributed
to impaired HIV-1 entry due to the gp41 mutations, we compared the expression and
cleavage of gp160 of WT and mutant HIV-1 produced from HEK293T cells transfected
separately with proviral DNA constructs. All mutants showed comparable levels of Gag
and p24 in both cell lysates and purified virions relative to levels of WT HIV-1 (Fig. 3A
and B, respectively). In cell lysates, mutants M1 to M5 expressed levels of gp160 and
gp41 similar to those of WT HIV-1. While M2 had a level of gp120 similar to that of
WT HIV-1, M1 and M3 to M5 had undetectable or significantly lower levels of gp120
(Fig. 3A, left panel). Compared with purified WT virions, virions of M1 to M5 showed
increased gp160 levels and significantly decreased gp120 levels. Relative to WT virions,
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FIG 1 RRE mutations overlapping the gp41 coding sequence do not affect RRE function. (A) Alignment of
nucleotide (nt) and amino acid (aa) sequences of overlapped HIV-1 RRE and Env in wild-type (WT) and mutants
(M1 to M5) based on HIV-1NL4-3 (GenBank accession number M19921.2). (B) Secondary structure of the hairpin
loop IIB of the RRE of HIV-1NL4-3. The mutation frequencies of the indicated nucleotides shown in parentheses are
based on analysis of 63,612 RRE sequences in the HIV Sequence Database. Three nucleotides that were mutated
are shown in red, which are equivalent to U7871, A7877, and A7883 in the HIV-1LAI strain reported by Lichinchi
et al. (10). (C) HIV-1 gp41 domains (residue numbers are based on HIV-1NL4-3 strain). FP, fusion peptide; PR, polar
region; NHR, N-terminal heptad repeat; CHR, C-terminal heptad repeat; MPER, membrane-proximal external
region; TM, transmembrane domain; CT, cytoplasmic tail. (D) Mutation frequency of the PR amino acids in HIV-1
gp41. A total of 57,645 aligned HIV-1 Env sequences from the HIV database were analyzed. Frequency of each
residue (total, 17 aa) in the PR was calculated to generate sequence logo using WebLogo. (E and F) Single-cycle
HIV-1 pseudotyped with VSV-G was generated by transfecting pNL4-3 E-R-Rev-/YFP (WT or M1 to M5 separately)
and plasmids encoding VSV-G or Rev fused with mApple (Rev-mApple). Plasmid encoding mApple alone was used
as a negative control. Cell lysates were used for immunoblotting, and the results are shown below the bar figures
(one representative from three independent experiments is shown); viruses, as indicated, were used to infect
HeLa cells to quantify HIV-1 infectivity. HSP90 was used as a loading control. All experiments were performed with
triplicate samples and repeated at least three times, and means � standard errors of the means are shown. No
statistical difference in levels of infectivity was observed between WT and each mutant.
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gp41 levels of M1, M3, and M4 virions were significantly reduced, while M2 and M5
showed comparable or slightly reduced gp41 levels (Fig. 3B, left panel). The reduced
gp41 and increased gp160 in HIV-1 particles of M1, M3, and M4 relative to levels in WT
HIV-1 (Fig. 3B, left panel) suggest underpackaging of furin-processed trimers in mutant
virions.

Based on quantification of three independent experiments and compared with WT
HIV-1, the gp120/gp160 levels of M1, M3, M4, and M5 mutants were significantly
reduced in cell lysates (Fig. 3C), while the gp120/gp160 levels of M1, M2, M3, and M4
mutants were significantly decreased in purified virions (Fig. 3D). Moreover, the gp41/
gp160 levels of all mutant viruses were similar to those of WT HIV-1 in cell lysates (Fig.
3C) but were significantly lower than those of WT HIV-1 in virions (Fig. 3D). Together,
these results suggest that reduced gp120-gp41 trimer stability in mutant HIV-1 (par-
ticularly M1, M3, and M4 that contain the S532P mutation) leads to significantly
decreased viral infectivity.

Env overexpression rescues HIV-1 infectivity and fusion of the PR mutants. To
examine whether HIV-1 Env expression in trans could rescue gp120 expression of the
mutant viruses, we overexpressed WT Env of HIV-1NL4-3 in virus-producing cells and
compared WT and mutant viruses (Fig. 3A and B, �Env). trans-Supplementation of WT
Env significantly increased gp160 incorporation into virions (Fig. 3B, right panels) and
rescued the infectivity of all mutants (Fig. 3E), confirming that low levels of gp120 and
gp41 in M1 to M5 account for the loss or significantly reduced infectivity. Notably, Env
trans-supplementation decreased WT HIV-1 infectivity by �40% and partially rescued
infectivity of M1 to M5 relative to the level of WT HIV-1 (Fig. 3E), which was likely due
to competitive binding of uncleaved gp160 on virion surfaces to cellular receptors,
leading to decreased viral fusion of WT HIV-1.

