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The highly conserved LWYIK motif located immediately proximal to the membrane-spanning domain of the
gp41 transmembrane protein of human immunodeficiency virus type 1 has been proposed as being important
for the surface envelope (Env) glycoprotein’s association with lipid rafts and gp41-mediated membrane fusion.
Here we employed substitution and deletion mutagenesis to understand the role of this motif in the virus life
cycle. None of the mutants examined affected the synthesis, precursor processing, CD4 binding, oligomeriza-
tion, or cell surface expression of the Env, nor did they alter Env incorporation into the virus. All of the
mutants, particularly the �YI, �IK, and �LWYIK mutants, in which the indicated residues were deleted,
exhibited greatly reduced one-cycle viral replication and the Env trans-complementation ability. All of these
deletion mutant proteins were still localized in the lipid rafts. With the exception of the Trp-to-Ala (WA)
mutant, which exhibited reduced viral infectivity albeit with normal membrane fusion, all mutants displayed
loss of some or almost all of the membrane fusion ability. Although these deletion mutants partially inhibited
in trans wild-type (WT) Env-mediated fusion, they were more effective in dominantly interfering with WT
Env-mediated viral entry when coexpressed with the WT Env, implying a role of this motif in postfusion events
as well. Both T20 and L43L peptides derived from the two gp41 extracellular C- and N-terminal �-helical
heptad repeats, respectively, inhibited WT and �LWYIK Env-mediated viral entry with comparable efficacies.
Biotin-tagged T20 effectively captured both the fusion-active, prehairpin intermediates of WT and mutant gp41
upon CD4 activation. Env without the deletion of the LWYIK motif still effectively mediated lipid mixing but
inhibited content mixing. Our study demonstrates that the immediate membrane-proximal LWYIK motif acts
as a unique and distinct determinant located in the gp41 C-terminal ectodomain by promoting enlargement of
fusion pores and postfusion activities.

The surface envelope (Env) glycoprotein of human immu-
nodeficiency virus type 1 (HIV-1) is initially synthesized as a
gp160 precursor, which is subsequently endoproteolytically
cleaved, probably in the trans-Golgi network, by a furin- or
subtilisin-like cellular convertase(s) into the noncovalent het-
erodimer that consists of the surface gp120 subunit and the
transmembrane (TM) anchor gp41 subunit. gp120 determines
viral tropism through binding to cell surface CD4 and CXCR4/
CCR5 chemokine receptors, and gp41 mediates membrane
fusion through the induction of a transient nonlamellar struc-
ture at the point where viral and cellular membranes merge
(for reviews, see references 23 and 27).

HIV-1 gp41 has common structural features shared by other
retroviral TM proteins; these include the N-terminal hydro-
phobic fusion domain, the N-terminal �-helical leucine zipper-
like heptad repeat (HR) sequence, a cysteine loop, the C-
terminal �-helix, a TM region, and a long cytoplasmic domain
(Fig. 1A). Binding of the extracellular subunit gp120 to recep-

tors triggers a series of conformational changes in gp41 that
promote membrane fusion between the virus and the host
plasma membrane. Multiple sequences within the ectodomain
of gp41 have been implicated in the membrane fusion process.
A stretch of about 15 amino acids located at the N terminus of
gp41, termed the fusion peptide, is believed to insert into and
destabilize cellular membranes, thus triggering viral and cellu-
lar membrane fusion. During the virus-cell membrane fusion
process, the two �-helical HR segments, termed NHR and
CHR, assemble into a stable, six-helix bundle (9, 65, 71). This
trimer of hairpin structure likely represents a fusion-active
conformation of gp41 after receptor binding by exposing both
the N-terminal fusion peptide and the C-terminal TM domain
at the same site as a stable protein rod and bringing the cellular
and viral membranes into close contact in order to form a
fusion pore.

The region located in the C-terminal segment of the gp41
ectodomain contains highly conserved hydrophobic residues
and an unusually high content of tryptophan (Trp) residues.
This conserved, predicted �-helical Trp-rich, or pre-TM, re-
gion overlaps the C-terminal part of the DP178 peptide (res-
idues 638 to 673) (also called T20; trade name, Fuzeon or
enfuvirtide), which causes potent inhibition of membrane fu-
sion and viral entry, as well as the epitopes for two cross-clade
neutralizing monoclonal antibodies (MAbs), 2F5 and 4E10
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(Fig. 1A). ELDKWAS (47, 48, 66), the epitope of MAb 2F5,
overlaps the C terminus of DP178, and the core epitope of
4E10, which is immediately C terminal to the 2F5 epitope,
maps to residues NWFNIT (residues 671 to 676) (62, 78). A
peptide representing the Trp-rich domain partitions into mem-
brane interfaces and aggregates within them, perturbing the
bilayer architecture (59, 63, 64), and mutational analyses have
implicated this pre-TM region in several phases of virus rep-
lication, including membrane fusion, Env incorporation into
the virus, and viral infectivity (60). Individual substitutions of
Trp-667, Trp-672, Phe-673, and Ile-675 with Ala residues were
also shown to greatly compromise competence for viral entry,
although these mutations did not affect gp120-gp41 association
or cell-cell fusion (2). Recently, it was further shown that the
membrane-perturbing property of the pre-TM region is a key
factor for its fusion function (70).

The sequence immediately adjacent to the TM region and C
terminal to the Trp-rich region is the LWYIK motif (Fig. 1A),
which is similar to those of the cholesterol recognition/inter-
action amino acid consensus patterns of -L/V-(X)1–5-Y-(X)1–

5-R/K-, as identified by Li and Papadopoulos (36). This
LWYIK motif, spanning residues 679 to 683, is highly con-
served among HIV-1 isolates and is also found in the Env
protein of the cpzant strain of simian immunodeficiency virus
(SIV) (35, 69). Differing from those of HIV-1 isolates, the
putative cholesterol-binding motifs of most SIV and HIV-2
strains consist of six amino acids, L(AS/TS)WI(K/R), which
share a unique feature in that a positively charged residue
(K/R) adjacent to the TM region is separated from an aromatic
amino acid by an isoleucine residue.

Lipid rafts, also called detergent-resistant membranes
(DRMs), are highly specialized cellular membrane microdo-
mains characterized by being insoluble in detergents, having a
light density, and being enriched in cholesterol, glycosphingo-
lipids, and glycosylphosphatidylinositol-linked proteins that
are anchored in the membrane by their attached glycosylphos-
phatidylinositol moiety (for reviews, see references 1 and 61).
Rafts are generally believed to act as portals for HIV entry,
facilitating interactions between CD4, coreceptors, and incom-
ing virions (14, 41), although some studies suggested that
HIV-1 may enter target cells via nonraft membrane domains
(54, 55). Evidence for the role of rafts as platforms for the
assembly of viral components and/or budding has also accu-
mulated (38, 49, 52). Cholesterol in target cells was shown to
play a crucial role in HIV-1 Env-mediated membrane fusion
and viral infectivity (37, 41, 68). Also, HIV-1-associated cho-
lesterol is important in maintaining the virion structure, integ-
rity, and infectivity and for viral internalization (7, 30). Vincent
et al. showed that the LWYIK motif, in the format of a fusion
protein with the maltose-binding protein, binds to cholesteryl
groups in vitro, and they thus surmised that this LWYIK motif
may play a critical role in Env’s association with lipid rafts and
membrane fusion (69). However, this hypothesis has never
been tested.

