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Fusion between cell and virus membranes mediated by gp41 initiates the life cycle of human immunodefi-
ciency virus type 1. In contrast to the many studies that have elucidated the structure-function relationship of
the ectodomain, the study of the membrane-spanning domain (MSD) has been rather limited. In particular,
the role that the MSD’s specific amino acid sequences may have in membrane fusion as well as other gp41
functions is not well understood. The MSD of gp41 contains well-conserved glycine residues that form the
GXXXG motif (G, glycine; X, other amino acid residues), a motif often found at the helix-helix interface of
membrane spanning «-helices. Here we examined the role that the specific amino acid sequence of the gp41
MSD has in gp41 function, particularly in membrane fusion, by making two types of MSD mutants: (i) glycine
substitution mutants in which glycine residues of the MSD were mutated to alanine or leucine residues, and
(ii) replacement mutants in which the entire MSD was replaced with one derived from glycophorin A or from
vesicular stomatitis virus G. The substitution of glycines did not affect gp41 function. MSD-replacement
mutants, however, showed severely impaired fusion activity. The assay using the Env expression vector revealed
defects in membrane fusion after CD4 binding steps in the MSD-replacement mutants. In addition, the change
in Env processing was noted for MSD-replacement mutants. These results suggest that the MSD of gp41 has
a relatively wide but not unlimited tolerance for mutations and plays a critical role in membrane fusion as well

as in other steps of Env biogenesis.

The envelope glycoprotein (Env) of human immunodefi-
ciency virus type 1 (HIV-1) plays a critical role in the entry
process in the viral life cycle. Env is synthesized as a precursor,
gp160, and then processed into a heterodimer consisting of
gp120 and gp41. Interaction of gp120 with CD4 and chemokine
receptors triggers the membrane fusion process.

The gp4l is believed to play a central role in the fusion
process during postreceptor binding. It is divided into three
subunits or domains: the extracellular, membrane-spanning,
and cytoplasmic domains. The contribution of the extracellular
domain to membrane fusion has been well documented. It
contains conserved heptad repeats preceded by the fusion pep-
tide and is thought to undergo conformational changes during
membrane fusion to form a trimeric coiled-coil, commonly
observed in the envelope proteins of viruses such as the influ-
enza virus, the Moloney murine leukemia virus, and the Ebola
virus (4-6, 11, 20, 37, 43, 44).

The cytoplasmic domain is relatively long compared with
those of other simple animal retroviral envelope proteins and
bears two well-conserved amphipathic helices called LLP1 and
LLP2 (10, 25, 40). The cytoplasmic domain is important to
intracellular trafficking as well as to the efficient incorporation
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of Env onto the budding viral particle (9, 32, 46). The cyto-
plasmic domain may affect fusion activity of Env (13, 27).
The membrane-spanning domain (MSD) of gp41 anchors
Env on the lipid bilayer, and its amino acid sequences are
highly conserved among independent isolates of HIV-1. Sev-
eral studies have indicated that the MSD is involved in mem-
brane fusion—the glycosylphosphatidylinositol-anchored Env
of HIV-1, which lacks the MSD and the cytoplasmic domain,
could not induce syncytia (35, 42). However, whether specific
amino acid sequences in the MSD are required for its function
in HIV-1 replication remains controversial. For example, the
previous study showed that substituting a leucine residue for
the conserved arginine residue within the MSD resulted in a
replication-incompetent virus (31). Substituting isoleucine for
the same arginine residue, however, did not affect gp41 func-
tion (42). Furthermore, fusion activity was retained in a mutant
in which the entire MSD and cytoplasmic domain were re-
placed with those of CD4 (41). Wilk et al. have reported a
replication-competent recombinant HIV-1 in which a CD22
MSD replaced the gp41 MSD (45). Because there is no appar-
ent sequence homology among the MSDs of gp41, CD4, and
CD22, these results suggest that gp41 function may not require
a specific sequence in the MSD or, alternatively, that some
as-yet-undetermined characteristic of CD4 and CD22 MSDs
might compensate for the naturally occurring sequence. One
feature common to the MSDs of gp41, CD4, and CD22 is the
presence of several glycine residues (Fig. 1A). A glycine resi-
due is not a rarity in the MSDs of membrane proteins (8, 39).
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HXB2:  yikLFIMIVGGLVGLRIVFAVLSIVnry
CONSENSUS_A-Al:  yikIFIMIVGGLIGLRIVFAVLSIInry
CONSENSUS B:  yikIFIMIVGGLVGLRIVFAVLSIVnry
HIV-1 CONSENSUS C:  yikIFIMIVGGLIGLRIIFAVLSIVnry
CONSENSUS D:  yikIFIMIVGGLIGLRIVFAVLSLVnrv
CONSENSUS 0:  yikIAITIVGAL IGVRVVMIVLNLVrni

GpA:  epeITLIIFGVMAGVIGTILLISYGIrrl
VSV-G: ksSIASFFFTIGLITGLFLVLRVGIHLCTK1k
HCVEL: gahWGVLAGIAYF SMVGNWAKVLWLLLFAGVdae

(b22: grrVAVGLGSCLATLILAICGLklg
(D4: VapMALIVELGGVAGLLLFIGLGIFFCVrer

Glycine substitution mutants

WT: yikLFIMIVGGLVGLRIVFAVLSIVnrv
690A; yikLFIMIVAGLVGLRIVFAVLSIVnrv
690L: yikLFIMIVLGLVGLRIVFAVLSIVnrv
691A: yikLFIMIVGALVGLRIVFAVLSIVnrv
691L: yikLFIMIVGLLVGLRIVFAVLSIVnrv
694A: yikLFIMIVGGLVALRIVFAVLSIVnrv
694L: yikLFIMIVGGLVLLRIVFAVLSIVnrv

3A: yikLFIMIVAALVALRIVFAVLSIVnrv

MSD replacement mutants
MSD GpA: yikITLITFGVMAGVIGTILLISYGIrv
MSD GpAG83I: yikITLITFGVMAIVIGTILLISYGIrv
MSD VSV-G: yikSSIASFFFIIGLIIGLFLVLRVGIHLCIry

FIG. 1. Amino acid sequences of the MSD of HIV-1 isolates and
several membrane proteins. (A) Amino acid sequences of the pre-
dicted MSD of HXB2, HIV-1 isolates, and several membrane proteins
are shown. The sequence of HIV-1 isolates was according to HIV
Sequence Compendium 2001 (17). The MSDs of CD4 and CD22 that
could replace the MSD of gp41 without affecting gp41’s function are
also shown (41, 45). The capital letters indicate the amino acid se-
quences within the predicted MSD. The small letters indicate the
amino acid sequences surrounding the MSD. Glycine residues in the
GXXXG motif are underlined. (B) Amino acid sequences of MSD
mutants. The mutated portions are underlined.