To investigate whether the loss of infectivity of the mutant viruses was due to
compromised viral entry, we measured virion-cell fusion efficiency of WT and mutant
viruses using a beta-lactamase (BLaM)-Vpr assay (14). WT HIV-1 infection led to fusion
with 72% of target cells, while M1, M3, and M4 mutants showed only background levels
of virion-cell fusion (� 0.5%), and M2 and M5 showed 5% to 8% virion-cell fusion (Fig.
3F). We also tested virion-cell fusion for viruses generated with WT Env overexpression.
The trans-supplementation of WT Env significantly increased virus-cell fusion of M1 to
M5 to levels close to the level of WT HIV-1, indicating that WT Env overexpression
rescued defective virion-cell fusion of the mutants (Fig. 3F). These data are consistent

FIG 2 PR mutations significantly decrease HIV-1 infectivity without affecting viral production. (A) HIV-1 infectivity
of equal amounts of p24 of WT and mutants was quantified with TZM-bl cells. (B) Lysates of transfected HEK293T
cells were analyzed for HIV-1 Gag, CA, and gp160 expression by immunoblotting. GAPDH was a loading control.
(C) HIV-1 p24 levels in supernatants of transfected HEK293T cells were quantified by ELISA. All experiments were
performed with triplicate samples and repeated at least three times, and means � standard errors of the means
are shown. Dunnett’s multiple-comparison test was used for statistical analysis. ***, P � 0.0001, for the comparison
of the result with an individual mutant to that with WT HIV-1.
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with the HIV-1 infectivity results (Fig. 3E), confirming that mutant viruses have signif-
icantly diminished virion-cell fusion and, thus, compromised HIV-1 entry into target
cells.

PR mutations abolish or significantly decrease Env-mediated cell-cell fusion.
Because Env-mediated cell-cell fusion plays an important role in efficient HIV-1 trans-
mission (2, 15), we sought to examine whether the gp41 mutations affected HIV-1

FIG 3 PR mutations decrease gp120 association and reduce HIV-1 fusion and infectivity. HEK293T cells were
transfected with full-length WT or mutant (M1 to M5) proviral constructs without (control) or with (�Env) a WT
gp160 expression plasmid. (A) Cell lysates were used for immunoblotting of the indicated HIV-1 proteins. GAPDH
was a loading control of cell lysates. (B) Purified HIV-1 virions were used for immunoblotting of the indicated HIV-1
proteins. (C and D) Densitometry quantification of gp160, gp120, and gp41 bands in immunoblotting of cell lysates
(control samples in panel A) and purified HIV-1 (control samples in panel B), respectively. Relative levels of
gp120/gp160 or gp41/gp160 ratios were calculated from three independent experiments. The values of WT HIV-1
were set as 100%, and relative levels are shown as means � standard errors of the means (n � 3). *, P � 0.05; **,
P � 0.005; ***, P � 0.0001, for the comparison of the result with an individual mutant to that with WT HIV-1 (E)
WT or mutant HIV-1 generated from transfected HEK293T cells without (control) or with Env overexpression (�Env)
were quantified for viral infectivity using TZM-bl cells. (F) Virion-cell fusion was determined by flow cytometry-
based BlaM-Vpr assays using TZM-bl cells (10 or 50 ng of p24 for HIV-1 with or without Env trans-supplementation,
respectively). All experiments were performed with triplicate samples for panels E and F and repeated at least three
times, and means � standard errors of the means are shown. Dunnett’s multiple-comparison test was used for
statistical analysis. ***, P � 0.0001, for the comparison of the result with an individual mutant to that with WT HIV-1.
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Env-mediated membrane fusion between cells. HEK293T cells that overexpressed Env
(gp160) of WT HIV-1 and M1 to M5 were cocultured with TZM-bl cells to measure
cell-cell fusion using a luciferase reporter assay (16). Compared with the level of WT Env
(set as 1.0), similar levels of mutant Env (0.9 to 1.3) were detected in cell lysates of
transfected HEK293T cells (Fig. 4A). The gp120 and gp41 products in cell lysates were
less abundant than the precursor gp160 (Fig. 4A), likely due to overexpressed gp160
that could not be efficiently cleaved by endogenous furin in cells. Of note, the majority
of unprocessed gp160 in cells could be a limitation of the cell-cell fusion assay relative
to the performance of the virus-cell fusion assay.