In the present study, we performed mutagenic studies to
determine the role of the LWYIK motif in HIV-1 replication.
We demonstrate here that the juxtamembrane LWYIK motif
is not essential for Env maturation, Env association with lipid
rafts, or Env incorporation into the virus and that localization
of the Env in lipid rafts does not necessarily give Env its

FIG. 1. (A) Schematic representation of gp41. The rectangles marked FP, NHR, CHR, and TM indicate the locations of the fusion peptide,
N-terminal HR sequence, C-terminal HR sequence, and TM domain, respectively. Residues 663 to 683 of the extracellular domain, which
constitute the Trp-rich region, and the TM domain are shown in the single-amino-acid code. The immediate membrane-proximal LWYIK motif,
located at residues 679 to 683, is boxed. The epitopes for the 2F5 and 4E10 MAbs and the locations of the inhibitor peptides are underlined with
dark lines. (B) Construction of the LWYIK motif mutant proviruses. Site-specific, oligonucleotide-directed mutagenesis was performed based on
the infectious pHXB2RU3 provirus to generate proviral variants with mutations in the LWYIK motif as indicated. Dashes and dots indicate that
the residue in that position of the mutant proviruses is identical to or absent from that of the WT provirus, respectively.
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membrane fusion ability. Although the action of this motif in
fusion is independent of the formation of the fusogenic six-
stranded coiled-coil structure, this motif participates in en-
largement of fusion pores. Moreover, as judged by the dispar-
ate characteristics of Env mutants of this motif compared to
those of Trp-rich domain mutants (60), this LWYIK motif is
separable from the Trp-rich domain and acts as a distinct
determinant for modulating membrane fusion and postfusion
activities of Env.

MATERIALS AND METHODS

Cells, hybridomas, antibodies, and fluorescent probes. 293T, HeLa, and
HeLa-CD4 (clone 1022) cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% heat-inactivated fetal bovine serum (FBS). In particu-
lar, HeLa-CD4 cells were grown in medium supplemented with G418. Hybrid-
omas 902, Chessie 8, 183 (clone H12-5C), SIM2 (which secretes a MAb specif-
ically recognizing human CD4), and sheep anti-gp120 were as previously
described (10, 11). The OKT4 hybridoma was purchased from the Food Industry
Research and Development Institute (Hsinchu, Taiwan). All hybridomas and
CEM-SS, SupT1, and H938 cells were cultured in RPMI 1640 supplemented with
10% FBS. A MAb directed against glycoprotein G of vesicular stomatitis virus
(VSV) was purchased from Sigma (St. Louis, MO). Rabbit anti-caveolin-1 anti-
body and anti-flotillin-1 MAb were obtained commercially from BD Biosciences
(San Jose, CA). Fluorescent probes 3,3�-dioctadecyloxacarbocyanine perchlorate
(DiO), 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindocarbocyanine perchlorate (DiI),
calcein-AM, and chloromethyl-benzoyl-amino-tetramethyl-rhodamine (CMTMR)
were all purchased from Invitrogen (Carlsbad, CA).

Construction of LWYIK motif mutants. For cloning purposes, the HindIII site
located at nucleotide position 6027 of the HXB2 provirus was destroyed by the
PCR overlap extension method. The EcoRI- and StuI-cut PCR product was then
inserted in the corresponding sites of the pEGM/EB vector, which was first
generated by insertion of the EcoRI-to-BamHI fragment (positions 5743 to 8475
in the provirus) in a pGEM7ZF vector (Promega, Madison, WI). The resultant
construct was named pGEM/EB(�H). Next, the PCR overlap extension method
was used to generate LWYIK motif mutants using paired sense and antisense
primers specific for each mutation. The HindIII (nucleotide 8141)-to-BamHI
(nucleotide 8475) fragments obtained from the PCR products were inserted in
the corresponding sites of pGEM/EB(�H) to obtain each of the mutations. The
SalI (position 5786)-to-BamHI (position 8475) fragments isolated from mutated
pGEM/EB(�H) were then cloned in the corresponding sites in pHXB2RU3 to
generate various mutants. The SalI-BamHI fragment isolated from pGEM/
EB(�H) was cloned in pHXB2RU3 in parallel, and the resultant clone was used
as the wild-type (WT) construct in this study. To obtain mutant env expression
plasmids, the 2.7-kb KpnI-to-BamHI fragments isolated from mutant proviruses
were cloned in the same sites within pSVE7puro, an HIV-1 long terminal repeat
(LTR)-directed env expression plasmid. DNA autosequencing with appropriate
primers was performed to confirm the mutations in each of the pGEM/EB(�H),
pHXB2RU3, and pSVE7puro constructs.

Plasmid DNA transfection. Subconfluent 293T cells grown in 10-cm petri
dishes were mock transfected (used as the control) or transfected with 10 �g of
pHXB2RU3 proviruses using a standard calcium phosphate coprecipitation
method. Subconfluent HeLa cells grown in 10-cm petri dishes were transfected
with 8 �g of proviruses by the Lipofectamine Plus transfection method (Invitro-
gen, Carlsbad, CA). For preparation of VSV glycoprotein G trans-complemented
or HIV-1 Env-pseudotyped viral stocks, 293T cells were cotransfected with 7.5
�g each of proviruses and pHCMV-VSV G, a human cytomegalovirus promoter-
directed VSV G protein expression plasmid, or with 7.5 �g each of the
pHXB2�BglCAT (or pNL4-3R�E�Luc) and WT or mutant pSVE7puro plas-
mids, respectively. For the WT and mutant coexpression analyses, 293T cells
were cotransfected with 1.5 �g of pIIIextat (for membrane fusion) or 7.5 �g of
pHXB2�BglCAT (for viral entry) together with 5 �g of the WT plasmid or with
5 �g each of the WT and mutant plasmids. The pSVE7puro(�KS) plasmid, which
is a defective env construct in which the KpnI (at nucleotide position 6351 of the
HXB2 sequence)-to-StuI (at nucleotide position 6834) site was deleted, was
added to the transfection mixtures to ensure that the total DNA amounts in all
transfections were the same.

Virus infection studies. Culture supernatants obtained from transfection were
filtered through 0.45-�m membrane discs and normalized by reverse transcrip-
tase (RT) activity. For viral replication assays, cell-free viruses containing 2 � 104

cpm of RT activity were used to challenge 106 CEM-SS cells. For VSV G

trans-complemented viral infection, 106 SupT1 cells were challenged with VSV G
trans-complemented viruses containing 2 � 106 cpm of RT activity. For assess-
ment of single-cycle viral replication, viruses containing 106 cpm of RT activity
were used to challenge 106 H938 cells. For the HIV-1 env trans-complementation
assays, Env-pseudotyped reporter viruses containing 3 � 105 to 6 � 105 cpm of
RT activity were used to challenge 106 CEM-SS cells. For assessment of virus
entry into H938 cells and for VSV G trans-complemented or HIV-Env-
pseudotyped viral infection studies, the previously described spinoculation
method (50) was followed. For the analyses of Env expressed in acutely infected
CD4� T cells, CEM-SS cells were inoculated with WT or mutant viruses as
described above. Culture supernatants and cells were retained in initial feedings
to scale up the cell numbers, and culture volumes were eventually maintained at
about 20 ml. At or near the peak of infection, as determined by observations of
syncytium formation and confirmed by RT activity, cell lysates and culture
supernatants were prepared and analyzed for Env association with lipid rafts and
assembly into virions.