With respect to several viral membrane proteins, glycine resi-
dues are more often found in the MSDs of envelope proteins
than in the MSDs of nonenvelope proteins (8). Although the
importance of glycine residues in Env-mediated membrane
fusion has been studied with viruses such as vesicular stomatitis
virus (VSV) and the influenza virus (8, 23), the role of glycine
residues in the MSD of gp41 has not been investigated.

In the gp41l MSD of HIV-1, the glycine residues form the
GXXXG motif (G, glycine; X, other amino acid residues). This
motif is often observed in transmembrane o-helices and is
believed to stabilize helix-helix interactions of membrane pro-
teins (12, 34). In the case of glycophorin A (GpA) MSD, this
motif is critical for homodimerization (26). A recent study
showed that the transmembrane domains of hepatitis C virus
El and E2 envelope glycoproteins are required in het-
erodimerization and that E1 also has the GXXXG motif in its
MSD (29). The above-mentioned CD4 also contains the
GXXXG motif. Thus, the maintenance of fusion activity in
gp41 mutants having MSDs that were replaced with those of
CD4 or CD22 might depend on the presence of glycine resi-
dues in the CD4 and CD22 MSDs (41, 45). To investigate
whether the specific amino acid sequence in the MSD of gp41
is required for fusion activity, we mutated glycine residues or
replaced the entire MSD of gp41 with heterologous MSDs and
analyzed the effect that these mutations had on gp41 function.
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We found that the latter heterologous replacement enhanced
the processing of gp160. The fusion activity of gp4l was se-
verely impaired. Our analysis of the membrane fusion process
of these mutants revealed that the defects are manifested in
the postreceptor binding steps preceding lipid mixing and pos-
sibly in the steps after the initial pore formation.

MATERIALS AND METHODS

Construction of plasmids. The 1.2-kb Nhel-BamHI fragment covering the env
portion of the modified HXB2, HXB2RU3AN (vpr*, vpu*, nef*, and one Nhel
site within the vector were deleted), was subcloned into pGEM7zf(+) (Promega,
Madison, Wis.) as a target for mutagenesis. To generate each glycine substitution
(Gly™"®) mutant, site-directed mutagenesis was performed using a QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) with complementary
oligonucleotide pairs (for 690A, CATAATGATAGTAGCAGGCTTGGT
AGGT and ACCTACCAAGCCTGCTACTATCATTATG; for 690L, CATAA
TGATAGTACTAGGCTTGGTAGGT and ACCTACCAAGCCTAGTACTAT
CATTATG; for 691A, ATGATAGTAGGAGCCTTGGTAGGTTTA and TAA
ACCTACCAAGGCTCCTACTATCAT; for 691L, ATGATAGTAGGACTCT
TGGTAGGTTTA and TAAACCTACCAAGAGTCCTACTATCAT; for 694A,
AGGAGGCTTGGTAGCTTTAAGAATAGTTTTTG and CAAAAACTATT
CTTAAAGCTACCAAGCCTCCT; and for 694L, AGGAGGCTTGGTACTTT
TAAGAATAGTTTTTG and CAAAAACTATTCTTAAAAGTACCAAGCCT
CCT), generating the substitution of an alanine or a leucine residue for a glycine
residue. The PCR was performed using Pfu turbo (Stratagene). The 3A mutant
was created by site-directed mutagenesis using a complementary oligonucleotide
pair (CATAATGATAGTAGCCGCCTTGGTAGCCTTAAGAATAGTTTTTG
and CAAAAACTATTCTTAAGGCTACCAAGGCGGCTACTATCATTATG).

To generate the MSD-replacement mutants, megaprimers that were produced
by PCR that targeted the MSD portion of VSV-G or GpA as a template were
used as mutagenesis oligonucleotides (for MSD GpA, CAAATTGGCTGTGG
TATATAAAAATCACCCTGATCATC and GAATATCCCTGCCTAACTCT
GATGCCGTAGCTGAT; for MSD VSV-G, CAAATTGGCTGTGGTATATA
AAAAGCTCTATTGCCTC and GAATATCCCTGCCTAACTCTAATGCAA
AGATGGATAC). MSD GpAGS83I was produced by site-directed mutagenesis
using a subclone of MSD GpA as a template with a primer set (CATCTTCGG
CGTGATGGCCATCGTGATCGGCACCATCCTG and CAGGATGGTGCC
GATCACGATGGCCATCACGCCGAAGATG). Following mutagenesis, the
1.2-kb Nhel-BamHI fragments were sequenced and cloned back into the
pSP65SHXB2RU3AN plasmid. After the cloning back, the entire Nhel-BamHI
portion together with the junction was verified by sequencing.

