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We have previously described a human immunodeficiency virus type 1 (HIV-1) proviral clone, pL2, derived
from defective viral particles with higher fusogenicity than the prototypic NL4-3 virus. In this study, we
attempted to determine the region that confers the enhanced fusion activity by creating envelope recombinants
between pL2 and pNL4-3, as well as point mutants based on pNL4-3. The results indicate that amino acid 36
of gp41 is key for the fusogenic activity and infectivity enhancement and that glycine 36 (36G) of gp41 in pL2
is conserved in nearly all HIV-1 isolates except for pNL4-3. The mutation 36G—D in a primary-isolate-derived
Env decreased syncytium-forming activity and infectivity. The assays for cell-cell fusion and viral binding
suggested that the enhanced fusion mediated by the 36D—G mutation is not due to increased binding efficiency
but is directly due to actual enhancement of viral fusion activity. Interestingly, this amino acid position is
exactly equivalent to that at which the mutation of HIV-1 isolates that have escaped from a fusion inhibitor,
enfuvirtide (T-20), has been frequently observed. The correlation between these previous findings and our
findings was suggested by structural analysis. Our finding, therefore, has implications for a molecular basis of

the viral escape from this drug.

The human immunodeficiency virus type 1 (HIV-1) enve-
lope glycoprotein (Env), which determines viral tropism, is
initially synthesized as a single polypeptide precursor, gp160,
forming trimers (46). Subsequently, this Env precursor is
cleaved proteolytically into a heavily glycosylated surface sub-
unit known as gp120 and a transmembrane subunit known as
gp41, which are associated by noncovalent bonds in an oligo-
meric structure on the surface of the virion (10, 18, 31). On the
target cell surface, the gp120 surface protein binds to CD4 and
a coreceptor, leading to a conformational change in gp120 that
alters gp120-gp41 interactions (23, 47). This binding event trig-
gers membrane fusion, which requires functions of gp4l
ectodomain. The gp4l ectodomain contains a hydrophobic
amino-terminal fusion peptide, followed by an amino-terminal
and carboxy-terminal leucine/isoleucine heptad repeat domain
with a helical structure (N-peptide helix and C-peptide helix,
respectively) (3, 6, 26, 36, 43). Fusion is first induced by inser-
tion of the fusion peptide at the amino terminus of gp41 into
the host cell membrane, after which this region is brought into
close proximity to the transmembrane domain of gp41. This is
attained via the fusion-active conformation of a coiled-coil
structure composed of internal triple-stranded N-peptide he-
lices paired with antiparallel outer C-peptide helices packed
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along hydrophobic grooves, thus forming a six-helix bundle (7,
43).

The fusion inhibitor enfuvirtide (also known as T-20), a
peptide based on the sequence of the C-peptide helix in gp41,
blocks formation of the six-helix bundle and thus prevents
membrane fusion (8, 27, 45). A mutation in the N-peptide helix
of gp41, specifically, an aspartic acid substitution for glycine at
position 36, which was selected both in vitro (24, 35, 40) and in
vivo (42), affects viral sensitivity to T-20, presumably by alter-
ing the affinity of T-20 for the N-peptide helix.

We have previously reported that an established cell line,
L-2, derived from MT-4 cells surviving after in vitro acute-
phase infection with an MT-4/MOLT-4 cell-propagated LAI
strain, produces highly fusogenic but replication-defective
HIV-1 particles (20). The L-2-produced viruses are peculiar, as
the morphology of the viral particles is doughnut shaped since
the protease gene is mutated and in that the virions harbor a
robust activity to induce syncytia despite lacking infectivity (16,
32). To characterize the L-2-derived viruses, we generated a
full-length infectious DNA clone, pL2, using proviral DNA
extracted from L-2 cells. By performing a chimeric analysis
between pL2 and pNL4-3, we found that pL2-derived regions,
including env, induce enhanced syncytium formation as ex-
pected (21).

In this study, we further sought to determine the region that
conferred the fusogenic activity at the amino acid level, by
creating env recombinants between pL2 (or its parent pLAI)
and pNL4-3, and several point mutants based on pNL4-3. The
results demonstrate that amino acid 36 of gp41 is a key deter-
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minant of the fusion activity and infectivity enhancement and
that glycine 36 of gp41, commonly seen in pL2 and the parental
pLAI is conserved in nearly all HIV-1 isolates except for
pNL4-3 (and, surprisingly, T-20 escape mutants), which carry
aspartic acid at this position (36D). By exploiting structural
modeling of gp41, we were able to predict the cause of the
fusogenic difference between L2/LAI and NL4-3 viruses. To-
gether with the finding that escape mutants from the T-20
fusion inhibitor harbor the same 36D mutation (24, 27, 35, 40,
42), these results imply a molecular basis for the emergence of
viruses resistant to this drug.