SDS-PAGE and Western blot analyses. Two days after proviral DNA trans-
fection or infection with VSV G trans-complemented recombinant viruses, viri-
ons were isolated from culture supernatants over a 20% (wt/wt) sucrose cushion
prepared in phosphate-buffered saline (PBS). Cell and viral lysates were pre-
pared and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Western blot analysis using mouse 902, Chessie 8, and
183 MAbs, respectively. For the analysis of Env incorporation into viral particles
from infected CEM-SS cells, culture supernatants at or near the peak of infection
were collected, filtered through 0.45-�m filters, concentrated by ultracentrifuga-
tion at 100,000 � g for 2 h at 4°C through a 20% sucrose cushion, and resus-
pended in RPMI with 1% FBS at 1/100 of the starting volume. The p24 contents
of stocks of reconstituted viral concentrates were determined by enzyme-linked
immunosorbent assay (ZeptoMetrix, Buffalo, NY), and equal amounts of WT or
mutant viruses (0.5 �g) were analyzed by SDS-PAGE and subsequent Western
blotting.

Enzymatic analyses. Cell-free viruses produced from proviral transfection or
from HIV-1 Env-pseudotyped or VSV G trans-complemented viruses were as-
sayed for virion-associated RT activity as previously described (16). Cell extracts
prepared from HXB�BglCAT and NL4-3R�E�Luc pseudotype infection anal-
yses were assayed for chloramphenicol acetyltransferase (CAT) activity as pre-
viously described (18) and for firefly luciferase activity using the luciferase assay
system (Promega), respectively.

Env cell surface expression. Proviral DNA-transfected HeLa cells grown in
6-cm petri dishes were metabolically labeled with [35S]methionine for 4 h and
then surface biotinylated with 0.25 mg/ml of membrane-impermeable sulfo-N-
hydroxysuccinimide-biotin as previously described (10, 11). Cell lysates were first
immunoprecipitated with pooled anti-HIV-1 antisera and protein A-Sepharose
beads. After extensive washing, the Env proteins were released from beads by
boiling with Laemmli loading dye without bromophenol blue. The samples were
divided into two portions. One portion was directly resolved by SDS-PAGE; the
other was precipitated with neutravidin-agarose (Pierce. Rockford, IL), and the
Env proteins were released from beads by boiling with loading dye prior to
SDS-PAGE.

CD4-binding assay. A previously described procedure (15) was followed to
assess the CD4-binding ability of Env proteins. Briefly, HeLa cells cotransfected
with the WT or mutant pSVE7puro plasmids in the presence of pIIIextat, an
HIV-1 LTR-driven Tat expression plasmid, were metabolically labeled with
[35S]methionine, and cell lysates were prepared. A portion of the cell lysates was
immunoprecipitated with pooled AIDS patients’ antisera preadsorbed onto pro-
tein A-Sepharose beads. After extensive washing with radioimmunoprecipitation
assay buffer, the immune complexes were resolved by SDS-PAGE. Another
portion of the lysates was incubated with SupT1 cell lysates, which were used as
the source of CD4. The samples were then precipitated with OKT4 and SIM2
MAb-preadsorbed mixtures of protein A- and protein G-Sepharose beads, and
the immune complexes were separated by SDS-PAGE.

Hetero-oligomerization study. HeLa cells grown in 6-cm petri dishes were
transfected with 2 �g of WT or TC pSVE7puro (17) or with 2 �g of the TC
plasmid together with 2 �g of the WT or mutant pSVE7puro plasmids in the
presence of 1 �g of pIIIextat. pSVE7puro(�KS) was added to the transfection
mixtures to maintain the same amounts of total plasmids. Aliquots containing an
equal volume of cell lysates from each transfection were directly subjected to
Western blotting using the 902 MAb. Other aliquots were first precipitated with
protein G-Sepharose beads coated with 5 �l of Chessie 8 ascitic fluid, and the
precipitates were washed, eluted from the beads, and analyzed by Western
blotting using goat anti-gp120.

Analysis of Env association with lipid rafts. To examine Env expression in
293T cells, sucrose gradient equilibrium ultracentrifugation was performed as
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previously described (10) to assess Env localization in lipid rafts. To examine Env
expression from acutely infected CEM-SS cells, a scaled-down version of the
sucrose density gradient technique was performed using a Beckman SW60 rotor.
Sample fractions were collected and trichloroacetic acid precipitated as de-
scribed above for SDS-PAGE and Western blot analysis.

Peptide inhibition study. T20 (residues 638 to 673 in Env) and L43L (residues
545 to 587) were synthesized in an automatic mode using a solid-phase synthe-
sizer from Applied Biosystems (Foster City, CA) as previously described (12),
and their N and C termini were capped by acetyl and amide groups, respectively.
The peptides were cleaved from the resin and purified by high-pressure liquid
chromatography with a reverse-phase C18 column, and the primary sequences of
peptides were confirmed by matrix-assisted laser desorption–ionization mass
spectrometry. Peptide inhibition analyses were performed as previously de-
scribed (44) with modifications. Both T20 and L43L were dissolved in dimethyl
sulfoxide and quantified by measuring the absorbance at 280 nm. On the day of
infection, HeLa-CD4 cells were seeded at 5 � 104 cells per well in a 96-well
flat-bottom plate at least 4 h prior to infection. For each well inoculation, 50 �l
of concentrated WT or �LWYIK Env-pseudotyped NL4-3R�E�Luc reporter
viruses containing 1 � 105 cpm (for WT pseudotype) or 1 � 106 cpm (for
�LWYIK pseudotype) of RT activity was mixed with 20 �l of T20 or L43L to
arrive at the specified final concentrations of inhibitors and a constant concen-
tration of dimethyl sulfoxide in all mixtures. The peptide-virus mixtures were
incubated for 1 h at 37°C before being overlaid onto HeLa-CD4 monolayers, and
the cultures were subjected to spinoculation. The cultures were then incubated at
37°C overnight, washed once with PBS, replenished with 100 �l of fresh medium
per well, and allowed to recover for 24 h before luciferase activity was assayed in
triplicates. Data were plotted on SigmaPlot and curve-fitted with a model of
three-parameter logistic functions. Percentage inhibition was calculated with the
following formula: % inhibition � (averageno inhibition � point value)/(aver-
ageno inhibition � averagemaximum inhibition) � 100%.

Capture of gp41 fusion-active conformation. Capture of the gp41 fusion in-
termediate was performed as previously described (26) with an N-terminally
biotinylated T20 derivative (residues 635 to 673), which was synthesized and
purified by reverse-phase high-pressure liquid chromatography to 	95% purity
by Genemed Synthesis, Inc. (San Antonio, TX). One day after 293T cells were
transfected with pCAGGS-based WT or �LWYIK expression plasmid, 1 � 106

Env-expressing 293T cells were incubated with 50 �g of biotinylated T20 in the
presence or absence of 5 � 106 SupT1 cells at 37°C for 2 h. After being washed
with PBS three times, cells were lysed with 50 mM Tris-HCl (pH 7.5) containing
0.15 M NaCl and 1% TritonX-100, and aliquots of cell lysates were incubated
with 30 �l of neutravidin agarose suspension at 4°C for 12 h. The precipitated
complexes were analyzed by Western blotting with Chessie 8 MAb.