The level of cell surface gp120 and its trimer conformation are critical for Env-
mediated cell-cell fusion (15). We performed flow cytometry to measure the level of cell
surface gp120 expression in transfected HEK293T cells. The average percentages of
gp120-positive cells were slightly lower in M3 and M5 mutant Env-expressing cells than
in WT Env-expressing cells (Fig. 4B), while the mean fluorescence intensities of cell
surface gp120 were comparable among mutants M1 to M5 and WT Env-expressing cells
(Fig. 4C). Importantly, M1, M3, and M4 mutants containing S532P abolished Env-
mediated cell-cell fusion, and M2 and M5 mutants significantly reduced cell-cell fusion
compared with the level of WT Env (Fig. 4D). These data demonstrate that the PR
mutations significantly decrease HIV-1 Env-mediated cell-cell fusion, suggesting that
these PR mutations likely lead to conformation changes of Env trimers, thereby
significantly reducing the fusogenicity of mutant Env.
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FIG 4 PR mutations abolish or significantly decrease Env-mediated cell-cell fusion. HEK293T cells were
separately transfected with pRK empty vector, WT, or mutant Env (gp160) expression construct together
with pCMV-Rev. HEK293T cells transfected without plasmid DNA were used as a mock control. (A) At 24
h posttransfection, HEK293T cells were collected and lysed for immunoblotting analysis with antibodies
to gp160/gp120, gp41, or GAPDH. (B and C) At 24 h posttransfection, the cells were stained with gp120
monoclonal antibody (2G12) at 4°C to measure the cell surface gp120 expression using flow cytometry.
Average percentages (B) and the mean fluorescence intensity (C) of gp120-positive cells from four
independent experiments were determined. (D) Transfected HEK293T cells were cocultured with TZM-bl
cells for 24 h and then lysed for firefly luciferase activity measurement of Env-mediated cell-cell fusion.
Average percentages of HIV-1 Env-mediated cell-cell fusion from three independent experiments are
shown, with the value for the WT set as 100%. All experiments were performed with triplicate samples
and repeated at least three times, and means � standard errors of the means are shown. Dunnett’s
multiple-comparison test was used for statistical analysis. *, P � 0.05; **, P � 0.01; ***, P � 0.0001, for the
comparison of the result with an individual mutant Env to that with WT Env.
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PR mutations decrease gp120 association with gp41 and increase gp120
shedding. The processed gp120 in cells that is not assembled into trimers can shed
into the medium (17). To better understand the mechanisms of defective fusion of the
mutants, we performed a gp120 shedding assay and compared gp120 processing and
association indexes between WT and mutant Env proteins using a standard protocol
and equations (18). Representative results of gp120 shedding of 35S-labeled Env of WT
and mutants (M1 to M5) from one experiment are shown in Fig. 5A. The average results
from four independent experiments demonstrate that gp120 shedding of M1, M3, and
M4 mutants were significantly higher than those of WT Env, while gp120 processing
levels were comparable (Fig. 5B). These results suggest that the common mutation
S532P in M1, M3, and M4 significantly decreases gp120 and gp41 trimer association,
thereby leading to reduced viral fusion and infectivity.

S532A mutant of the PR reduces HIV-1 infectivity and fusogenicity. Our bioin-
formatic analyses revealed that, at residue 532 in the PR of 57,645 HIV-1 Env sequences,
96.6% and 3.3% sequences have serine and alanine, respectively (Table 1). These data
suggest that the majority of circulating HIV-1 isolates contain residue S532 in the PR,
while viruses containing A532 in the PR can also be infectious and transmitted in
human patients. To compare the role of S532 and A532 in regulating HIV-1 Env
incorporation, infectivity, and fusogenicity, we generated a single S532A mutant of
the PR (referred to as M6) for related functional analyses (Fig. 6A). Transfection of
HEK293T cells with a proviral DNA construct of M6 yielded levels of extracellular p24
release similar to those of the WT HIV-1 level (Fig. 6B), indicating comparable viral
production and release. However, M6 infectivity decreased by 74% compared with
that of WT HIV-1 (Fig. 6C, control samples). Similar expression levels of gp160,
gp120, gp41, Gag, and p24 were observed in HEK293T cells producing M6 or WT

FIG 5 PR mutations decrease gp120 association and increase gp120 shedding. (A) Representative results
of gp120 shedding of 35S-labeled WT and mutant Env (M1 to M5) from one of four separate experiments.
HEK293T cells were transfected with WT or mutant Env expression constructs for the gp120 shedding
assay. The gp120 processing and the association index were calculated as described in Materials and
Methods and are shown below the shedding gel. Values are representative of the average of four
separate experiments. (B) Summary results of four independent experiments of gp120 shedding.
Dunnett’s multiple-comparison test was used for statistical analysis. ***, P � 0.001, for a comparison of
the association index of mutant M1, M3, or M4 with that of WT Env.
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HIV-1 and in purified virions (Fig. 6D, control samples), suggesting that S532A
mutation does not significantly affect HIV-1 protein expression and Env incorpora-
tion in virions. To examine whether HIV-1 Env expression in trans could rescue M6
infectivity, we overexpressed WT Env of HIV-1NL4-3 in virus-producing cells and
compared WT and M6 levels of expression (Fig. 6D, �Env). trans-Supplementation
of WT Env significantly increased expression of gp160/120 in cells and incorporation
of gp160/gp120 into virions (Fig. 6D) and increased M6 infectivity to the level of WT
HIV-1 (Fig. 6C, �Env).

To investigate whether reduced infectivity of M6 was due to compromised viral
entry, we measured virion-cell fusion efficiency of WT and M6 using the BlaM-Vpr assay.
M6 showed 30% lower virion-cell fusion than the WT HIV-1 (Fig. 6E). Moreover, the
trans-supplementation of WT Env significantly increased virus-cell fusion of M6 to a
level similar to that of WT HIV-1 (Fig. 6E). These data indicated that M6 had reduced
virion-cell fusion and, thus, compromised HIV-1 entry into target cells. We further
examined whether M6 mutation affected HIV-1 Env-mediated cell-cell fusion. The
expression levels of WT and M6 Env were comparable in cell lysates of transfected
HEK293T cells (Fig. 6F). The average percentage of gp120-positive cells and the mean
fluorescence intensity of cell surface gp120 were also similar in M6 mutant Env-
expressing cells and WT Env-expressing cells (Fig. 6G and H, respectively). In contrast,
M6 mutant Env-mediated cell-cell fusion was significantly reduced by 77% relative to
the level of WT Env (Fig. 6I). These data suggest that S532A mutation significantly
decreases Env-mediated cell-cell fusion, potentially through an alteration to the Env
stability required for optimal fusogenicity.