MATERIALS AND METHODS

Plasmid construction. To introduce a unique restriction enzyme site at the 3’
end of the envelope gene, a PCR-amplified BamHI-NotI fragment (nucleotide
positions 8465 to 8786) and an amplified NotI-Xhol fragment (positions 8787 to
8887) from pNLA4-3 (1) were ligated into pNL4-3 digested with BamHI and Xhol
restriction enzymes (pNL-e-Not). To further introduce unique restriction en-
zyme sites into an env sequence, the Sall-NotI fragment (positions 5785 to 8786)
of pNL-e-Not was subcloned into pBlueScript SK(+) (Stratagene) (pBS-NL-S/
N). Mrol and BIplI sites were introduced immediately upstream of the envelope
signal peptide sequence (positions 6214 to 6219) and cleavage signal sequence
(positions 7715 to 7721), respectively, on pBS-NL-S/N, and this construct was
designated pBSNL-S/N-M/B. The Sall-NotI region of pBSNL-S/N-M/B was
cloned back into pNL-e-Not to create pNL-envCT. An envelope gp41-coding
sequence derived from pLAI was PCR amplified and inserted into pNL-envCT,
to generate the proviral clone pNL-LAIgp41. An envelope gp120 sequence from
pLAI was also PCR amplified and subcloned into Mrol- and BlplI-digested
pBSNL-S/N-M/B, and then the Sall-Blpl fragment was replaced with either
pNL-LAIgp41 or pNL-envCT, to generate the proviral clone pNL-LAIgp160 or
pNL-LAIgp120, respectively. In order to generate more recombinants of gp41,
the Nhel (positions 7250 to 7255)-Xhol (positions 8887 to 8892) fragment of
pNL-envCT was inserted into a pGL3-Basic vector (Promega) and designated
pGL3NL-N/X-Blp. Either the BlpI-HindIII (positions 7715 to 8136) or HindIII-
BamHI (positions 8131 to 8470) fragment derived from pLAI was inserted into
pGL3NL-N/X-Blp. The BlpI-NotI fragment of each plasmid carrying either
BlpI-HindIII or HindIII-BamHI of pLAI was inserted back into pNL-envCT to
create pNL-LAIgp41-1 and pNL-LAIgp41-2, respectively. To generate the pro-
viral clone pNL-LAIgp41-3, a PCR-amplified BamHI-NotI fragment of pLAI
was directly inserted into pNL-envCT. Chimeric proviral clones carrying pL2-
derived sequence were also constructed by using the same strategies. These
proviral clones were designated pNL-L2gp160, pNL-L2gp120, pNL-L2gp41,
pNL-L2gp41-1, pNL-L2gp41-2, and pNL-L2gp41-3. To introduce the amino acid
mutation 21Cys—Ala, 22Thr—Arg, 36Asp—Gly, 22Thr—Ala, or 91Leu—Phe,
QuikChange mutagenesis (Stratagene) was performed by using pGL3NL-N/X-
Blp as a template DNA. The resultant BlpI and NotI fragments were inserted
into pNL-envCT, and the constructs were designated pNL-gp41-C21A, pNL-
gp41-T22R, pNL-gp41-T22A, pNL-gp41-D36G, and pNL-gp41-LI91F, respec-
tively. Similarly, an amino acid change of 36Gly—Asp was introduced into
pNL-1549 harboring a primary isolate (QH1549)-derived Env protein (37) to
create pNL-1549-G36D. To quantify the infectivity, the PCR-amplified NotI-
Xhol fragment of the luciferase (Luc) gene was inserted into NotI-Xhol region
of pNL-envCT, pNL-gp41-D36G, pNL-1549, or pNL-1549-G36D and designated
pNL-Luc-envCT, pNL-Luc-gp41-D36G, pNL-Luc-1549, or pNL-Luc-1549-
G36D, respectively. Env expression plasmids pNLnABs (NL-Env expression
plasmid) and pNLnABs-Nh (AEnv control plasmid) were previously described
(38). pPNLnABs-D36G was constructed by replacement of the Nhel-BamHI re-
gion of pNL-gp41-D36G in the corresponding sites of pNLnABs. To generate
pLTR-hLucP+, the 5" long terminal repeat (LTR) sequence of pNL4-3 was PCR
amplified and inserted into pGL3(R2.1)-Basic vector carrying the Rapid Re-
sponse luciferase gene (Promega). To generate a Tat expression plasmid, pLTR-
Tat, the tat sequence of pNL4-3 was PCR amplified and replaced with the
humanized Luc gene from pLTR-hLucP+. To generate pNL-Aenv, an envelope-
defective control vector, a frameshift mutation was introduced into the Ndel site
within env gene of pNL4-3.