Membrane fusion and fluorescent probe transfer assays. The syncytium-form-
ing ability of Env proteins was evaluated as previously described (11). In brief,
293T cells were transfected with 5 �g of the WT or mutant pSVE7puro plasmids
together with 1.5 �g of pIIIextat. One day after transfection, 106 H938 cells were
added to transfected cells. Two days after coculture, cell lysates were prepared
and the CAT activity was measured. Dye transfer assays were performed as
previously described (2). Briefly, HeLa effector cells were transfected with the
WT or �LWYIK mutant plasmids. At 18 h posttransfection, cells were labeled
with 2 �M of the lipophilic probe DiO (green fluorescence, excitation at 484 nm,
and emission at 501 nm), whereas target CEM-SS cells were labeled with 2 �M
of the lipophilic DiI (red fluorescence, excitation at 550 nm, and emission at 565
nm) for 15 min at room temperature. After extensive washing with PBS, the
target cells were added to the Env-expressing effector cells at a ratio of 6:1. For
content mixing experiments, Env-expressing HeLa and CEM-SS cells were la-
beled with 0.5 �g/ml each of the cytosolic probes calcein-AM (green fluores-
cence, excitation at 496 nm, and emission at 517 nm) and CMTMR (red fluo-
rescence, excitation at 540 nm, and emission at 566 nm) for 5 min at room
temperature and then extensively washed and cocultured. Following 5 h of
coculture at 37°C, the suspension of CEM-SS cells was harvested and fixed with
4% paraformaldehyde in PBS. Two-color flow cytometric analyses were per-
formed using a FACSCalibur (BD Bioscience, San Jose, CA) with Cell-Quest
software (BD Biosciences).

RESULTS

Construction and replication of LWYIK motif mutant vi-
ruses. To study the role of the LWYIK motif (Fig. 1A) (lo-
cated immediately adjacent to the TM region and positioned at
residues 679 to 683 of Env) in the virus life cycle, substitutions

and deletions were introduced into this motif by site-directed
mutagenesis based on the pHXB2RU3 molecular clone (67).
For ease of cloning, the HindIII site located at nucleotide 6027
of the pHXB2RU3 infectious clone was removed by a C-to-T
substitution which was outside the env open reading frame.
Although this substitution gave rise to Val-to-Ala and Leu-to-
Phe mutations at residues 67 and 21 of the tat and rev genes,
respectively, these substitutions were conservative and did not
affect HIV-1 replication (data not shown). The resultant pro-
virus was therefore used as the WT construct in the present
study and as the construct from which the mutant proviruses
were derived (Fig. 1B). The provirus that encoded an Env in
which this motif was deleted was referred to as the �LWYIK
mutant. Mutants with two amino acids deleted, i.e., the �YI
and �IK mutants, were also constructed. To examine the spec-
ificity of this motif in viral replication, substitutions of Glu for
Lys-683 and Ala for Trp-680 or Tyr-681 were also generated,
and these were termed the KE, WA, and YA mutants, respec-
tively.

To examine the replication capacities of these mutant vi-
ruses, 293T cells were transfected with each of the WT and
mutant proviruses, and the resultant cell-free viruses, contain-
ing equal amounts of RT activity, were used to challenge a
human T4-lymphoblastoid CEM-SS cell line. Postinfection vi-
ral production as measured by RT activity in the culture me-
dium was monitored. The peak of RT production for the three
single-substitution mutants KE, WA, and YA shifted to day 16,
from day 12 for the WT virus (Fig. 2A). Nevertheless, these
three point substitution mutants replicated with kinetics simi-
lar to that of the WT virus (Fig. 2A). The RT peak for the
�LWYIK mutant virus occurred on day 23, whereas those for
the �YI and �IK mutant viruses occurred at around days 16 to
19 after infection (Fig. 2B). All three of these deletion mutants
eventually replicated productively in cell culture (Fig. 2B).

To determine the effects of these mutations on viral entry,
equal amounts of the WT and mutant viruses normalized by
RT activity were used to infect H938 (24), a cat-harboring
reporter H9 cell line, which allows assessment of nearly one-
cycle viral entry based on the ability of Tat, upon viral infec-
tion, to transactivate HIV-1 LTR-linked cat gene expression in
H938 cells (Fig. 2C). When the results from four individual
experiments were quantitated and averaged, the viral infectiv-
ities of the KE, WA, and YA mutants were reduced to 40% to
50%, whereas those of the three deletion mutants were re-
duced to 
10% of that of the WT virus (Fig. 2D).

Viral protein expression of the LWYIK motif mutants. To
study the protein expression profiles of these mutants, HeLa
cells were mock transfected or transfected with each of the WT
and mutant proviruses, and cell and virus lysates were analyzed
by SDS-PAGE followed by Western blotting using the 902,
Chessie 8, and 183 MAbs. The 902 MAb specifically detects
gp160 and gp120, the Chessie 8 MAb reacts with gp41, and the
183 MAb recognizes the p24 capsid protein. All of the WT and
mutant proviruses produced comparable amounts of intracel-
lular and virion-associated Gag Pr55 precursor and its cleavage
products (p41 and p24) upon transfection (Fig. 3A). The WT
and all mutant proviruses also produced comparable amounts
of intracellular gp160, gp120, and gp41 (Fig. 3A, lanes 2 to 8)
as well as virion-associated gp120 and gp41 (Fig. 3A, lanes 10
to 16).
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We then determined the viral protein expression of the mu-
tants in CD4� T cells, which are natural target cells for HIV-1
infection, by a high-level transient HIV-1 expression system
based on trans-complementation with the VSV G protein. All
of the mutants produced levels of intracellular Gag and Env
proteins comparable to those produced by the WT virus upon
infection (see Fig. S1, lanes 2 to 8, in the supplemental mate-
rial). Also, Gag assembly/budding and incorporation of gp120
and gp41 into the mutant viruses were normal compared to
those observed in the WT virus (see Fig. S1, lanes 10 to 16, in
the supplemental material).

To further address mutant Env incorporation into viruses,
the amounts of p24 in cell-free WT and mutant virions recov-
ered from supernatants of acutely infected CEM-SS cells col-
lected at or near the peak of virus replication were normalized
prior to Western blotting. Comparable amounts of Gag prod-
ucts were detected for WT and mutant viruses, and mutations
in this motif did not greatly affect the assembly of gp120 and
gp41 into the mutant virions (Fig. 3B).

In these studies, considerable amounts of WT and mutant
gp160 proteins were detected in the viral particles produced,
which was in agreement with previous observations (33, 42).

Since Env is heavily and differentially N glycosylated in the
Golgi apparatus, resulting in a mixture of complex, hybrid, and
high-mannose carbohydrate structures (28, 43), this may ex-
plain why a gp160 doublet was detected on virions when ex-
pressed in HeLa and SupT1 cells (Fig. 3; see Fig. S1 in the
supplemental material).