Structural models of the PR in the Env trimer of the prefusion state. To better
understand the structural basis of the PR in determining HIV-1 Env trimer stability, we
analyzed the published three-dimensional (3D) structures of HIV-1 Env trimer in the
prefusion state (19, 20). The structural model shows that the PR interacts with the CHR
element of a neighboring protomer, indicating the role of PR in stabilizing the gp120-
gp41 trimer (Fig. 7). The S534/T536/T538 residues in HIV-1BG505 (equivalent to S532/
T534/T536 residues in HIV-1NL4-3, respectively) are located right in the trimer junction
of gp120 and gp41 (Fig. 7A and B). S534 and T538 in HIV-1BG505 are exposed to and
interact with the neighboring CHR by forming hydrogen bonds with residues E647 and
N656 (Fig. 7C). Interestingly, S534 (S532 in HIV-1NL4-3) interacts with a neighboring
protomer through its main-chain carbonyl group (Fig. 7C), which may be affected by
structural and stability deviations caused by a different amino acid that has a different
�-helical propensity (21, 22). This would help explain abolished or significantly reduced
HIV-1 infectivity and fusogenicity of mutants containing S532P (mutants M1, M3, and
M4) or S532A (mutant M6) in the HIV-1NL4-3 sequence. Although residue T536 in
HIV-1BG505 (equivalent to T534 in HIV-1NL4-3) does not make direct contact with
protomer 2 (Fig. 7C), T534A (mutant M5) of HIV-1NL4-3 also had a significant impact on
the infectivity (Fig. 2A and 3E) and fusogenicity (Fig. 3F and 4D), which may result from

TABLE 1 The frequency of residue 532 in the PR of 57,645 HIV-1 Env sequencesa

Amino acid at position 532 No. of Env sequences Frequency (%)

S 55,694 96.615
A 1,891 3.280
P 30 0.052
T 17 0.029
G 6 0.010
Xb 3 0.005
L 3 0.005
—c 1 0.002
aThe analysis was based on a total of 57,645 aligned HIV-1 Env sequences from the Los Alamos National
Laboratory HIV Sequence Database. The amino acid position is based on the HIV-1NL4-3 Env sequence
(GenBank accession number M19921.2).

bUnknown amino acids due to ambiguous sequences.
cGap in sequence alignment.
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altered structure or stability of the region of protomer 1 proximal to the FP (Fig. 7C).
Overall, our structural analysis suggests that these PR mutations lead to loss of this
interaction and alter the helical structure of the PR, which would destabilize the Env
trimer and affect the association of gp120 and gp41.

WT
M6

tca atg acg ctg acg
g-- --- --- --- ---

WT
M6

S M   T L   T
A   - - - -

FIG 6 S532A mutant of the PR reduces HIV-1 infectivity and fusogenicity. (A) Alignment of nucleotide (nt) and
amino acid (aa) sequences of overlapped HIV-1 RRE and Env in wild-type (WT) and S532A mutants (M6) based on
HIV-1NL4-3 (GenBank accession number M19921.2). (B) HIV-1 p24 levels in supernatants of transfected HEK293T cells
were quantified by ELISA (n � 6). (C to E) HEK293T cells were transfected with full-length WT or M6 mutant proviral
constructs without (control) or with (�Env) a WT gp160 expression plasmid. HIV-1 infectivity of equal amounts of
p24 of WT and mutants was quantified with TZM-bl cells (C). (D) Lysates of transfected HEK293T cells or purified
HIV-1 were analyzed for the indicated HIV-1 proteins by immunoblotting. GAPDH was a loading control (D).
Virion-cell fusion was determined by flow cytometry-based BlaM-Vpr assays using TZM-bl cells (10 ng p24 for HIV-1
with or without Env trans-supplementation) (E). (F to H) HEK293T cells were separately transfected with a pRK
empty vector, WT, or M6 Env (gp160) expression construct together with pCMV-Rev. HEK293T cells transfected
without plasmid DNA were used as a mock control. At 24 h posttransfection, HEK293T cells were collected and
lysed for immunoblotting analysis with antibodies to gp160/gp120, gp41, or GAPDH (loading control). Relative
gp160 levels were quantified and normalized to the level of GAPDH (F). At 24 h posttransfection, the cells were
stained with gp120 monoclonal antibody (2G12) at 4°C to measure the cell surface gp120 expression using flow
cytometry. Average percentages (G) and the mean fluorescence intensity (H) of gp120-positive cells from three
independent experiments were determined. (I) Transfected HEK293T cells were cocultured with TZM-bl cells for 24
h and then lysed for firefly luciferase activity measurement of Env-mediated cell-cell fusion. Average percentages
of HIV-1 Env-mediated cell-cell fusion from four independent experiments are shown, with the value for the WT
set as 100%. All experiments were performed with triplicate samples and repeated at least three times, and means
� standard errors of the means are shown. Dunnett’s multiple-comparison test was used for statistical analysis. *,
P � 0.05; ***, P � 0.0001, for results with M6 mutant compared to those with WT HIV-1.
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DISCUSSION