An Env expression vector, pElucEnv, was used to express env genes in this
study. Although the details of its construction will be described elsewhere, it is a
derivative of pSP6SHXB2RU3AN and lacks the gag and pol portions of the
provirus. The rev function was provided by rev cDNA cloned into the nef region.
The original rev gene was inactivated by mutating its initiation codon. A BsiWI
site was introduced near the initiation codon of the original rev gene by this
mutagenesis. Because this vector contains an enhanced green fluorescent protein
(EGFP)-firefly luciferase expression module outside the provirus, the transfected
cells fluoresce green, allowing us to estimate transfection efficiency by measuring
firefly luciferase activity. To generate each Env expression vector, the Nhel-
BamHI fragment of the pSP65HXB2RU3AN wild type (WT), MSD GpA, MSD
GpAG83I, or MSD VSV-G was cloned into pElucEnv. As a negative control,
pElucEnv EnvKO was produced. The env gene of pElucEnv EnvKO has a stop
codon after its 25th codon. The 2.7-kb Sall-BamHI fragment covering the env
portion of the pElucEnv WT was subcloned into pGEM3zf(+) (Promega) as a
target for the mutagenesis. The site-directed mutagenesis used to create the stop
codon was performed with a specific primer set (CTCCTTGGGATGTTGTAG
ATCTGTAGTCTACA and TGTAGCACTACAGATCTACAACATCCCAAG
GAG). The BsiWI-BamHI fragment of the subclone was sequenced and cloned
back into pElucEnv WT.

A reporter vector, pTM3hRL, which has a reporter gene, renilla luciferase,
under the control of the T7 promoter, was generated from the pTM3luci vector
(1) by replacing the firefly luciferase gene with the humanized renilla luciferase
gene. The renilla luciferase gene was amplified from phRL-CMYV vector (Pro-
mega) by PCR with a primer set (CGACTCACTATAGGCTAGCC and GCT
CGAGGCGGCCGCTCTAGAATTAC), cloned into pCR4Blunt-TOPO (In-
vitrogen, Carlsbad, Calif.), and sequenced before cloning. To generate the T7
RNA-polymerase (T7 RNApol) expression vector, PCMMP T7RNApoliresGFP,
the gene encoding T7 RNA polymerase, was PCR amplified from pVR-T7-1 (1)
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and cloned into the pCMMP retrovirus vector (30). In this vector, the T7
RNApol gene is followed by an internal ribosome entry site and a GFP gene.

Cells and antibodies. COS7 cells, 293 cells, and MAGI cells were grown in
Dulbecco’s modified essential medium (DMEM; Sigma, St. Louis, Mo.) supple-
mented with 10% fetal bovine serum (FBS) (HyClone Laboratories, Logan,
Utah) and penicillin-streptomycin (Gibco-BRL, Rockville, Md.). MAGI cells
were grown in DMEM supplemented with 10% FBS, penicillin-streptomycin,
Geneticine (0.2 mg/ml), and hygromycin B (0.1 mg/ml) (16). Jurkat cells and H9
cells were grown in RPMI 1640 (Sigma) supplemented with 10% FBS and
penicillin-streptomycin. Cells were kept under conditions of 5% CO, in a hu-
midified incubator. OKT4 is an anti-CD4 monoclonal antibody and was obtained
from Ortho Diagnostic System (Raritan, N.J.). Anti-gp120 polyclonal antibody
was obtained from Fitzgerald Industries International, Inc. (Concord, Mass.).
The purified anti-gp120 monoclonal antibody prepared from hybridoma 902 was
kindly provided by Y. Yokota of the National Institute of Infectious Diseases,
Tokyo, Japan. Hybridoma 902 was obtained from Bruce Chesebro through the
AIDS Research and Reference Reagent Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases, National Institutes of Health (7, 33).
293CD#4 cells were isolated from 293 cells that had been transfected with pMACS
4-IRESIT (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) by use of a
MACSelect4.2 system (Miltenyi Biotec GmbH). Serum from a patient infected
with HIV-1 was kindly provided by T. H. Lee of Harvard School of Public
Health, Boston, Mass.

Protein analysis. The WT and mutant HXB2RU3AN constructs were trans-
fected into COS7 cells by the use of Gene Pulsar IT (Bio-Rad, Hercules, Calif.).
In brief, COS7 cells were suspended in serum-free DMEM and electroporated
with 4 pg of proviral DNA at a setting of 250 kV and 950 wF. At 72 h after
transfection, cell and virus lysates were prepared for protein analysis. Trans-
fected COS7 cells were collected by scraping and were centrifuged (Allegra 6KR
system; Beckman Coulter, Fullerton, Calif.) at 2,000 X g for 10 min. The cell
pellets were dissolved in radioimmunoprecipitation assay lysis buffer (0.05 M
Tris-CI [pH 7.2] including 0.15 M NaCl, 1% Triton X-100, 1% sodium deoxy-
cholate, and 0.1% sodium dodecyl sulfate [SDS]) and centrifuged (Himac CS
120fx system; Hitachi, Tokyo, Japan) at 314,000 X g for 45 min at 4°C. The
supernatants were subjected to SDS-polyacrylamide gel -electrophoresis
(PAGE). To analyze viral proteins, the supernatants from culture media were
spun (Allegra 6KR system) (2,000 X g for 20 min) to clear cell debris, filtered
through 0.45-pm-pore-size filters (Millipore, Bedford, Mass.), and then centri-
fuged (SW28 rotor; Beckman Coulter) at 4°C for 1.5 h on 3 ml of a 20% sucrose
cushion at 113,000 X g. Virus pellets were dissolved in radioimmunoprecipitation
assay lysis buffer for protein analysis by SDS-PAGE. Cell and virus lysates were
run on an SDS polyacrylamide gel (DRC, Tokyo, Japan) (7.5 to 15% gradient),
and proteins were blotted onto Immobilon-P (Millipore) by passive transfer as
described previously (21). The immunoblotting procedure was as follows. Before
addition of the serum or monoclonal antibodies, the membranes were blocked
with 3% bovine serum albumin (Sigma) dissolved in 0.2% Tween 20-PBS at
room temperature for 30 min. Enhanced chemiluminescence (Roche Molecular
Biochemicals, Mannheim, Germany) and a lumi-imager (Roche) were used to
detect the bands after probing with the patient serum or with anti-gp120 poly-
clonal antibody. Anti-human- and anti-goat-sheep immunoglobulin G-biotin
conjugates and streptavidin-horseradish peroxidase were purchased from Amer-
sham Biosciences UK Limited (Buckinghamshire, United Kingdom).