Cell surface expression of Env mutants. To assess Env cell
surface expression, HeLa cells transfected with each of the WT
and mutant proviruses were labeled with [35S]methionine and
then surface biotinylated using the membrane-impermeative
sulfo-N-hydroxysuccinimide-biotin. This method was shown to
detect bona fide expression of viral Env glycoproteins on the
cell surface (10, 11). All of the mutant Env proteins were
expressed on the cell surface as effectively as was the WT Env
(Fig. 4A), implying that this motif is not directly involved in the
proper folding of Env or its intracellular trafficking to the cell
surface.

CD4-binding ability of Env mutants. To determine whether
mutations in the LWYIK motif affect the ability of Env to bind
to the cellular receptor CD4, a previously described procedure
(15) was followed. No difference in the CD4-binding ability
was noted among the WT and mutant proteins (Fig. 4B),

FIG. 2. Effects of mutations in the LWYIK motif on viral infectivity. (A and B) Replication kinetics of viruses. Cell-free WT and mutant viruses
containing equal amounts of RT activity were used to challenge CEM-SS cells, and virus production in the culture media as measured by RT
activity was monitored after infection. (C and D) One-cycle viral replication assay. H938 cells were infected with RT-normalized WT or mutant
viruses. Two days after infection, cell lysates were prepared, and CAT activity was determined. A typical CAT activity analysis is shown in panel
C. The background CAT level detected in mock-infected cells (control) was subtracted from the CAT activity of the WT or mutant virus infection.
The relative infectivities of mutant viruses are expressed as percentages of that of the WT virus. The results from four independent experiments
(mean � standard deviation) are shown in panel D.
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indicating that this LWYIK motif is not required for the effi-
cient binding of Env to its primary CD4 receptor.

Oligomerization ability of Env mutants. We then deter-
mined the oligomerization abilities of these Env mutants by
assessing their interactions with the TC mutant Env, which
contains the normal LWYIK sequence but lacks the entire
gp41 cytoplasmic domain (17), as previously reported (19).
This TC Env was not precipitated by the Chessie 8 MAb, which
maps to residues 727 to 732 in the cytoplasmic domain, unless
it forms a hetero-oligomer with an Env containing the normal
cytoplasmic domain. Transfection with the env-defective �KS
plasmid did not produce Env proteins (Fig. 4C, top panel, lane
1). A truncated gp160 precursor, labeled like gp140, was pro-
duced by the TC construct (Fig. 4C, top panel, lane 3). gp160
as well as gp140 and gp120 were produced by cotransfection
with the TC and each of the WT or mutant plasmids (Fig. 4C,
top panel, lanes 4 to 10). When expressed alone, WT gp160,

but not TC gp140, was precipitated by Chessie 8 (Fig. 4C,
bottom panel, lanes 2 and 3, respectively). Nevertheless, sim-
ilar amounts of TC gp140 precursor were coprecipitated with
this MAb when it was coexpressed with the WT or each of the
mutant proteins (Fig. 4C, bottom panel, lanes 4 to 10). This
demonstrates that all of these LWYIK motif mutants are able
to self-assemble into an oligomeric structure.

Env trans-complementation ability of the mutants. Since
these mutant proteins were effectively expressed on the cell
surface and incorporated into the virus, we determined
whether these mutant proteins might confer one-cycle viral
entry into CEM-SS cells by generating env-defective HIV-1

FIG. 3. Assessment of viral protein expression. (A) HeLa cells
were mock transfected (control) or transfected with the WT or mutant
proviruses, and equal volumes of cell and virion lysates were subjected
to SDS-PAGE followed by Western blotting analysis using the 902,
Chessie 8, and 183 MAbs. (B) Cell-free culture supernatants obtained
from acutely infected CEM-SS cells at the peak of viral replication
were concentrated by ultracentrifugation and reconstituted with RPMI
containing 1% FBS, and p24 levels were determined. WT and mutant
virions containing equal amounts of p24 were resolved by SDS-PAGE
followed by Western blotting using the 902, Chessie 8, and 183 MAbs.

FIG. 4. Characterization of LWYIK motif mutant Env proteins.
(A) Cell surface expression. HeLa cells mock transfected (control) or
transfected with the WT or mutant proviruses were metabolically la-
beled with [35S]methionine and surface biotinylated with sulfo-N-hy-
droxysuccinimide-biotin. Levels of Env proteins expressed in cells (top
panel) or on the cell surface (bottom panel) were assessed as described
in Materials and Methods. (B) CD4-binding ability. HeLa cells trans-
fected with pSVE7puro(�KS) (control), WT, or mutant pSVE7puro
plasmids in the presence of pIIIextat were metabolically labeled with
[35S]methionine. Levels of Env proteins expressed in cells (top panel)
and the CD4-binding ability of Env proteins (bottom panel) were
determined. (C) Oligomerization ability. HeLa cells were transfected
with pSVE7puro(�KS) (control), WT, or TC mutant pSVE7puro plas-
mid or cotransfected with the TC plasmid along with the WT or
LWYIK motif plasmids in the presence of pIIIextat. Levels of Env
proteins expressed in cells (top panel) and the self-assembly abilities of
the Env proteins (bottom panel) were determined.
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cat-encoding HXB�BglCAT reporter viruses from cotransfec-
tion with pSVE7puro(�KS) (which was used as the control),
WT, or mutant Env plasmids. A representative CAT assay is
shown in Fig. 5A. When the effects of these mutations on the
ability of Env to mediate one-cycle viral infectivity was quan-
titated, the WA and YA mutants showed reduced trans-
complementation ability to 40% to 50% of that of the WT Env,
and the KE mutant showed reduced trans-complementation
ability to 16% of that of the WT Env (Fig. 5B). The three
deletion mutants also showed greatly reduced trans-comple-
mentation abilities to 
10% of that of the WT Env (Fig. 5B).
These results suggest that mutations in the LWYIK motif may
inhibit membrane fusion and/or postfusion events.

Lipid raft association of the mutants. The HIV-1 Env has
been shown to be located in lipid raft membranes (4, 10, 49,
57). To determine whether exclusion from lipid rafts may be
responsible for the inhibited one-cycle viral replication and
Env trans-complementation ability of the mutants, 293T cells
were transfected with the WT or each of the three deletion
mutant proviruses, since these deletion mutants exhibited
greater reduction in virus infectivity and Env trans-comple-
mentation ability than substitution mutants (Fig. 2 and 5).