Here, we report that the three RRE mutations (M1 to M3) tested by Lichinchi and
colleagues (10) altered the coding sequence of the PR and abolished or significantly
reduced fusogenicity of gp41 and viral infectivity. However, these mutations did not
affect the RRE function in a single-cycle HIV-1 infection assay. Of note, Lichinchi et al.
showed only reduced gp120 mRNA expression levels and nuclear export of HIV-1 RNA
of M2 and M3 relative to levels of the WT in transfected HEK293T cells (10), but they did
not investigate the effect of these RRE mutations on Env protein expression, viral fusion,
and infectivity. Furthermore, in contrast to the report by Lichinchi et al. of m6A
modifications in the stem-loop of HIV-1 RRE (10), two other independent studies did not
identify any m6A peaks in the RRE region (23, 24). Although different experimental
approaches in these three studies might partially account for the discrepancy of the
m6A mapping results, our current study is important to clarify the effects of these RRE
mutations on HIV-1 fusion and infectivity given their overlapping of the gp41 coding
sequence.

Based on our results presented in Fig. 2 and 6, we summarized the effects of the PR
mutations on HIV-1 biological activities, including viral infectivity, virion-cell and cell-
cell fusion, and gp120 association and processing (Table 2). In particular, we found that
three mutations (M1, M3, and M4) containing S532P abolished HIV-1 fusion and

HIV-1 PR(BG505 strain) 528-STMGAASMTLTVQARNL-544

HIV-1 PR(NL4-3 strain) 526----------------Q--542

FIG 7 Structural models of the PR in the Env trimer of prefusion state. (A) PR sequence alignment
between HIV-1BG505 and HIV-1NL4-3. (B) PR location at the trimer junction of gp120 (tan) and gp41 (blue).
One protomer is shown in ribbon representation. The neighboring protomers are in surface represen-
tation and are shown in gray and teal blue. (C) PR (blue) interaction with gp41 C-terminal heptad repeat
(CHR) of a neighboring protomer (gray). Fusion peptide (FP) is shown in red. The hydrogen bonds
between residues are shown in dashed lines. Residue numbers and the structure prediction in panels B
and C are based on the HIV-1BG505 strain (19, 20). Of note, residue numbers of HIV-1BG505 shown in panels
B and C are two numbers greater than those of HIV-1NL4-3.

TABLE 2 Summary of the effects of mutations in the PR on HIV-1 biological activitiesa

Groupb

Mutation(s) in
PR of gp41

Viral
infectivity (%)

Virion-cell
fusion (%)

Cell-cell
fusion (%)

gp120
association (%)

gp120
processing (%)

WT None 100 100 100 100 100
M1 S532P, T534A 0 0.4 0 55 92
M2 T536A 6.2 16.7 58.0 124 87
M3 S532P, T534A, T536A 0.4 0.3 0 47 102
M4 S532P 0.5 0.5 0 43 116
M5 T534A 2.3 5.3 24.0 82 93
M6 S532A 25.9 69.9 22.7 ND ND
aAll percentages represent the average results of relative levels from at least 3 independent experiments. ND, not done.
bWT, wild-type HIV-1NL4-3; M1 to M6, HIV-1NL4-3-derived PR mutations 1 to 6, respectively.
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infectivity by destabilizing the gp120 and gp41 association. Furthermore, an S532A
mutation (M6) that shows a 3.3% frequency in all analyzed HIV-1 Env sequences also
significantly reduced viral infectivity and fusion. These data indicate lower replication
fitness of S532A variant, which are consistent with results from a recent study using
deep mutational analyses of HIV-1 Env (25). Taken together, these results also highlight
the importance of residue S532 of gp41 in regulating HIV-1 fusion and infectivity,
indicating that the PR is critical for HIV-1 fusion and infectivity. We did not perform the
gp120 shedding experiment with the M6 mutant because this mutant showed cleavage
and virion incorporation of gp120 and gp41 similar to that of WT HIV-1 (Fig. 6D) and
higher infectivity and virus-cell fusion ability than mutants M1 to M5 (Table 2).

Analysis of the published structures of soluble disulfide-stabilized gp120 and gp41
complex (19, 20) suggests that the PR promotes gp120 and gp41 association by
stabilizing the trimer via an interaction with the CHR. It has been shown that a six-helix
bundle core is formed before fusion pore opening (26) and that the gp41 peptide
consisting of residues 17 to 70, including the PR and NHR-derived N36 peptide, can
interact with the CHR-derived C34 to form more stable six-helical bundles than those
formed by N36 and C34 peptides (5). A previous study of the crystal structure of
residues 528 to 683 of gp41 (gp41528 – 683) showed that both the PR and the MPER form
helical extensions from the gp41 six-helical bundle core structure (7). These biophysical
and structural studies further support our notion that the PR maintains the association
of g120 and gp41 and Env trimer stability.