Cell maintenance and transfection. MOLT-4, M8166, CEMx174, H9, 293T,
and MAGIC5A cells were maintained as described elsewhere (30, 32, 38). To
prepare viral supernatants, 7 X 10° 293T cells were transfected with 2 ug of each
proviral expression plasmid by using FUGENE 6 (Roche). Sixteen hours later,
cells were washed with phosphate-buffered saline (PBS), and then 2 ml of fresh
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complete medium was added. Twenty-four hours later, supernatants were fil-
tered through 0.45-pum-pore-size filters. Levels of virion production were quan-
titated by HIV-1 p24 antigen capture enzyme-linked immunosorbent assay
(ELISA) (Retro-Tek).

Syncytium formation assay. MOLT-4, M8166, CEMx174, or H9 cells (5 X 10%)
were incubated with 200 ng of p24 antigen of each virus at 37°C. After incubation
for 48 h, the cells were fixed with 4% paraformaldehyde in PBS, and the forma-
tion of syncytia was observed under a light microscope.

Viral infectivity assay. MAGICSA cells (5 X 10°) were incubated with viral
supernatants containing 10 ng of p24 antigen. Forty-eight hours after infection,
cells were lysed in 100 pl of lysis buffer (Promega), and Luc activities were
measured by MicroLumat LB 96V (Berthold).

Viral binding assay. One hundred nanograms of p24 of NL-Aenv (control),
NL-envCT (wild type [WT]), or NL-gp41-D36G (D36G mutant) virus was added
to 1.5 X 10° MAGIC5A cells at 4°C. After 3 h of incubation, cells were washed
three times with PBS and then lysed in 100 wl of lysis buffer. The p24 antigen
content of the lysates was measured by ELISA. The background obtained with
control viruses was subtracted from sample values.

Cell-cell fusion assay. 293T cells as effector cells and MAGIC5A cells as target
cells were transfected with pNLnABs (WT-env), pNLnABs-D36G (D36G-env),
or pNLnABs-Nh (control env), plus pLTR-Tat, and with pLTR-hLucP+, respec-
tively. After 48 h, both cell types were washed, trypsinized, and cocultured in a
12-well plate. After 5 h of incubation, cells were lysed in 200 pl of lysis buffer, and
Luc activities were measured with a MicroLumat LB 96V. Transfection efficiency
was normalized by cotransfection of 293T with phRL-CMV (Promega), which
expresses a renilla luciferase.

Molecular modeling of the HIV-1 gp41 ectodomain trimer. To construct three-
dimensional (3-D) structures of intact ectodomain trimers, we used the crystal
structure of the simian immunodeficiency virus gp41 ectodomain trimer at a high
resolution at 1.47 A (Protein Data Bank code 1QBZ) (48) as a template for
homology modeling. Although several other crystallographic structures of the
HIV-1 gp41 ectodomain are available from the Protein Data Bank, those struc-
tures are either monomers or trimers lacking a majority of the N helix, C helix,
and loop connecting the helices. 1QBZ has a sequence similarity of 52.5% to the
target NL4-3 gp41 ectodomain, which is high enough to construct high-accuracy
models with a root mean square distance (RMSD) of ~1 A for the main chain
between the predicted and actual structures (2). Monomer chains termed A, B,
and C in the trimer structure 1QBZ lack 21, 9, and 3 amino acid residues,
respectively. To minimize effects of the missing residues on the modeling, 1QBZ
was modified by superimposing the chain C residues, which carry the fewest
missing residues, on the chain A and chain B residues, and the modified 1QBZ
structure was used as a template structure for modeling. 3-D models of HIV-1
gp41 ectodomain trimers of NL4-3 and the D36G mutant were constructed
independently by the homology modeling technique using MOE-Align and
MOE-Homology in the Molecular Operating Environment (MOE) (Chemical
Computing Group Inc.). The 3-D structures were thermodynamically optimized
by energy minimization using the MOE and a CHARMm?22 force field. Physi-
cally unacceptable local structures of the optimized 3-D models were further
refined on the basis of evaluation by Ramachandran plot and chi plot using
programs packaged in MOE. We also tested distinct procedure for the modeling.
In this case, we first made the NL4-3 gp41 model alone from the simian immu-
nodeficiency virus template structure and then substituted the amino acid at
position 36 from D to G, followed by energy minimization. This procedure
generated a structure indistinguishable from the D36G structure obtained by the
first procedure. Thus, we used structures made by the first procedure in the
present study.