Cells were extracted with cold Triton X-100, and the lysates
were analyzed using sucrose gradient equilibrium ultracentrif-
ugation. To determine the reliability of this lipid raft flotation
method that we employed in separating raft-associated pro-
teins from detergent-soluble proteins, localization of CD4 and
VSV G protein in lipid rafts was assessed. VSV G was distrib-
uted predominantly to the detergent-soluble bottom fractions
(see Fig. S2, second panel, in the supplemental material), and
CD4 could be detected in lipid raft fractions 7 and 8 (see Fig.
S2, first panel, in the supplemental material), which was con-
sistent with their membrane localization properties (5, 53).
Two other raft-associated cellular proteins, caveolin-1 and flo-
tillin-1, were also analyzed. A significant fraction of caveolin-1
was associated with DRMs, while flotillin-1 was located pre-
dominantly to lipid rafts (see Fig. S2, third and fourth panels,
respectively, in the supplemental material). When the WT and
mutant Env proteins were assessed, a significant fraction of
these proteins was detected in DRMs (Fig. 6A). To determine
whether Env localization to lipid rafts is Tat dependent or not,
293T cells were cotransfected with pHP, which carries gag-pol
genes (13), and with HIV-1 Tat-independent, pCAGGS-based
rev/env expression plasmids encoding each of WT and mutant
proteins (data not shown). The pCAGGS vector contained the
cytomegalovirus early enhancer/chicken �-actin promoter. The
WT and three deletion mutant proteins could be detected in
DRM fractions (see Fig. S3 in the supplemental material).

FIG. 5. Env trans-complementation assay of mutant Env proteins.
Env pseudotypes produced from 293T cells cotransfected with
pHXB2�BglCAT and each of the �KS (control), WT, or mutant Env
plasmids were normalized for RT activity before being used to chal-
lenge CEM-SS cells. CAT activity was measured 3 days after virus
infection. A representative result is shown in panel A. The background
CAT level detected in the defective virus produced from �KS
pSVE7puro cotransfection was subtracted from the CAT activity of the
WT or mutant pseudotypes. The relative viral entry ability mediated by
mutant proteins is expressed as a percentage of that mediated by the
WT Env. The results from three independent experiments are shown
as the mean � standard deviation in panel B.

FIG. 6. Effects of deletions in the LWYIK motif on Env localiza-
tion in lipid rafts. (A) 293T cells were transfected with 10 �g each of
the WT and mutant proviruses, and transfected cells were extracted
with 1% Triton X-100 at 4°C. The lysates were subjected to lipid raft
membrane flotation assay followed by Western blotting using the
Chessie 8 MAb. The distribution profile of gp41 is shown. (B) CEM-SS
cells acutely infected with WT or mutant viruses were collected at or
near the peak of virus infection, extracted with 1% cold Triton X-100,
and then subjected to a lipid raft fractionation analysis as described for
panel A.
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To exclude the possibility that Env fractionation into lipid
rafts is due to overexpression of Env, which may result in Env
distribution into raft fractions, cold Triton X-100-extracted cell
lysates containing WT and �LWYIK mutant proteins were
either left untreated or treated with 1% SDS at 4°C for 30 min
prior to membrane flotation. Treatment with SDS, which dras-
tically disrupts the Env-raft association, abolished localization
of WT and mutant proteins as well as caveolin-1 and flotillin-1
in lipid rafts (see Fig. S4 [compare left and right panels] in the
supplemental material).

To understand whether WT and mutant Env proteins are
associated with DRMs in the context of HIV infection, cold
detergent-extracted cell lysates from acutely infected CEM-SS
cells were analyzed by lipid raft membrane flotation. The three
mutants as well as WT Env were still localized in the lipid raft
membranes (Fig. 6B). These results together indicate that flo-
tation into DRMs is an intrinsic property of WT and mutant
Env proteins and that the LWYIK motif does not play a critical
role in Env’s association with DRMs.

In these lipid raft flotation analyses, only a fraction of WT
and mutant proteins was localized in DRMs. Since the vast
majority of the Env after synthesis is retained in the endoplas-
mic reticulum or a cis-Golgi compartment in an endoglycosi-
dase H-sensitive state (3, 11, 20) and only a small fraction of
Env is cleaved to produce the mature gp120-gp41 complex and
then transported to the cell surface (75), it is likely that in the
early stage of the Env exocytic transport pathway, Env is not
associated with lipid rafts until it reaches a later stage of its
maturation process. This may explain why only a fraction of
Env is associated with lipid rafts.

Membrane fusion ability of Env mutants. To determine
whether the inhibited viral infectivity of these mutants can be
accounted for by their reduced membrane fusion, 293T cells
coexpressing Tat and Env were cocultured with H938 cells, and
the CAT activity was measured (Fig. 7A). This assay was based
on the ability of Tat expressed in effector cells to transactivate
LTR-driven cat reporter gene expression in H938 cells upon
Env-mediated membrane fusion. When the results from three
individual studies were quantitated, the membrane fusion abil-
ities of the YA and KE mutants were reduced to about 35%
and 
10% of that of the WT Env, respectively, but that of the
WA mutant was unaffected (Fig. 7B). Also, the three deletion
mutants showed significantly reduced membrane fusion, to al-
most background levels (Fig. 7B).

Dominant negative inhibition in WT Env-mediated mem-
brane fusion and viral entry by deletion mutants. The obser-
vation that the WA mutant showed reduced viral infectivity
and trans-complementation ability, albeit with normal fusoge-
nicity (Fig. 2, 5, and 7), implied that the LWYIK motif may
also play a role in postfusion events in addition to a role in
cell-cell fusion. To further define the role of this motif in virus
infection, the ability of these deletion mutants and the WA
mutant, which did not display a significant effect on membrane
fusion (Fig. 7), to trans-dominantly interfere with WT Env-
mediated membrane fusion and viral infectivity was deter-
mined. As a control, the WA did not show a significant dom-
inant interference effect on WT Env-mediated fusion and viral
entry when coexpressed with the WT Env (Fig. 8). Although
the deletion mutants partially inhibited in trans WT Env-me-
diated membrane fusion when coexpressed with the WT Env

(Fig. 8A), they were more effective at dominantly interfering
with WT Env-mediated viral infectivity (Fig. 8B), implying that
this motif is critical not only for membrane fusion but also for
postfusion events.

There is no occurrence of revertants or second-site muta-
tions in �LWYIK mutant virus infection. We noted in Fig. 2B
that the �LWYIK mutant virus, which had the most drastic
mutation among the mutants analyzed, eventually replicated
productively in CEM-SS cells, albeit with slower replication
kinetics than the WT virus. To determine whether revertants
or second-site mutations may arise during this culture period,
cell-free culture supernatants were collected from CEM-SS
cells infected with the WT or �LWYIK mutant virus at their
replication peaks (i.e., days 12 and 24 postinfection, respec-
tively, in this repetitive experiment). Viral RNAs were isolated
using the QIAamp viral RNA minikit (Qiagen, Valencia, CA),
and cDNAs were synthesized with an oligo(dT)20 primer using
the Superscript III RT-PCR kit (Invitrogen, Carlsbad, CA).
The sequence between nucleotides 5971 to 9153, which en-
compassed the entire env gene, was amplified by PCR using
PfuUltra II HS high-fidelity DNA polymerase mix (Stratagene,
Cedar Creek, CA), phosphorylated with T4 polynucleotide
kinase, and subcloned in the pcDNA3 vector (Invitrogen).
Eleven WT and mutant clones were picked and sequenced with
a set of primers. We found that the WT and mutant env
sequences from 11 independent clones were identical to those

FIG. 7. Effects of mutations in the LWYIK motif on the Env mem-
brane fusion ability. 293T cells were cotransfected with pIIIextat along
with the �KS (control), WT, or mutant pSVE7puro plasmids as indi-
cated and cocultured with 106 H938 cells, and CAT activity was as-
sessed. A representative result is shown in panel A. The background
CAT level detected in the absence of Env (control) was subtracted
from the CAT activity detected in the presence of the WT or mutant
proteins. The relative membrane fusion activity of the mutant proteins
is expressed as a percentage of that of the WT Env. The results from
three independent experiments (mean � standard deviation) are
shown in panel B.
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of the input viruses and that no additional mutations other
than deletion of the LWYIK motif were noted in these indi-
vidual mutant clones. These results together indicated that the
delayed viral replication of the �LWYIK mutant virus arises
not from outgrowth of revertants or compensatory, second-site
mutations in the env gene but rather from multiple infections
by the residual infectivity of the mutant virus after a long
period of culture. This notion was further evidenced by the
observations that the one-cycle viral infectivity, env-mediated
trans-complementation ability, and membrane fusion ability of
the �LWYIK mutant virus were not completely blocked (Fig.
2C and D, 5, and 7).