Our results are consistent with an earlier study by Freed et al. showing that different
point mutations in the FP or PR of HIV-1 gp41 largely reduced or blocked Env-mediated
syncytium formation but significantly increased the levels of gpl20 secretion into the
extracellular medium (27). Poumbourios and colleagues have studied the effects of
different and combined mutations in the PR and MPER of HIV-1AD8 on viral fusion and
infection, including the double-residue mutations of L537A/W666A or I535A/V539G
that are defective for cell-cell fusion, HIV-1 entry, and infection (6, 8). Their results
suggested that the PR and MPER act synergistically in forming a fusion-competent
gp120-gp41 complex and in stabilizing the trimer of gp41 hairpins and that prefusion
Env complex can be adversely affected by MPER mutations. In contrast, our results
highlight the importance of previously uncharacterized residues of the PR (S532, T534,
and T536) in stabilizing Env trimers and in determining gp41 fusogenicity and HIV-1
infectivity. Together, these results indicate that both the PR and MPER could be
conserved functional targets for the discovery of fusion inhibitors or neutralizing
antibodies.

Although extensive studies of HIV-1 Env have led to a peptide-based fusion inhibitor
(T20) clinically used to block viral entry, drug resistance of T20 and other anti-HIV drugs
is a significant barrier to eradication of HIV-1 infection (1). Our findings indicate that the
PR is structurally essential for maintaining HIV-1 Env trimer, suggesting that the PR
might be targeted for design of more effective anti-HIV-1 peptides. Indeed, structure-
based design of peptides targeting the CHR of gp41 significantly improves pharmaco-
logical properties of HIV-1 fusion inhibitors (28, 29). A top priority in HIV-1 vaccine
development is to generate HIV-1 Env trimer-based immunogens to elicit broadly
neutralizing antibodies (bNAbs), and bNAbs that bind to gp120 and gp41 have dem-
onstrated broad and potent HIV-1 neutralization (3). HIV-1 neutralization by the bNAb
(ACS202) that recognizes a trimer-specific epitope at the gp120-gp41 interface is highly
sensitive to substitutions of multiple residues in the FP and the PR of gp41 (30),
suggesting that both regions could be conserved targets for bNAb. The N terminus of
the FP has been shown as a promising target of HIV-1 vaccine to elicit bNAbs (31).
Monoclonal antibodies to the PR have been identified in HIV-1-infected patients (32)
although it is unclear whether these antibodies could be potential bNAbs. One limita-
tion of our study is the use of HEK293T cell-generated HIV-1NL4-3 that contains a tier 1A
Env. It would be helpful to further examine the observed phenotypes in CD4� T cells
that may incorporate less unprocessed gp160 and to test a tier 2 Env that could be less
prone to shedding (33).
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In summary, our findings indicate that the PR of gp41, particularly the key residue
S532, is structurally essential for maintaining HIV-1 Env trimer, viral fusion, and infec-
tion. Our results reveal the previously unappreciated function of the PR and the
underlying mechanisms, highlighting the important role of the PR in determining HIV-1
fusogenicity and infectivity.

MATERIALS AND METHODS
Cell culture. The HEK293T cell line (American Type Culture Collection [ATCC], CRL-3216), HeLa cells

(ATCC, CCL-2), and GHOST/R5/X4 cells were kind gifts from Vineet KewalRamani (National Cancer
Institute, USA) and maintained in complete Dulbecco’s modified Eagle’s medium (DMEM) as described
previously (24, 34). TZM-bl cells (35) were obtained through the NIH AIDS Reagent Program (NIH-ARP;
catalog number 8129). All cell lines utilized were maintained at 37°C in 5% CO2 and tested negative for
mycoplasma contamination using a universal mycoplasma detection kit (ATCC 30-1012K).

Plasmids, cloning, and mutagenesis. Mutations in pNL4-3 were introduced using an Agilent
QuikChange Lightning Multi Site-directed mutagenesis kit (catalog number 210515-5) according to the
manufacturer’s instructions. The sequences of the PCR primers used for mutagenesis are summarized in
Table 3. To generate the yellow fluorescent protein (YFP) reporter virus constructs, plasmids encoding
full-length pNL4-3 and the RRE (WT and M1 to M5) were digested with BamH I and NheI to generate a
fragment that was inserted into pNL4-3 E-R-Rev-/YFP (11) using the same restriction sites. WT Env and
mutant (M1 to M6) expression constructs were generated using a pRK vector (36) as described previously
(17). All mutations were confirmed by DNA sequencing.

Mutation frequency analyses of residues in HIV-1 RRE and the PR. The total 63,612 aligned RRE
sequences were downloaded from the HIV Sequence Database of the Los Alamos National Laboratory
(https://www.hiv.lanl.gov). An in-house Python script was used to calculate mutation frequencies of
nucleotides at positions 7814, 7820, and 7826 (starting from the U3 region of the pNL4-3 sequence;
GenBank accession number M19921.2). For PR sequence analysis, a total of 57,645 aligned HIV-1 Env
sequences were downloaded from the HIV Sequence Database (https://www.hiv.lanl.gov). A sequence
logo was generated using WebLogo (http://weblogo.threeplusone.com/) based on frequencies of each
residue in the PR (17 aa) of the 57,645 HIV-1 Env sequences.