RESULTS

Ability of envelope gp120- and gp41-chimeric viruses to
form syncytia. We first constructed a cassette vector, pNL-
envCT, for envelope recombination. pLAI- and pL2-derived
gpl160 fragments were PCR amplified and cloned into pNL-
envCT to generate pNL-LAIgpl160 and pNL-L2gp160. The
resultant chimeric viruses carrying the entire gp160 envelopes
of pLAI and pL2 were analyzed in a syncytium formation
assay. As expected, full-length Envs from pLAI and pL2 were
fully able to support high-level fusion activity (Fig. 1), while
NL4-3 Env did not reveal such a fusion activity under our
experimental conditions. Since a significant number of reports
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FIG. 1. Construction of gp120 and gp41 chimeric full-length pro-
viral DNAs and their syncytium-forming activities. An HIV-1 envelope
cassette vector, pNL-envCT (WT), harbors Mrol, Blpl, and NotI re-
striction enzyme sites immediately upstream of the gp120, gp41, and
nef genes of pNL4-3, respectively. The envelope gp160, gp120, and
gp41 genes of pLAI and pL2 were replaced with the corresponding
regions of pNL-envCT. MOLT-4, M8166, CEMx174, or H9 cells
(5 x 10*) were incubated with 200 ng of p24 antigen of each virus.
After 48 h, cells were fixed and observed by microscopy. Arrows indi-
cate the formation of syncytia.

regarding the role of gp41 envelope in fusogenic activity have
been accumulated (4, 5, 12, 15, 19, 33), we attempted to assess
whether pLAI- and pL2-derived gp41 could indeed determine
the ability to induce high fusogenic activity. The gp120 or gp41
region derived from pLAI or pL2 was cloned in place of the
equivalent env sequence present in pNL-envCT, and the abil-
ities of these envelope-chimeric HIV-1 proviral clones to in-
duce fusion activity were analyzed. As shown in Fig. 1, NL-
LAlIgp41 and NL-L2gp41 revealed high fusion activity similar
to that observed in NL-LAIgp160 and NL-L2gp160, while NL-
LAIgp120 and NL-L2gp120 did not show any syncytium for-
mation. Therefore, we conclude that pLAI- and pL2-derived
gp41 envelopes indeed determine the ability to induce more
fusogenic activity than pNL4-3-derived Env.

Determination of a key amino acid in gp41 associated with
the fusion activity. To further facilitate an accurate compari-
son of the abilities of the env genes derived from each of these
isolates to support syncytium formation, we recombined three
different regions in gp41l by utilizing conserved HindIII and
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BamHI restriction enzyme sites and newly introduced Blpl and
NotI sites on gp41. The resultant viruses were analyzed in the
syncytium-formation assay. As shown in Fig. 2A, NL-LAIgp41-1
and NL-L2gp41-1, carrying BlpI-HindIII fragments of pLAI and
pL2, were able to reproduce the highly fusogenic activity observed
in the LAIgp160, LAIgp41, L.2gp160, and L.2gp41 viruses. Thus,
we found that the fusogenic activity of L2/LLAI viruses was deter-
mined by an amino-terminal domain of gp41.

To identify the determinant of the syncytium-forming activ-
ity at the amino acid level, we performed site-directed mu-
tagenesis. Since the amino-terminal domain of gp41 of pLAI or
pL2 harbors three or four different amino acids, respectively
(two amino acid differences are common in both clones), a
total of five amino acid changes were introduced into pNL4-3:
21C—A (common in pLAI and pL2), 22T—R (pLAI type),
22T—A (pL2), 36D—G (common in pLAI and pL2), and
91L—F (pL2) of gp4l; the constructs were designated pNL-
gp41-C21A, -T22R, -T22A, -D36G, and -LI1F, respectively.
As shown in Fig. 2B, only the D36G mutation, which is com-
mon between L2 and LAI led to syncytium formation. No
significant difference in the Env gp120 and gp41 protein ex-
pression was observed among all viruses tested here (data not
shown). Importantly, this activity was correlated with enhance-
ment of viral infectivity (~5.5-fold [Fig. 2C]). We therefore
conclude that the single amino acid substitution 36D—G is
sufficient for the altered syncytium formation activity. This was
surprising since we originally sought to identify the determi-
nants of L2-specific fusion activity. Instead, we found that 36G
of gp4l is well conserved among nearly all HIV-1 isolates
according to the HIV-1 sequence database and that NL4-3 is
rather exceptional in that gp41 harbors 36D, as reported in the
T-20 studies (24, 35, 40, 42). The implications of this result are
considered in Discussion.