Independence of the action of the LWYIK motif from that of
the NHR and CHR during fusion. Synthetic peptides derived
from the CHR, e.g., T20 and C34, inhibit HIV infectivity and
cell-cell fusion at nanomolar concentrations (9, 34, 74), and
that a CHR peptide binds gp41 following receptor activation
(26). Peptides corresponding to the NHR, e.g., DP107 (also
called T21) and N36 (Fig. 1A), also block virus infection and
cell-cell fusion (12, 73). These CHR and NHR peptides are
believed to act in a trans-dominant negative manner to bind to
the gp41 fusion intermediates prior to formation of the six-
helix bundle, thus preventing membrane fusion and virus entry
(9, 72).

To address whether the action of the LWYIK motif in fusion
is independent of that of the NHR and CHR, the sensitivities
of the WT and �LWYIK mutant Env-pseudotyped NL4-
3R�E�Luc reporter viruses to T20 and L43L were assessed.
L43L (12) is a 43-mer peptide (residues 545 to 587) that en-

compasses the NHR of gp41, and its sequence partially over-
laps that of DP107 (residues 553 to 590) (Fig. 1A). Both the
WT and �LWYIK mutant pseudotypes were equivalently in-
hibited by the T20 and L43L peptides, respectively, as similar
responsiveness to each peptide concentration was obtained for
these two pseudotypes (Fig. 9A, top and bottom panels, re-
spectively).

To confirm that receptor activation triggers formation of a
fusion-active, prehairpin intermediate that is accessible to a
peptide inhibitor in mutant Env, binding of biotinylated T20 to
WT or mutant Env-expressing cells cocultured with or without
SupT1 cells was assessed, followed by precipitation of the
gp41-tagged T20 complex with neutravidin beads. Similar
amounts of the gp160 precursor and gp41 of WT and mutant
Env proteins were captured by tagged T20 in the presence, but
not in the absence, of SupT1 cells (Fig. 9B). These results
together indicate that upon receptor activation the �LWYIK
mutant Env expressed on the cell surface, though impaired in
virus infectivity and membrane fusion, is still able to undergo
conformational changes to a fusogenic intermediate that is
accessible to and neutralized by NHR and CHR peptides.

Deletion of the LWYIK motif inhibits fusion pore enlarge-
ment. To further provide insights into the impaired membrane
fusion of the LWYIK motif deletion mutant, dye transfer as-
says based on the redistribution of fluorescent probes between
Env-expressing effector and CD4� CEM-SS target cells follow-
ing coculture (45, 46) were performed. Although Env with a
deletion of the LWYIK motif still mediated lipophilic probe
transfer as effectively as the WT Env (Fig. 10A, top panel, and

FIG. 8. Ability of deletion mutants to dominantly interfere with WT Env-mediated membrane fusion and viral entry. (A) 293T cells were
cotransfected with 1.5 �g of pIIIextat together with 10 �g of pSVE7puro(�KS) (control) (lane 1), 5 �g each of the WT and �KS plasmids (lane
2), or 5 �g each of the WT and mutant plasmids (lanes 3 to 6). Transfected cells were cocultured with H938 cells, and CAT activity was assayed.
(B) 293T cells were cotransfected with 7.5 �g of pHXB�BglCAT and 10 �g of pSVE7puro(�KS) (control) (lane 1), 5 �g each of the WT and �KS
plasmids (lane 2), or 5 �g each of the WT and mutant pSVE7puro plasmids (lanes 3 to 6). Cell-free viruses normalized by RT activity from each
transfection were used to challenge 106 CEM-SS cells, and CAT activity was assayed. In each case, a representative CAT assay is shown in the top
panel, whereas the results from four (for membrane fusion) and three (for viral entry) independent experiments (mean � standard deviation) are
shown in the bottom panel.
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B, left panel), this deletion mutant showed reduced cytosolic
probe transfer to 32% of that of the WT Env (Fig. 10A, bottom
panel, and B, right panel). These results collectively indicate
that the LWYIK motif plays a crucial role in membrane fusion
by promoting the enlargement of fusion pores.

DISCUSSION

Salzwedel et al. previously performed a detailed mutational
study of the Trp-rich domain and found that substitutions of all
five or the first three Trp residues in this domain with Ala
residues, but not substitutions of other combinations of Trp
residues or of single Trp residues, and deletion of the entire
Trp-rich sequence, i.e., the �665–682 mutant, abrogated the
membrane fusion of Env (60). Intriguingly, all mutations in this
region greatly inhibited Env incorporation into the virus, which
may result in a tendency for greater sensitivity of viral infec-
tivity than membrane fusion with mutations in this sequence.
Compared to the �678–682 mutant observed by Salzwedel et
al., which still retained approximately a fusogenicity of 20% of
that of the WT Env, deletions in the LWYIK motif, which is
merely an amino acid shift toward the TM region, greatly
reduced the Env fusion ability to almost the background level

(Fig. 7). Unlike the Trp-rich domain mutants examined by
Salzwedel et al., all of the mutants examined here still retained
the WT phenotype of Env incorporation into the virus (Fig. 3;
see Fig. S1 in the supplemental material). The observation that
the KE mutant significantly inhibited membrane fusion (Fig. 7)
was in accordance with the previous findings that the Lys-683
residue, which forms the N-terminal border of the TM domain,
is critical for membrane fusion (31, 60). As shown by Salzwedel
et al., we also found that substitution of Ala for Trp-680, i.e.,
the WA mutant, did not affect membrane fusion (Fig. 7). Our
results revealed that except for the WA mutant, the reduced
fusion abilities of the mutant proteins were in accordance with
their reduced viral replication capacities (compare Fig. 7 to
Fig. 2 and 5).