MAGI cell assay. MAGI cells were cultured in a 96-well plate for 48 h and then
transfected with 0.25 pg of proviral DNA by FuGene6 (Roche Molecular Bio-
chemicals). At 48 after transfection, the transfected MAGI cells were fixed using
PBS containing 0.5% glutaraldehyde and were stained for B-galactosidase as
described previously (16). The nuclei in multinucleated cells were counted. Five
randomly selected fields were evaluated for each mutant.

Infection study. For the infection study, the virus seed was prepared by trans-
fecting 1 pg of the proviral DNA into 10° of COS7 cells by FuGene6. At 72 h
after transfection, the culture supernatant was filtered through 0.45-wm-pore-
size filters (Millipore) and the p24 amount was determined using a p24 enzyme-
linked immunosorbent assay (ELISA). Jurkat cells were infected with each virus
adjusted by the p24 amount (10 ng of p24 per 10° cells to be infected). The
infection was monitored by measuring the p24 amount of the culture supernatant
at the indicated time point after infection. A p24 ELISA was performed using a
p24 RETRO-TEK ELISA kit (ZeptoMetrix, Buffalo, N.Y.).

Flow cytometry. At 48 after transfection by FuGene6, the COS7 cells that had
been transfected with each Env expression vector (pElucEnv WT, MSD GpA,
MSD GpAG83I, MSD VSV-G, or EnvKO) were stained with the 902 monoclo-
nal antibody for 1 h at 4°C (10 wg/ml in PBS with 2% FBS), incubated with
biotin-XX goat anti-mouse immunoglobulin G (Molecular Probes, Eugene,
Oreg.) for 30 min at 4°C, and then treated with streptavidin Alexa Fluor 555
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(Molecular Probes) for 30 min at 4°C and finally fixed with 1% paraformalde-
hyde in PBS. Cells were suspended in PBS with 2% FBS and analyzed with
Becton Dickinson FACSCalibur and CellQuest software (BD Biosciences Im-
munocytometry Systems, San Jose, Calif.). A double gate was defined by forward
versus side scatter and by the amount of GFP (FL-1). A total of 10,000 events
within this gate were collected for analysis.

CD4-binding assay. To evaluate the CD4-binding capacity of each MSD-
mutant Env, cell lysates prepared from the COS7 cells transfected with each Env
expression vector (pElucEnv WT, MSD GpA, MSD GpAG831, or MSD VSV-G)
and a CD4 expression vector by FuGene6 were prepared. At 72 h after trans-
fection, the transfected COS?7 cells were suspended in 250 pl of a binding buffer,
0.5% Triton X-100 in PBS, supplied with the Complete protease-inhibitor cock-
tail (Roche Molecular Biochemicals). Aliquots of 50 pl from each lysate were
mixed together, and 2 pl of OKT-4 and 5 pl of protein G Magnetic Beads (New
England BioLabs, Beverly, Mass.) were added. After a 1-h incubation at 4°C, the
beads were washed twice with 200 pl of binding buffer and subjected to SDS-
PAGE. The gp120 was detected using an immunoblotting analysis (see above).

Dye-transfer assay. The COS7 cells were transfected with each Env expression
vector (pElucEnv WT, MSD GpA, MSD GpAG83I, EnvKO, or MSD VSV-G)
by FuGene6 and cocultured with H9 cells at 48 h after transfection. H9 cells used
for this assay were loaded with CellTracker CM-Dil (at a final concentration of
10 wM) and Calcein blue, AM (Molecular Probes) (at a final concentration of 40
wM), precultured for 3 h, and then washed with culture medium. At 2 h after
coculture, the cells were fixed with 4% paraformaldehyde-PBS and analyzed
using a Zeiss LSM510META microscope. Cells showing green, red, or blue
fluorescence were counted in each of five randomly selected fields at magnifica-
tion of X200.

T7 RNApol transfer assay. The COS7 cells were transfected with each Env
expression vector (pElucEnv WT, MSD GpA, MSD GpAG831, MSD VSV-G, or
EnvKO) together with pTM3hRL (see above) by the use of FuGene6. At 48 after
transfection, the transfected COS7 cells were cocultured with the 293CD4 cells
that had been transfected with the T7 RNApol expression vector, pPCMMP
T7RNApoliresGFP (the ratio of cells was 1:1). At 12 h after coculture, the cells
were lysed and the firefly luciferase activities, derived from the Env expression
vector, and renilla luciferase activities, activated by the T7 RNApol transferred
from 293CD#4 cells through the generated fusion pores, were determined using a
Dual-Glo luciferase reporter assay system (Promega).

RESULTS

Gly*"® mutations did not affect the fusion activity of gp41 in
MAGTI cells. The amino acid sequences of the predicted MSD
of HXB?2, the consensus sequences of HIV-1 subtypes, and
sequences of certain other membrane proteins are shown in
Fig. 1A. Although the MSDs of CD22 and CD4 could replace
the MSD of gp41 without affecting its function (41, 45), the
lengths of the predicted MSDs differ and there is no apparent
sequence homology among them except for the presence of
several glycine residues. The amino acid sequence of the MSD
of gp41 is well conserved among different clades, and it con-
tains the GXXXG motif. Except for the MSD in CD22, all
MSDs listed contain the GXXXG motif. To evaluate the rel-
ative contributions that the three glycine residues in the gp41
MSD made to fusion activity, each glycine residue was changed
to an alanine or a leucine residue. Additionally, all three gly-
cine residues were changed to alanine residues in the 3A mu-
tant. The amino acid sequences and nomenclatures of Gly™"
mutants are shown in Fig. 1B. Alanine and leucine residues
were chosen because they are commonly found in the trans-
membrane region of membrane proteins (39). In a previous
study, substituting alanine or leucine residues for glycine res-
idues in VSV-G produced membrane-fusion-incompetent pro-
teins (8).