Effect of the 36G—D mutation in a primary-isolate-derived
Env. To further investigate whether these phenomena could be
observed in a primary isolate, we utilized pNL-1549, encoding
a primary-isolate-derived Env, in which amino acid position 36
of gp4l is glycine. We constructed the 36D version of this
clone, termed pNL-1549-G36D. As shown in Fig. 3A, the mu-
tant virus totally lost its syncytium-forming activity, while the
WT virus displayed robust syncytium formation activity. Con-
sistently, infectivity of the mutant virus showed an ~3.5-fold
reduction (Fig. 3B). We therefore conclude that the effects of
amino acid substitution at position 36 on syncytium formation
and viral infectivity are reproduced in the primary isolate.

Effect of the D36G mutation on viral binding activity. Next,
we attempted to clarify whether the effect of the D36G muta-
tion on the syncytium formation might be regulated by viral
binding activity due to an altered interaction between gp41 and
gp120. Before testing this, we first quantitatively compared the
difference in the fusion activity between WT NL and the D36G
mutant Envs by performing a cell-cell fusion assay. In this
assay, 293T cells as effector cells were transfected with Tat and
Env expression plasmids, while CD4/coreceptor-expressing
MAGICSA cells as target cells were transfected with a plasmid
carrying a synthetic version of rapidly responding Luc reporter
gene which is driven by the HIV-1 LTR. After coculturing
effector cells and target cells, fusion activity can be quantitated
by measuring Tat-induced Luc activity. Transfection efficiency
was normalized with renilla luciferase expression in the effec-
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FIG. 2. Construction of gp41 recombinants and point mutants and their syncytium-forming activities and infectivities. (A) Chimeric viruses carrying
three different regions of gp41 derived from pLAI or pL2 were constructed by utilizing the restriction enzyme sites Blpl, HindIII, BamHI and Notl.
(B) Amino acid substitutions (21C—A, 22T—R, 22T—A, 36D—G, or 91L—F) were introduced within the BlpI-HindIII region of gp41 by site-directed
mutagenesis. Asterisks show mutant constructs harboring a mutation commonly seen in both pLAI and pL2. The syncytium-formation assay (A and B)
was performed as described for Fig. 1. Arrows indicate the formation of syncytia. (C) To determine infectivity, 5 X 10° MAGICSA cells were infected
with 10 ng of NL-Luc-envCT (WT) or NL-Luc-D36G (D36G), harboring the Luc gene in place of nef. After 48 h, cells were lysed and subjected to Luc
assay. Averages from three independent experiments with standard deviations are indicated. RLU, relative light units.
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FIG. 3. Effect of the amino acid change at position 36 in gp41 in a
primary-isolate-derived Env. (A) A syncytium formation assay was
performed with MOLT-4 cells inoculated with NL-1549 (1549-WT)
viruses carrying a primary-isolate (QH1549)-derived Env or with NL-
1549-G36D (1549-G36D) viruses harboring the amino acid change
36G—D in 1549 gp4l. Arrows indicate the formation of syncytia.
(B) Infectivities of NL-Luc-1549 (1549-WT) and NL-Luc-1549-G36D
(1549-G36D) viruses were measured by Luc assay as described for Fig.
2C. Averages from three independent experiments with standard de-
viations are indicated. RLU, relative light units.

tor cells, and equivalent levels of expression of WT and D36G
Envs were confirmed by immunoblotting. As shown in Fig. 4A,
the D36G Env enhanced Luc activity ~5-fold more than WT
Env, consistent with microscopic observation of the fusion
activity shown in Fig. 2B. In the viral binding assay, MAGIC5A
cells were incubated with WT Env- and D36G Env-encoding
viruses at 4°C, which is a temperature permissive for virus
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FIG. 4. Comparisons of cell-cell fusion (A) and viral binding
(B) between WT and D36G mutant Envs. (A) 293T cells as the effector
cells were transfected with pNLnABs (WT) or pNLnABs-D36G
(D36G) and Tat expression plasmids, while MAGICSA cells as the
target cells were transfected with pLTR-hLucP+. Forty-eight hours
later, both cell types were washed, trypsinized, and cocultured. After
5 h, cells were lysed and subjected to Luc assay. Averages from three
independent experiments with standard deviations are indicated.
RLU, relative light units. (B) MAGIC5A cells (1.5 X 10°) were incu-
bated with medium containing 100 ng of NL-Aenv, NL-envCT (WT),
or NL-gp41-D36G (36G) viruses at 4°C. After 3 h, cells were exten-
sively washed with ice-cold PBS three times and lysed with lysis buffer.
Cell lysates were analyzed for p24 levels by ELISA. The background
obtained with NL-Aenv viruses was subtracted from sample values.
Averages from three independent experiments with standard devia-
tions are indicated.
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FIG. 5. Molecular modeling of HIV-1 gp4l ectodomain trimer.
The 3-D model of an HIV-1 gp41 ectodomain trimer was constructed
by the homology modeling technique using the MOE. HIV-1 gp41
ectodomain trimers of D36G (upper left) and NL4-3 (upper right) are
displayed. Target portions of each trimer around amino acid position
36 are shown with side chains of position 36 in the N-peptide region
and related amino acids within the C-peptide region. Arrows indicate
the side chains of N and C helices of D36G (lower left) and NL4-3
gp41 (lower right).