Single-cycle HIV-1 production and infection assays for RRE activity. Replication-competent WT
and mutant HIV-1 stocks were generated by transfection of HEK293T cells with pNL4-3 or mutant proviral
DNA plasmids using calcium phosphate, as described previously (37), or Lipofectamine 2000 (Invitrogen)
according to instructions. Viral infectivity assays and immunoblotting experiments shown in Fig. 1E and
F were carried out as described previously (11). Briefly, HEK293T cells were transfected with the following
plasmids: 1,000 ng of pE-R-Rev-/YFP, 200 ng of pRev-mApple or mApple control plasmid, and 100 ng of
pVSV-G using polyethylenimine (PEI) (catalog no. 23966; Polysciences, Inc.). Culture medium was
exchanged at 4 h posttransfection with supernatants, and producer cell lysates were harvested at 48 h.
Supernatants were filtered (0.45-�m-pore-size filter) and used to infect HeLa cells in 12-well plates; target
cells were fixed at 48 h postransduction using 4% paraformaldehyde, permeabilized using 0.2% Triton
X-100, and stained with 4,6-diamidino-2-phenylindole (DAPI). YFP and DAPI fluorescence were measured
using a Cytation 5 imaging reader (Biotek Instruments, Inc.) operated by Gen5 software (version 2.07)
using the following excitation/emission monochromator ranges, respectively (wavelengths in nanome-
ters): 490 to 510/520 to 550 (YFP) and 340 to 380/420 to 480 (DAPI). YFP fluorescence was normalized
to cell number based on the relative DAPI signal.

Immunoblotting. HIV-1 producer cell monolayers were washed with phosphate-buffered saline
(PBS) and lysed using radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulfate [SDS], 1% Triton X-100, 1% sodium deoxycholate)
containing complete protease inhibitor cocktail (Roche). Cell lysates were prepared for immunoblotting
by a freeze-thaw step, centrifugation for 10 min at 1,000 � g, and boiling in 2� dissociation buffer
(62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2% SDS, 10% �-mercaptoethanol) at a 1:1 ratio prior to
SDS-PAGE and transfer to nitrocellulose membranes. Immunoblot analyses were performed as described
previously (11) using mouse HIV-1 Rev antibodies (ab85529 [Abcam] or sc-69729 [Santa Cruz Biosci-
ences]) and rabbit anti-HSP90 antibody (sc-7947; Santa Cruz Biosciences) and detected using anti-mouse
or anti-rabbit secondary antibodies conjugated to either of two infrared fluorophores, IRDye 680 or IRDye
800 (LiCor Biosciences). Rabbit anti-human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) poly-

TABLE 3 PCR primers used in generating HIV-1 gp41 mutants M1 to M6

PCR primer DNA sequence (5=–3=)a

M1 TGGGCGCAGCGCCAATGGCGCTGACGGTACA
M2 TGGGCGCAGCGTCAATGACGCTGGCGGTACA
M3 TGGGCGCAGCGCCAATGGCGCTGGCGGTACA
M4 TGGGCGCAGCGCCAATGACGCTGACGGTACA
M5 TGGGCGCAGCGTCAATGGCGCTGACGGTACA
M6 TGGGCGCAGCGGCAATGACGCTGACGGTACA
aMutated nucleotides compared with HIVNL4-3 sequence (GenBank accession number M19921.2) are shown in
boldface.
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clonal antibody was purchased from Bio-Rad (catalog no. AHP1628). The HIV-1 antibodies were obtained
from the NIH-ARP: anti-gp120 (which recognizes both gp160 and gp120; catalog no. 288), anti-gp41
(catalog no. 13049), anti-gp160 (catalog no. 188), anti-HIV-1 gp120 monoclonal (2G12) (catalog no. 1476),
and anti-p24 (catalog no. 6458). Relative protein expression levels were quantified using ImageJ software
(version 1.51w) based on the densitometry of the protein bands.

HIV-1 p24 quantification and viral infectivity assays. HIV-1 p24 levels in replication-competent
viral stocks were quantified by an enzyme-linked immunosorbent assay (ELISA) using anti-p24-coated
plates (AIDS and Cancer Virus Program, NCI-Frederick, MD) as described previously (24). To compare the
infectivity of WT and mutant HIV-1, viruses with equal amounts of p24 (0.4 ng/sample) were used to
infect TZM-bl cells in 24-well plates. At 48 h postinfection, TZM-bl cells were washed twice with PBS and
lysed for luciferase assay (Promega) according to the manufacturer’s instructions. GHOST/R5/X4 cells
were also used to validate the HIV-1 infectivity results derived from TZM-bl cells (37). Cell protein
concentrations were quantified using a bicinchoninic acid assay (Pierce), and all luciferase results were
normalized based on total protein input.

HIV-1 purification. To study the association and incorporation of gp120 and gp41 to virions, WT and
mutant viruses were purified as described previously (38). The cell culture media containing viruses were
pelleted through 25% sucrose using an SW28 rotor at 141,000 � g for 90 min. After resuspension in PBS,
the viruses were layered on top of 6 to 18% OptiPrep (D1556; Sigma-Aldrich) in an SW55 Ti rotor tube
and ultracentrifuged at 250,000 � g for 90 min. Fractions from 14.4% to 18% containing virions were
pooled, mixed with PBS, and ultracentrifuged at 250,000 � g for 1 h using the SW55 Ti rotor to pellet
purified virions. The purified virions were resuspended in the lysis buffer (Cell Signaling) supplemented
with protease inhibitor cocktail (Sigma-Aldrich) and used for immunoblotting as described previously
(24, 38).