The protein profile of Gly*"® mutants was examined by im-
munoblotting analysis of both cell and virus lysates derived
from COS?7 cells transfected with the proviral DNAs. Similar
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FIG. 2. Protein profiles of cell and virus lysates of the WT and mutants. The cell and virus lysates for glycine substitution (A and B) and MSD
replacement mutants (C and D) were prepared from COS7 transfected with proviral DNA. The Env proteins (gp160, gp120) were detected with
anti-gp120 polyclonal antibody. Gag (p24, p17) and Pol (p66, p51) were detected using serum from an individual infected with HIV-1. The name
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For MSD replacement mutants, two different amounts of lysates were loaded for each mutant. The second lane of each sample received an amount

of the lysate that was half of the amount used for the preceding lane.

sub

protein profiles were observed for all Gly®” mutants and the
WT in both cell and virus lysates (Fig. 2A and B). For all Gly™"
mutants, both gp160 and gp120 were detected in cell lysates
and gp120 was detected in virus lysates. We did not observe
prominent changes in Env processing, as in the case of the
MSD replacement (MSD™P) mutants (see below). In virus
lysates, similar levels of Env relative to virus Gag/Pol products
(p17, p24, p51, and p66) were detected in each sample (Fig.
2B). These data suggested that all the Env mutants were ex-
pressed, processed, transported to the plasma membrane, and
incorporated onto the virions. Fusion activities of the Gly*""
mutants were evaluated by a MAGI cell assay using an arbi-
trary fusion index that reflects both the number of syncytia and
the number of nuclei within a syncytium. As shown in Fig. 3,
the fusion index of all Gly**® mutants was comparable with that
of the WT. Notably, the fusion activity of the 3A mutant was
also well maintained (Fig. 3). These data suggested that glycine
residues in the MSD of gp41 were not necessary for membrane
fusion in MAGI cells.

Gly*"" mutants retained the replication capacity in Jurkat
cells. We next evaluated the effect of glycine substitution on
viral replication in T-cell lines. Viruses collected from the
culture supernatants of COS7 cells transfected with the provi-
ral DNAs were used to infect Jurkat or H9 cells. Replication of
mutant viruses was monitored by measuring the amount of p24
released into the culture medium. A representative result is
shown in Fig. 4. All Gly*"® mutants were replication competent
and showed replication kinetics similar to those of the WT

virus in Jurkat cells. Similar results were observed in H9 cells
(data not shown). These results were consistent with the results
of fusion assay in MAGI cells (Fig. 3) and suggested that the
contribution of glycine residues in MSD to the life cycle of
HIV-1 was relatively small.
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FIG. 3. Relative fusion activity of MSD mutants in MAGI cell assay.
Fusion activity of the WT and MSD mutants was expressed using a fusion
index (fusion index = 2x + y, where x is the number of multinucleated
cells [number of nuclei = 5 in five visual fields] and y is the number of
multinucleated cells [number of nuclei < 5 in five visual fields]). The
fusion index was defined to reflect the number of nuclei in multinucleated
cells. Fusion activities for each mutant are shown after normalization to
that of the WT (the WT activity was set at 100%). Similar results were
obtained in three independent experiments.
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The protein profile of MSD"™P mutants was altered. Our
data for Gly™"® mutants suggested that the MSD of gp41 might
have a rather high tolerance for mutation. To examine the
extent to which the gp41 MSD tolerated more drastic changes
in amino acid sequences, the entire MSD of gp41 was replaced
with that of VSV-G, GpA, or GpAGS83I. The sequence of each
MSD is shown in Fig. 1B. Both GpA and VSV-G contain the
GXXXG motif within their MSDs. The former takes a dimer,
and the latter forms a trimer. The GpAGS83I is a GpA mutant
that lacks homodimerization activity owing to the substitution
of the 83rd glycine residue (the numbering is according to the
system used for GpA study) with an isoleucine residue. This
GpAGS3I was included to overcome the potential negative
effect of the homodimerization activity of GpA (34).

The expression of viral gene products from MSD™P mutants
was examined by immunoblotting analysis using cell and virus
lysates derived from COS7 cells transfected with the proviral
DNAs. Two different amounts of each lysate type (cell and
virus) were loaded for each construct to achieve semiquanti-
tative evaluation of the band intensity. The second lane of each
sample received an amount of the lysate that was half that of
the preceding lane. In cell lysates, the reproducible change in
the processing pattern of Env was noted for MSD™P mutants.
All MSD"P mutants showed more signal for gp120 than for
gpl60 (Fig. 2C). This was most prominent in GpA and
GpAGS83I mutants, followed by the VSV-G mutant (Fig. 2C).
The sum intensity of gpl60/gp120 normalized by the p24
amount was approximately same for both MSD**P mutants and
the WT.

This semiquantitative analysis was also performed for virus
lysates (Fig. 2D). In virus lysates, the intensity for gp120 rela-
tive to p24 was stronger for GpA and GpAGS83I mutants (com-
pare lane 1 with lane 4 or 5 in Fig. 2D). Compared with the
WT, the VSV-G replacement mutant showed relatively more
p24 for an approximately equivalent amount of gp120 (com-
pare lanes 7 and 9 in Fig. 2D). This may indicate that the
VSV-G mutant incorporated Env less efficiently than the WT
or that Env was shed by the VSV-G mutant. Thus, there were
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some alterations in expression, processing, and transport to the
plasma membrane and in the incorporation onto the virions in
Env of MSD™P mutants in the provirus context. Next we eval-
uated the function of Env of MSD™P mutants.