Protein folding and oligomerization play essential roles in
the transport of viral Env glycoproteins to the plasma mem-
brane (for reviews, see references 32 and 56). All mutant Env
proteins were efficiently processed to yield gp120 and gp41
(Fig. 3; see Fig. S1 in the supplemental material), indicating
that they are normally transported to the trans-Golgi network
where the Env is proteolytically cleaved. The observation that
comparable amounts of WT and mutant proteins were ex-
pressed on the cell surface also indicates that these LWYIK

FIG. 9. Sensitivities of WT and �LWYIK mutant viruses to CHR and NHR peptides. (A) Inhibition of WT and �LWYIK mutant Env
pseudotypes to L43L and T20 peptides. Replication-incompetent NL4-3R�E�Luc viruses pseudotyped with WT or �LWYIK mutant proteins
were incubated with T20 or L43L peptide at the concentrations indicated, and cell lysates were assayed for luciferase activity. Ten times more
�LWYIK mutant pseudotyped virus, in terms of RT activity, than the WT pseudotype was examined. The percent inhibition of WT and mutant
pseudotypes at each peptide concentration was calculated as described in Materials and Methods from at least five independent analyses, and the
averages with standard deviations are shown. (B) 293T cells transiently expressing WT or �LWYIK mutant Env were incubated with biotinylated
T20 in the presence or absence of SupT1 cells. The cell lysates were directly analyzed by Western blotting (top panel) or subjected to
coprecipitation with neutravidin beads prior to Western blotting with Chessie 8 MAb (bottom panel).
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motif mutant proteins are oligomeric (Fig. 4A and C). Muta-
tions in this region do not seem to affect the global structure of
gp120, as measured by the CD4-binding ability of these mu-
tants (Fig. 4B). Although the predicted �-helical pre-TM se-
quence is situated immediately adjacent to the TM �-helix of
gp41, mutations in the LWYIK motif neither affect the effec-
tiveness of the TM region in anchoring the mutant Env into
membranes nor alter the gp120-gp41 interaction, as evidenced
by the finding that comparable amounts of WT and mutant
gp41 and gp120 proteins were associated with the virions (Fig.
3; see Fig. S1 in the supplemental material). Therefore, the
inhibited membrane fusion and postfusion phenotypes (see
below) of the LWYIK motif mutants can be attributed to the

direct effects of these mutations on local sites, rather than to
alterations of distal domains in Env.

The structural and functional roles of the pre-TM region in
oligomerization and immersion into the viral membrane inter-
face during fusion have received great attention. The dye trans-
fer assay reinforced the notion that the pre-TM region partic-
ipates in formation and expansion of fusion pores (46).
Biophysical studies showed that the abilities of peptides de-
rived from residues 664 to 683 to adopt a helical structure and
form homo-oligomers in solution and membranes correlate
with their abilities to induce vesicle fusion and inhibit gp41-
induced cell-cell fusion (58, 64). This sequence is thought to
specifically interact with cholesterol-containing membranes,

FIG. 10. Fluorescent probe exchange assays. (A) HeLa cells transfected with pCAGGS-based WT or �LWYIK mutant plasmids and labeled
with DiO (green) were cocultured with CEM-SS cells labeled with DiI (red) as described in Materials and Methods. CEM-SS cells stained with
both lipophilic fluorescent dyes were quantified by flow cytometry, and a representative two-color flow cytometic analysis is shown in the top panel.
In addition, WT or �LWYIK mutant Env-expressing HeLa cells labeled with calcein-AM (green) and CEM-SS cells labeled with CMTMR (red)
were cocultured, and CEM-SS cells stained with both cytosolic probes were quantified by flow cytometry; a representative result is shown in the
bottom panel. (B) The background percentage of lipophilic dye transfer detected in pCAGGS vector transfection (control) was subtracted from
that detected in WT or �LWYIK Env plasmid transfection, and the degree of lipid mixing of the �LWYIK mutant is expressed as a percentage
of that of the WT Env. Results from three independent experiments (mean � standard deviation) are shown (left panel). Also, the degree of
content mixing of the �LWYIK mutant was quantified from four separate analyses and is expressed as a percentage of that of the WT Env (right
panel).
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since cholesterol and sphingomyelin in liposomes promote
pre-TM peptide surface self-aggregation and destabilization of
the membrane architecture (59). Nevertheless, in the context
of full-length Env expression we found no requirement of the
LWYIK motif for lipid raft association (Fig. 6). Although the
�LWYIK mutant did not affect formation of the prehairpin
structure or the step of lipid mixing (Fig. 9 and 10A), this
deletion inhibited cytosolic dye exchange and severely im-
paired Tat redistribution (Fig. 7 and 10B). These results to-
gether indicate that deletion of the LWYIK motif arrests viral
entry after the hemifusion stage by abrogating expansion of
fusion pores.

Currently, the topology between the pre-TM region and the
viral envelope remains controversial, with published tomo-
graphic data for SIV virions depicting conflicting models of
either a “three-legged” globular stalk (77) or a “mushroom-
shaped” bulb with one “single-legged” stalk (76). Nevertheless,
the pre-TM sequence undergoes structural alterations during
the fusion process. The epitopes of the 2F5 and 4E10 MAbs
within this region are exposed in the gp120-gp41 complex prior
to CD4 binding; however, they become occluded upon six-
helical bundle formation (21, 22, 25, 29, 51). This antigenic
change is also accompanied by a structural transition of the
N-terminal segment of the pre-TM region from an extended
conformation to an �-helix (6, 8, 65, 71). On the other hand,
this pre-TM region may act in conjunction with other se-
quences in the gp41 ectodomain to maintain the native and
fusion states of the Env. Lorizate et al. showed that the fusion
peptide and pre-TM sequence can coassemble into a defined
complex that acts as a prefusion clasp to restrict fusion pep-
tide-mediated fusion (39, 40). The Trp-rich membrane-proxi-
mal region and the N-terminal fusion peptide-proximal polar
segment were recently shown to act synergistically to form a
fusion-competent prefusion gp120-gp41 complex and stabilize
the membrane-interactive end of the trimeric hairpin fusion
core (2). Although the pre-TM region is presumed to be in-
serted or immersed into the viral envelope after fusion,
whether this sequence plays a role in a postfusion step remains
elusive.

Among the mutants examined, only the WA mutant, albeit
with decreased viral entry ability (Fig. 2C and D and 5), still
possessed WT-like fusion ability (Fig. 7), suggesting that this
motif may also play a role in a postfusion step. Remarkably,
the three deletion mutants exhibited more significant domi-
nant negative inhibitory effects on WT Env-mediated viral
entry than membrane fusion when coexpressed with the WT
Env (Fig. 8). As a control, the WA mutant did not greatly affect
WT Env-mediated fusion and infectivity in these dominant
interference analyses (Fig. 8). These observations indicate that
the fusion ability of Env is less sensitive to a structural change
in the trimeric Env complex formed between the WT and
deletion Env subunits. However, this structural alteration is
more effective in reducing the ability of the WT Env to mediate
viral infectivity, implying that this LWYIK motif also plays a
critical postfusion role as well. It is likely that this LWYIK
motif may participate in a step during viral genome uncoating
after gp41-mediated fusion pore formation and expansion.
This motif in the membrane may modulate dissociation of the
gp41 cytoplasmic domain and Gag and promote the disman-

tlement of the Gag core, resulting in release of the viral ge-
nome into the cytoplasm of infected cells.

Based on the results obtained, we conclude that the mutants
analyzed here phenotypically differ from Trp-rich region mu-
tants, by differing in the patterns of Env incorporation into the
virus and in the sensitivities of membrane fusion and virus
infectivity to mutations within the Trp-rich sequence and
LWYIK motif, respectively. Moreover, the action of this motif
is independent of that of the NHR and CHR during fusion. In
short, this motif acts as a unique and distinct structural deter-
minant located in the C terminus of the gp41 ectodomain in
modulating membrane fusion and postfusion events.
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