binding but not internalization. After 3 h, unbound virions
were removed by extensive washing, and cells were lysed and
subjected to p24 ELISA. Background activity of the control
virus (env defective), which showed ~30% of the binding ac-
tivity of WT Env, was subtracted from the activity obtained for
WT and D36G Envs. As shown in Fig. 4B, WT and D36G
mutant viruses displayed equivalent levels of viral binding abil-
ity. We therefore conclude that the effect of the D36G amino
acid substitution on syncytium formation results from an en-
hancement in fusogenic activity and not from enhanced virus
binding due to an altered interaction between gp41 and gp120.

Comparison of the 3-D structure models of the gp41 ectodo-
main trimer. To more fully understand the mechanism by
which fusogenicity differs between NL4-3 and the D36G mu-
tant, we analyzed the effect of the D36G mutation on the
predicted 3-D structure of the gp41 ectodomain trimer. Ther-
modynamically stable ectodomain structures of HIV-1 NL4-3
and its D36G mutant were constructed by homology modeling
as described in Materials and Methods. As shown in Fig. 5,
when the two structures were compared, it was obvious that the
side chain of amino acid at position 36 in the N helix could
affect the potential movement of the C helix of NL4-3 but not
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that of the D36G mutant. The side chain of the aspartic acid in
the NL4-3 (36D) model was shown to protrude toward the
main chain of the C helix positioned in parallel with the N
helix, being surrounded closely by the side chains of three
amino acids in the C helix, i.e., Q141, K144, and N145. In such
a structure, if the C helix moves vertically or horizontally dur-
ing six-helix bundle formation, there could be a steric clash
between the side chain of 36D and some of the three amino
acids. In addition, the negatively charged 36D could induce
distortion or incorrect positioning of the N and C helices by
forming a misdirected salt bridge with K144, leading to a less
stable helix structure. The positioning of the smaller, non-
charged side chain of the glycine at position 36 in the D36G
mutant model suggests that it would not clash with the side
chains of the C helix during six-helix bundle formation. The
model also predicts that the amino acid substitution at position
36 might cause a change in positioning of both the C and N
helices per se. The mean distance between the main-chain
backbones of the N and C helices was shorter in the D36G
models than in the NL4-3 model (5.45 A and 6.13 A, respec-
tively). Although the expected difference (about 0.7 A) was in
the range of RMSD between the predicted and actual struc-
tures, it was constantly observed with models made by different
procedures, suggesting its intrinsic significance due to the dif-
ference of the size of side chain at position 36. Together, the
data suggest that the substitution at position 36 with a charged,
larger amino acid affects not only the local conformation of the
helix but also the overall positioning of the two helices. Thus,
the alteration of the amino acid at position 36 has a significant
impact on determining the conformation of the N and C heli-
ces in the hairpin structure during membrane fusion.

DISCUSSION

In this study, we initially attempted to identify which region
of the HIV-1 envelope protein could be responsible for the
highly fusogenic activity that was observed in L2 viruses pro-
duced from MT-4 cells surviving after infection with LAI vi-
ruses (16, 20, 32). As a result of recombinational and muta-
tional analyses based on pNL4-3, we found that a substitution
of glycine (present in pL2/pLAI) for aspartic acid (present in
pNLA4-3) at position 36 of the ectodomain of gp41 was neces-
sary and sufficient to confer robust syncytium-forming activity
as well as enhanced infectivity. This phenomenon was con-
firmed by using a primary-isolate-derived Env protein with a
glycine located at position 36 of this gp4l ectodomain. By
performing quantitative fusion assays and viral binding assays,
enhanced fusion activity was found not to be due to increased
binding efficiency by altered gp41-mediated activity of gp120
but to be directly due to actual enhancement of viral fusion
activity.