Fusion activity of MSD"™P mutants was significantly de-
creased. The MAGI cell assay was used to examine the fusion
activity of MSD**P mutants. Compared with the WT, far fewer
multinucleated cells were observed in MSD™P mutants. Al-
though syncytia were occasionally observed in an MSD™P mu-
tant, each syncytium observed contained fewer nuclei than any
given syncytium observed in the WT. Thus, fusion indices of
MSD™P mutants were very low compared with those of the WT
(Fig. 3). These observations suggested the presence of defects
in the membrane fusion steps themselves, because changes in
the expression level and the processing of Env in cell lysates
(Fig. 2C) alone did not seem to be able to account for the
observed severe defect in fusion. These defects were partially
compensated for when we used a HeLa—CD4-derived cell line
that had a higher level of CD4. In this cell line, the efficiency
of syncytia formation and the number of nuclei in a syncytium
were increased (data not shown). Consistent with the defect in
fusion activity, MSD™P mutants showed severely impaired rep-
lication capacity in Jurkat cells (Fig. 4) and in H9 cells (data
not shown). We tried to determine the point at which mem-
brane fusion ceased in MSD™P mutants by using the Env
expression vector.

The cell surface expression and CD4-binding capacity of
Env for MSD"™P mutants were similar to those for WI. We
constructed the Env expression vectors to analyze the steps of
membrane fusion processes of MSD™P mutants (Fig. 5A).
First, we examined the cell surface Env expression of MSD*P
mutants by transfecting each Env expression vector into COS7
cells and then performing a flow cytometric analysis using an
anti-gp120 monoclonal antibody. As the transfected cells ex-
pressed GFP derived from the expression vector, cells were
gated for GFP first. A representative result is shown in Fig. 5B.
The fluorescence intensities of Env in MSD™P mutants and the
WT were nearly equal. The expression of Env was also verified
by Western blotting analysis (data not shown).

Next, we tested the CD4-binding capacity of the Env of
MSD™P mutants, because mutations in MSDs potentially affect
the conformation of Env. We immunoprecipitated CD4 by
using anti-CD4 antibody from a mixture of cell lysates pre-
pared from COS7 cells that had been transfected with either
the CD4 expression vector or the Env expression vector. The
gp120 that coimmunoprecipitated with the CD4 was detected
using immunoblotting analysis. The gp120 coimmunoprecipi-
tated at similar efficiencies in MSD™P mutants and the WT
(Fig. 5C). These data suggested that the MSD replacement did
not affect the CD4-binding capacity of the mutated Envs. Thus,
the membrane fusion defect of Envs of MSD™P mutants was
determined to be in the post-CD4-binding steps.

Examination of the hemifusion and fusion pore formation
steps in MSD"P mutants. We used the dye-transfer assay to
examine whether Envs of MSD™P mutants were able to induce
lipid mixing and fusion pore formation between Env- and re-
ceptor-expressing cells. In this assay, the COS7 cells trans-
fected with a recombinant Env expression vector bearing the
EGFP-firefly luciferase hybrid gene (Fig. 5A) were cocultured
with T cells whose cell membrane and cytoplasm were labeled
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FIG. 5. Evaluation of the cell surface expression and the CD4-binding capacity of Env of MSD mutants. (A) The map of the Env expression
vector pElucEnv. pElucEnv supports the expression of HIV-1 env (gp120/gp41) and the gene of the EGFP-firefly luciferase (EGFP-fLuciferase)
hybrid protein from two separate promoters. The Nhel-BamHI fragments of pSP65SHXB2RU3AN WT, MSD GpA, MSD GpAGS3I, or MSD
VSV-G were cloned into pElucEnv. 5'LTR, 5" long terminal repeat of HIV-1; 3'LTR, 3’ long terminal repeat of HIV-1. fat, vpu, and rev represent
tat, vpu, and rev of HIV-1. AmpR, beta-lactamase; SV40, simian virus 40 late promoter; ColE1, ColE1 replication origin; Nhel and BamHI,
restriction sites used for cloning of the mutated env. (B) Cell surface expression of Env. COS7 cells were transfected with each pElucEnv construct
and subjected to flow cytometric analysis as described in the Materials and Methods section. The signal for each Env is shown with a gray line.
The filled area depicts the signal obtained for the control vector, EnvKO. (C) CD4-binding capacity of Env of MSD mutants. The cell lysates
prepared from the COS7 cells that had been transfected with the pElucEnv construct or the CD4 expression vector were mixed together, and CD4
was immunoprecipitated using OKT-4. The amount of gp120 coimmunoprecipitated with CD4 was evaluated. The upper panel shows the
expression level of each Env mutant. Coimmunoprecipitated gp120 was detected using anti-gp120 polyclonal antibodies (shown in the lower panel).

with CM-Dil (red) and Calcein blue, AM (blue), respectively.
When the lipids from the two cells mix, a transfer of red dye
should be observed. If fusion pores are formed, fused cells
whose cytoplasm bears both blue and green fluorescence
should appear. The results are shown in Fig. 6. At 2 h after
coculture, cells having green, red, and blue fluorescence were
observed in the WT (Fig. 6A). Similar cells were also observed
in MSD"™P mutants but were fewer in number than those ob-
served in the WT. We determined the frequency of lipid or
cytoplasmic mixing 2 h after coculture by counting Env-ex-
pressing cells (green cells) whose membrane or cytoplasm was
stained with CM-Dil or Calcein blue, AM, respectively. In
MSD™P mutants, many Env-expressing COS7 cells were sur-
rounded by T cells and showed no evidence of dye transfer.
The relative frequency of dye transfer was determined to be
less than half that of the WT (Fig. 6B). In this assay, we did not
observe significant discrepancies in the frequencies with which
the two dyes were transferred; that is to say, cells arrested at

the hemifusion stage were not detected. These data suggested
that Env of MSD™P mutants retained the capacity for fusion
but at efficiencies that were much lower than those of the WT
and that failed to produce large syncytia. The decrease in
transfer of CM-Dil indicated that MSD™P mutants had a de-
fect that affected the fusion process prior to hemifusion. The
smaller size of the syncytia observed in MSD™P mutants may
suggest the presence of other defects after hemifusion, possibly
an enlargement of fusion pore.