HIV-1 virion-cell fusion assay and flow cytometry. A fusion assay using beta-lactamase-Vpr
(BlaM-Vpr) was performed as previously described with modifications (14, 16). HEK293T cells were seeded
onto 10-cm-diameter dishes and cotransfected with 10 �g of WT pNL4-3 or pNL4-3-derived mutants M1
to M6 and 5 �g of HIV-1 YU2 Vpr beta-lactamase expression vector (pMM310) (catalog no. 11444;
NIH-ARP), together with pIII NL4-3env (39) (a gift from Eric Freed, NCI-Frederick, MD) or empty vector
control plasmid. Supernatants containing virions were collected at 48 h posttransfection, and virions
were concentrated by ultracentrifugation. TZM-bl cells were incubated with equal amounts of viruses
and spinoculated at 1,680 � g at 4°C for 1 h to allow synchronized virus binding and then further
incubated at 37°C for 3 h to allow virion fusion. TZM-bl cells were washed with 1� PBS twice to remove
unbound viruses and further loaded with the coumarin cephalosporin fluorescein acetoxymethyl ester
(CCF2-AM) dye for 1 h at room temperature, according to the manufacturer’s recommendations (catalog
no. K1032; Invitrogen). Cells were washed and incubated in development medium (10% fetal bovine
serum [FBS], 2.5 mM probenecid, phenol red-negative DMEM) for 16 h at room temperature. Samples
were fixed in 3.7% formaldehyde, washed, and resuspended in 1� PBS. Uncleaved CCF2-AM dye was
detected at excitation (409 nm)/emission (518 nm), and cleaved CCF2 was detected at excitation
(409 nm)/emission (447 nm) using Attune NxT flow cytometer (Invitrogen). The flow cytometry data were
analyzed with FlowJo software (version 10; Tree Star).

HIV-1 Env-mediated cell-cell fusion and detection of cell surface Env expression by flow
cytometry. HEK293T cells (1 � 106) were transfected with pRK-based WT and mutant Env expression
constructs (2 �g pRK-M1– 6) with an HIV-1 Rev expression construct (0.8 �g pCMV-Rev) and an HIV-1 Tat
expression construct (pCMV-Tat; 0.8 �g). Cells at 24 h posttransfection were cocultured with TZM-bl cells
at a 1:1 ratio for 24 h, lysed, and measured for firefly luciferase activity (16). Protein concentrations were
quantified by Bradford assay and used to normalize the firefly luciferase activity. For the measurement
of cell surface expression of Env, the above remainder transfected HEK293T cells (5 � 105) were collected
and washed twice with staining buffer (2% FBS-containing PBS) and then stained with anti-HIV-1 gp120
monoclonal (2G12) from NIH-ARP (1:200) for 30 min. After cells were washed with staining buffer and
stained with fluorescein isothiocyanate (FITC)-conjugated anti-human IgG (Fc specific) (F9512, 1:100;
Sigma-Aldrich) for 30 min, the cells were washed and resuspended with staining buffer and then
detected using a Guava EasyCyte flow cytometer (Guava Technologies). The flow cytometry data were
analyzed with FlowJo software (version 10; Tree Star) as described previously (40).

Detection of HIV-1 Env expression, processing, and shedding. HEK293T cells were cultured in
six-well plates (5 � 105 cells/well) overnight and cotransfected with pRK plasmids expressing HIV-1 WT
or M1 to M5 Env (3 �g) and Rev (1 �g) using PEI. One day after transfection, the medium was replaced
with DMEM lacking cysteine and methionine and supplemented with dialyzed FBS, and metabolically
labeled 35S protein-labeling mix (NEG772002MC PerkinElmer). After cells were cultured for 18 h, the
medium was harvested, and the cells were lysed using a mild NP-40-based lysis buffer. The two fractions
were treated, first with normal human serum (lot 6031174; Community Blood Bank) and protein
A-Sepharose beads to clear background proteins and then with HIV-1 (subtype B)-positive patient sera
(Community Blood Bank) and fresh beads to immunoprecipitate the radiolabeled Env proteins as
described previously (41). The beads were mixed with SDS loading buffer, and then the protein was
separated by SDS-PAGE. After vacuum fixation, protein expression was quantified using Quantity One
software (Bio-Rad) (41). The association index, which indicates the ability of mutant gp120 to remain
associated with the trimer complex on the cell membrane relative to WT gp120, was calculated using the
following equation: association index � (lysate gp120mutant/supernatant gp120mutant) � (supernatant
gp120wild-type/lysate gp120wild-type).
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The processing index, a measure of how much mutant gp160 is converted to gp120 relative to the
amount of WT gp120, was calculated as follows (18): processing index � (total gp120mutant/gp160mutant) �
(gp160wild-type/total gp120wild-type).

Statistical analysis. Dunnett’s multiple-comparison test was used for statistical analysis (GraphPad
Prism, version 5) of all data, as indicated in figure legends. A P value of �0.05 was considered significant.
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