It is somewhat surprising that we could not determine any
other key amino acid change which could display high fusion
activity, since 36G of the gp41 ectodomain is conserved not
only in pL2/pLAI but also in most other HIV-1 isolates (even
in LAI/IIIB derivatives) and since one of the most widely used
HIV-1 clones, pNL4-3, consisting of LAI/BRU at the 3'half, is
rather exceptional, as first shown in the reports on T-20 (24, 35,
40, 42) (see below). Besides, one discrepancy remains in that
although both L2 and LAI Envs harbor 36G in the ectodomain
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of gp4l, L2 viruses are derived from the past virus stock of
MT-4—MOLT-4-propagated strain LAI, which was not able to
induce syncytium formation efficiently (32). It seems likely,
however, that the majority of these polyclonal LAI prepara-
tions from MT-4/MOLT-4 cells might have carried 36D of
gp41, which confers considerably less fusogenicity. We hypoth-
esize that viruses carrying D36 in gp41 would take advantage of
reduced fusogenic activity to lead to higher levels of viral
propagation, since low-level cytopathic activity as a result of
weak fusogenicity in D36 viruses might allow infected cells to
survive longer than would G36 viruses. In terms of viral infec-
tivity, D36 viruses should retain low but sufficient infectivity, as
NLA4-3 does. We therefore assume that D36 viruses might have
dominated polyclonal LAI preparations from MT-4/MOLT-4
during the establishment of persistently infected cells. On the
other hand, the reason why, despite the acquisition of high
fusogenicity, L2-producing cells could survive after the in vitro
acute phase of infection (20) might be that produced virions
are replication defective because of the mutation in the pro-
tease gene and that the virus-producing cells have down-reg-
ulated CD4 from the cell surface, not allowing L2 virions to
superinfect the cells.

The accuracy of the homology modeling is highly dependent
on resolution of template structure for the modeling, as well as
the degree of sequence similarity between the template and
target proteins (2, 39). To obtain a high-quality gp41 ectodo-
main model, we used the 1QBZ structure, which was deter-
mined by X-ray crystallography analysis to have the best reso-
lution (1.47 A) and is the most accurate and complete structure
of a retroviral gp41 ectodomain determined to date (48). Fur-
thermore, 1QBZ has a sequence similarity of 52.5% to the
target NL4-3 gp41 ectodomain, which is high enough to con-
struct high-accuracy models with RMSDs of ~1 A for the main
chain between predicted and actual structures (2). Therefore,
the gp41 ectodomain models presented here are likely to be
highly accurate, predicting the six-helix bundle structure of
each strain with an RSMD of ~1 A for the main chain.

The comparison of the six-helix bundle models of NL4-3 and
the D36G mutant revealed notable structural differences
around amino acid position 36, which potentially the affect
ability of the ectodomain to induce conformational change
(Fig. 5). The models suggest that the NL4-3 ectodomain can be
more refractory to the conformational changes than the D36G
mutant ectodomain, because of more efficient steric clash and
coulomb interaction between the N and C helix side chains
(Fig. 5). This prediction is consistent with the experimental
data indicating that the NL4-3 gp41 is less fusogenic than the
gp41 with the D36G substitution (Fig. 1 to 4). Together, our
data suggest that the amino acid at position 36 in the N helix
is a critical regulator for the structural changes of the ectodo-
main.

Figure 6 shows a model of HIV-1 membrane fusion and the
difference in fusion efficiency between 36D and 36G Envs.
Binding of gp120 to CD4 and a chemokine receptor (not
shown) leads to a conformational change in gp120 that alters
the interactions of gp120 with gp41. This allows the gp41 fusion
peptide to be exposed and to insert into the target cell mem-
brane (Fig. 6, upper left) and allows the N-peptide region to
form an exposed trimeric coiled coil and the C-peptide region
to be exposed as well (prehairpin intermediate shown in Fig. 6,
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FIG. 6. A model of the HIV-1 Env-mediated fusion mechanism and a putative difference in hairpin formation between D36G and NL4-3 Envs.
This model is adapted from that of Koshiba and Chan (22). Binding of gp120 to CD4 and a coreceptor (not shown) induces a conformational
change in gp120 that allows exposure of gp41 fusion peptide (red) and its penetration into the target cellular membrane and allows the formation
of the prehairpin intermediate (upper panel). As shown in the lower left panel, hairpin (six-helix bundle) formation occurs between trimeric
N-peptide (gray) and C-peptide (blue) regions. Enlargements of putative six-helix bundles of D36G and NL4-3 gp41 ectodomains are displayed

in the lower right panel.