We performed an additional quantitative assessment of fu-
sion pore formation by the use of the T7 RNApol transfer
assay. In this assay, COS7 cells were first transfected with an
Env expression vector coupled with a reporter plasmid,
pTM3hRL, which encodes T7 promoter-driven renilla lucif-
erase, and then were cocultured with 293CD4 cells that had
been transfected with a T7 RNApol expression plasmid. When
the COS7 and 293CD4 cells fused, the T7 RNApol in the
293CD#4 cells transferred into the COS7 cells and drove ex-
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FIG. 6. Cell-cell fusion analysis. The results of a dye-transfer assay using a coculture system and COS and T cells are shown. The COS7 cells
transiently transfected with each pElucEnv construct were cocultured with H9 cells that had been loaded with CellTracker CM-Dil (pseudo-red)
and Calcein blue, AM (pseudo-blue). Pictures taken at 2 h after coculture are shown in panel A. Typical fused cells having green, red, or blue
fluorescence are indicated by arrows. Original magnification, X200. (B) Relative dye-transfer frequencies of MSD™P mutants. The number of
Env-expressing cells (green cells) whose membranes or cytoplasms are labeled with CM-Dil (red) or Calcein blue, AM (blue), respectively, was
counted in five, randomly selected fields. The value was established by setting WT at 100%. The averages of the results from four experiments are
shown. (C) Results of T7 RNApol-transfer assay to determine fusion pore formation of MSD mutants. The COS7 cells were transfected with each
pElucEnv construct and the T7 RNApol-responsive reporter plasmid, pTM3hRL. At 48 h after transfection, the transfected COS7 cells were
cocultured with the 293CD4 cells that had been transfected with pCMMP T7RNApoliresGFP. At 12 h after coculture, the cells were lysed and
firefly luciferase and renilla luciferase activity levels were measured. Pore formation efficiencies were calculated by comparing the induced renilla
luciferase activity to the firefly luciferase activity. A representative result of four independent experiments is shown.

pression of renilla luciferase. At 12 h after coculture, renilla
luciferase activities were measured. The value was normalized
according to the efficiency of transfection measured by firefly
luciferase activities derived from the Env expression vector.
Representative results are shown in Fig. 6C. Normalized re-

nilla luciferase activities of MSD GpA, MSD GpAGS83I, MSD
VSV-G, and EnvKO were, respectively, 42, 41, 43, and 1.3% of
that of the WT. Thus, the transfer of T7 RNApol observed for
cells that were expressing MSD™P Env was less efficient than
that of the WT, a finding consistent with that from the dye-
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transfer assay. We also tested a cleavage site mutant of Env
(R511S) (3), which cannot produce an active fusion peptide
and is unable to induce membrane fusion in this assay. The
value was 2.6%. Therefore, the value obtained for MSD*P
mutants should reflect the efficiency of de novo pore forma-
tion. The value of around 40% of that of the WT obtained for
MSD™P mutants may appear high compared with the severe
defects in the MAGI assay (Fig. 3) and replication assay (Fig.
4). This could be the result of differences in the two assay
systems or it might suggest the presence of additional defects
in membrane fusion in MSD™P mutants.

DISCUSSION

The involvement of the MSD in membrane fusion has been
studied for several different viruses, including HIV-1 (8, 14, 15,
22, 23, 28, 35, 36, 38, 42). However, the precise molecular
mechanism of Env-mediated membrane fusion is not known,
and the role of MSD, including whether the specific amino acid
sequences in MSD are required for the membrane fusion pro-
cess, is not well understood. Examination of the presently
available HIV-1 sequence database reveals a high conservation
of MSD sequences for gp41 (17). There also are several well-
conserved glycine residues that form the GXXXG motif, a
motif found in the helix-helix interface of many membrane-
spanning o-helices (24, 26, 29). Interestingly, the MSDs of
CD4 and CD22, which can replace the MSD of gp41 without
affecting its fusion activity, also contain several glycine resi-
dues. Building from these findings, we investigated whether the
specific sequence of the gp41 MSD is required for competent
membrane fusion. We did this by mutating the conserved gly-
cine residues in the gp41 MSD to alanine or leucine residues.
A similar mutation of glycine introduced into VSV-G has a
detrimental effect on membrane fusion (8). Contrary to our
expectations, mutation of glycine residues resulted in fusion-
competent gp41l (Fig. 3). Even replacing all three glycine res-
idues in gp41 MSD with alanine residues did not affect fusion
activity (Fig. 3). This suggests that, in vitro, the gp41 MSD has
a rather high tolerance for mutation. The conservation of gly-
cine residues observed in field isolates may indicate that HIV-1
requires glycine residues for in vivo infection of cells whose
properties are different from those seen with in vitro T-cell
lines. This may also imply that the potential mechanisms in-
volved in membrane fusion differ for gp41 and VSV-G. It may
be that the contribution of the proposed kink in the MSD,
induced by the presence of a glycine residue during VSV-G-
mediated membrane fusion, is not as critical to the membrane
fusion process in gp41 as it is for the same process in VSV-G
(8). To further verify the role of GXXXG motif for a potential
helix-helix association motif, future analyses may require si-
multaneous substitution of all glycines with other bulky amino
acid residues.

Proceeding on the basis of our results obtained with Gly
mutants and previous reports of replication-competent HIV-1
having heterologous MSD in place of the natural gp41 MSD,
we next replaced the entire gp41 MSD with MSDs of heterol-
ogous membrane proteins (GpA or VSV-G). Membrane fu-
sion activity was severely impaired in both the GpA and
VSV-G replacement mutants (Fig. 3). Because GpA is known
to form a dimer through the GXXXG motif, the dimerization
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activity may interfere with the proper trimerization of gp41 and
cause the observed defect. However, the observed defect was
not rescued by introducing a G831 mutation within the MSD of
GpA (Fig. 3), a mutation that has been shown to knock out the
dimerization ability (34). Therefore, the defect cannot be ex-
plained simply by noting that replacing the MSD interfered
with gp41’s proper trimerization. A similar defect in mem-
brane fusion observed in our VSV-G-replacement mutant may
further support this argument, because VSV-G, like gp41, is
reported to form a trimer. At this time, however, we cannot
completely rule out the potential defect in proper trimerization
of Env in the MSD replacement mutants.