upper middle and right). This intermediate is relatively long-
lived and is vulnerable to C-peptide inhibitors such as T-20.
When the C-peptide region is brought into close proximity to
the N-peptide coiled coil and adopts a helical conformation,
the prehairpin intermediate resolves to the fusion-active hair-
pin structure, which is a coiled coil composed of internal triple-
stranded N-peptide helices paired with antiparallel outer C-
peptide helices packed along hydrophobic grooves, forming a
six-helix bundle. This rearrangement results in membrane ap-
position (Fig. 6, lower left). As shown in the lower right panel
of Fig. 6, while the D36G mutant, which can be considered a
consensus gp41, undergoes the normal six-helix bundle forma-
tion, NL4-3 carrying 36D in gp41 faces physical impediments
to this formation since the protrusion of the negatively charged
36D residue in the N helix toward the C helix would induce a
steric clash between the N and C helices, a salt bridge with 36D
and K144 in the C helix, and an extended distance between the
main-chain backbones of the N and C helices.

T-20 is a 36-amino-acid synthetic peptide that is homologous
to the last 36 amino acids of the C-peptide helix (8, 27, 45) in
the ectodomain of gp41. By competitively binding the N-pep-
tide helix (Fig. 6, upper middle), T-20 blocks formation of the
hairpin structure necessary for membrane fusion. Studies in
vitro have shown that T-20 prevents cell-free HIV-1 infection
and virus-mediated cell-cell fusion (35, 40). After in vitro pas-
sage in the presence of increasing concentrations of T-20,
resistant variants of HIV-1;;,; developed mutations at posi-
tions 36 and 38 (G to D or S and V to M) (35). Also, sequence

analysis in vivo indicated that T-20-resistant viruses frequently
and specifically contained mutations at position 36 (G to D),
leading to a marked decrease in susceptibility to T-20 inhibi-
tion (42). These findings were supported by mutational evi-
dence that compared with NL-D36G viruses (NL4-3 altered to
match the consensus sequence at position 36), native NL4-3
(36D) displayed eightfold reduction in T-20 sensitivity (17).
This is intriguing in that the position of the mutation observed
in the T-20 escape mutants is exactly equivalent to that of the
target mutation in our study. Just as observed in our experi-
ments, the mutation which naturally occurs in the viruses es-
caping from T-20 is expected to induce a reduction in fusion
activity, but the mutants still retain infectibility as high as that
of NL4-3 viruses. Our findings, therefore, imply that the phe-
notypic and structural differences between fusogenic and non-
fusogenic viruses described in this paper may reflect those
between T-20-sensitive and nonsensitive viruses and further-
more suggest that the 36D mutation observed in T-20-resistant
mutants might reduce the T-20 binding efficiency by the same
mechanism as discussed above.

Considerable work on gp41 through mutagenesis studies and
escape variants arising from T-20 selective pressure with the
alterations in virus replication kinetics has indicated that other
positions of gp41 also regulate the fusogenicity. Among gp41
mutants reported so far, many of the gp41 mutations leading to
reduced fusion activity are located within or in the proximity of
the “deep pocket” (6), such as L54, L55, L57, V59, W60, G61,
162, W117, W120, and 1124 (4, 9, 11, 14, 25, 34, 41, 44). Since
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the mutations of these conserved residues required for the
six-helix bundle formation abolish viral replication (29), this
pocket could be a good target for T-1249, the second fusion
inhibitor, whose binding region extends into the deep pocket
(13). The W85M mutation, located in the side of disulfide-
bonded loop, confers impaired fusogenicity but wild-type in-
fectivity (4). Among several mutations which have been re-
ported to impair the fusogenicity and are located in the T-20
target region, such as 137, Q40, L45, and 148 (4, 8, 14, 25),
naturally occurring mutations in the presence of T-20 are
found in 137 and L45 in addition to G36 (whose phenotype was
first described in this study). Fusion phenotypes of other mu-
tants seen in T-20 resistance in vivo and in vitro (Q32, V38, and
Q39) are undetermined (27, 28, 35, 42).

In conclusion, our data indicate that amino acid 36 in the
gp41 ectodomain, which is conserved in nearly all HIV-1 iso-
lates except for NL4-3 and T-20 escape viruses, controls the
fusogenic activity and that structural impediment in the gp41
ectodomain of NL4-3 and T-20 escape viruses may lead to the
inefficient membrane fusion. Further studies will be required
to fully understand the mechanism by which viruses acquire
resistance to the T-20 fusion inhibitor.
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