It is worth mentioning that we observed more gp120 than
gp160 reproducibly in MSD™P mutants, especially for GpA-
replacement mutants in the transfected cells. This may suggest
that there are some subtle conformational changes in Env for
the GpA-replacement mutants that allow for more efficient
processing by the furin-like protease. It also suggests that the
mutation may alter the length of time needed for the mutant
envelope proteins to travel through the frans Golgi network.
These possibilities are consistent with a hypothesis that muta-
tion within the MSD may affect the intracellular trafficking of
the envelope protein. We cannot rule out this hypothesis.

In the provirus context, a smaller amount of Env was de-
tected in virus lysates for VSV-G replacement mutant (Fig.
2D). This defect, in addition to the defect in fusion, may
contribute to the VSV-G replacement mutant’s inability to
replicate (Fig. 4). The mechanism of this defect is not known at
present. The mutation within the MSD, however, may affect
the structure of gp41 and that, in turn, may result in a less
efficient interaction between Gag and Env during assembly or
a less stable association between gp41 and gp120 in this re-
placement mutant.

To analyze the effect of the MSD mutation in membrane
fusion independent of other viral structural proteins, we used
the Env expression vector. We found no significant difference
in the steady-state amount of envelope proteins expressed on
the cell surface and the CD4-binding efficiency (Fig. 5B).
Therefore, the drastic changes in either trafficking or confor-
mation cannot explain the observed prominent defect in fusion
activity of GpA or VSV-G replacement mutants. One of the
potential defects of membrane fusion in our MSD™P mutants
should reside in the post-CD4 binding step(s) of membrane
fusion processes. In MSD™P mutants, there may be a differ-
ence in the interactions between Env and the chemokine re-
ceptors or in the conformational changes induced after such
interactions.

The exact defective steps in the membrane fusion mecha-
nism of MSD™P mutants remain to be determined. There
should be a defect before the lipid dye mixing step, because we
observed decreased efficiency of lipid dye transfer in MSD"™P
mutants (Fig. 6B). We did not observe the discrepancy be-
tween lipid dye (CM-Dil) and cytoplasmic dye (Calecein blue,
AM) transfer; therefore, there was no arrest in the hemifusion
step. Recently, Lin and coworkers reported that truncating the
MSD of simian immunodeficiency virus (SIV) decreased fu-
sion activity (18). As with our mutants, their SIV Env mutants
exhibited an overall decrease in lipid dye transfer as well as in
cytoplasmic dye transfer. Theirs, however, showed a further
downstream defect, namely, an enlargement of the fusion pore
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induced by mutated Env. This was suggested by the difference
in the efficiency of transfer between low-molecular-weight mol-
ecules (Calcein blue, AM) and larger molecules (enhanced
blue fluorescent protein). We did not observe this difference in
our assay. They also observed the gap between the lipid dye
transfer and luciferase transfer assays. In our mutants, the
decrease in the lipid dye transfer correlated well with the
decrease in the transfer of T7 RNApol assay (Fig. 6B and C).
The discrepancy between the studies might arise from the
differences between the two viruses (SIV and HIV) or from the
nature of the mutations introduced (truncation versus replace-
ment).

We observed a pore formation efficiency of approximately
40% for the MSD™P mutants compared with that observed
with the WT despite their prominent fusion defect observed in
MAGI cells. Because the two assays described in Fig. 3 and 6
employed different cell types and expression systems, it may be
difficult to compare these two assays directly. There is the
possibility that the discrepancy between the assays was artifi-
cially enhanced by the differences in the two assay systems. For
example, the levels of expressed Env and of CD4 were higher
in the T7 RNApol transfer assay than in the MAGI cell assay
(data not shown). When a higher CD4-expressing cell line was
used in the fusion assay instead of the MAGI cells, while
maintaining with the provirus constructs, the efficiency of fu-
sion was increased (data not shown). When the provirus con-
structs were used instead of the Env expression vectors in the
T7 RNApol transfer assay, the values for pore formation were
slightly decreased. The individual values of GpA, GpAGS83I,
and VSV-G were 39, 27, and 20%, respectively. The value for
the mock treatment was about 1%. Thus, the observed gap
could be accounted for in part by the difference in assay sys-
tems. However, very inefficient formation of the large syncytia
in MSD™P mutants might indeed suggest the presence of the
defect in the steps after the formation of initial fusion pores.

Our data on MSD™P mutants clearly demonstrate that not
all heterologous MSDs can replace the gp4l MSD without
affecting its function. The data indicate that the expression or
retention of gp41 on the lipid bilayer and the fusion activity
itself are rather independent functions. Our results also show
that the mere maintenance of the GXXXG motif is not suffi-
cient for fusion activity. It seems likely that a context-depen-
dent arrangement of the glycine and other amino acid residues
within the MSD is critical for functional integrity.

In this study, we have provided evidence that the MSD of
gp41 affects the biogenesis of Env and also plays a critical role
in membrane fusion for HIV-1. As our results for the Gly*""
and MSD™P mutants suggest, the gp41 MSD shows a rather
high tolerance for mutation but does require the MSD to have
some specific sequences—or structures generated by them—
for its proper function. One possible scenario is that the gp41
MSD may interact with some lipid or protein components
during membrane fusion. Such an interaction between Env and
lipid or protein moieties has been reported for the Semliki
Forest virus and the influenza virus, respectively (2, 19). The
gp41 MSDs might interact among themselves, with fusion pep-
tides, or with the MSDs of other host proteins, such as CD4 or
chemokine receptors, that are thought to come within close
proximity of one another during the membrane fusion process.
A failure to properly interact because of mutations in the gp41
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MSD may affect the fusion process. To address these issues,
additional systematic mutagenesis studies are needed to deter-
mine the critical residues of the MSD. Such studies should
shed light on the molecular mechanisms of membrane fusion.
Elucidating the precise molecular mechanism of membrane
fusion—and the role of the gp4l MSD in it—may provide
another target for a molecular intervention in HIV-1 infection.
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