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It has been previously shown that a proline substitution for any of the conserved leucine or isoleucine
residues located in the leucine zipper-like heptad repeat sequence of human immunodeficiency virus type 1
(HIV-1) gp41 renders viruses noninfectious and envelope (Env) protein unable to mediate membrane fusion
(S. S.-L. Chen, C.-N. Lee, W.-R. Lee, K. McIntosh, and T.-M. Lee, J. Virol. 67:3615-3619, 1993; S. S.-L. Chen,
J. Virol. 68:2002-2010, 1994). To understand whether these variants could act as trans-dominant inhibitory
mutants, the ability of these mutants to inhibit wild-type (wt) virus infectivity was examined. Comparable
amounts of cell- and virion-associated gag gene products as well as virion-associated gp41 were found in
transfection with wt or mutant HIV-1 provirus. Viruses obtained from coexpression of wt provirus with mutant
566 or 580 provirus inhibited more potently the production of infectious virus than did viruses generated from
cotransfection of wt provirus with other mutant proviruses. Nevertheless, all viruses produced from mixed
transfection showed decreased infectivity compared with that of the wt virus when a multinuclear-activation
B-galactosidase induction assay was performed. The ability of wt Env to induce cytopathic effects was inhibited
by coexpression with mutant Env. Coexpression of mutants inhibited the ability of the wt protein to mediate
virus-to-cell transmission, as demonstrated by an env trans-complementation assay with a defective HIV-1
proviral vector. These observations indicated that mutant Env, per se, interferes with wt Env function.
Moreover, cotransfection of wt and mutant proviruses produced amounts of cell- and virion-associated gag
gene products comparable to those produced by transfection of wt provirus. Similar amounts of gp41 were also
found in virions generated from wt-mutant cotransfection as well as from wt transfection alone. These results
indicated that the inhibitory effect conferred by mutants on the wt virus infectivity does not involve the late
steps of Gag protein assembly and budding, but they suggest that the wt and mutant Env proteins form a
dysfunctional hetero-oligomer which is impaired in an early step of the virus replication cycle. Our study
demonstrates that mutations in the HIV-1 gp41 leucine zipper-like heptad repeat sequence dominantly inhibit

infectious virus production.

The envelope (Env) glycoprotein of human immunodefi-
ciency virus type 1 (HIV-1), forming as a gp120-gp41l het-
erodimer, plays a crucial role in viral infectivity and cytopath-
icity, as well as in viral transmission, pathogenesis, and cell and
tissue tropism. HIV replication is initiated by attachment of
the virus to the cell surface through the binding of viral extra-
cellular Env glycoprotein gp120 to the cell surface primary
receptor CD4 and a CXCR4 or CCRS coreceptor, a member
of the chemokine receptor family (for reviews, see references
2, 6, 20, and 55). Subsequently, the transmembrane (TM) pro-
tein gp41 mediates membrane fusion between viral and host
cell membranes, thereby depositing the viral core into the
cytoplasm (for reviews, see references 40 and 41). Neverthe-
less, the mechanism underlying gp41-mediated membrane fu-
sion is still not well understood.

The best-characterized mechanism of membrane fusion is
that of influenza virus mediated by hemagglutinin (HA) (7, 9,
64). Infection by influenza virus begins with the HA-mediated
binding of the virus to a sialylated cellular receptor present on
the surface of target cells, followed by internalization of virions
into cellular endosomes by receptor-mediated endocytosis. HA
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consists of a trimer of HA; and HA, heterodimers linked by a
disulfide bond. HA, is a membrane-anchoring subunit forming
the trimeric coiled-coil structure responsible for the oligomer-
ization of the protein and membrane fusion. The HA, subunit
covers the inner core of the HA, trimer. A change to an acidic
pH in endosomes induces conformational changes of HA, in-
cluding the displacement of HA, from HA, and formation of
the B-loop region of HA, into an extended coiled-coil struc-
ture, and exposes the N-terminal hydrophobic fusion peptide
that is initially buried inside the molecule to the target mem-
brane. Finally, membrane fusion between virus and target cells
is triggered.

Topologically analogous to the trimeric stem region of HA,
in the HIV-1 TM protein is the leucine zipper-like motif,
termed the zipper motif, located approximately 30 residues
from the N-terminal fusion peptide sequence of gp41 (Fig. 1).
This highly conserved motif, comprising a periodic repeat of
leucine or isoleucine residues at every seventh position over
eight helical turns, is explicit as a heptad repeat sequence, an
extensive region containing nonpolar residues in all a positions
and in most d positions when displayed on an a-helical wheel.
Such an arrangement of hydrophobic residues within a puta-
tive a-helix was hypothesized to be structurally analogous to
that of HA,, forming a coiled coil and playing a role in Env
subunit assembly and virus fusion (18, 28).

Previously, to study the role of this hydrophobic heptad
repeat sequence in the HIV-1 life cycle, we replaced each
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FIG. 1. Schematic representation of the HIV-1 gp41 ectodomain. Amino acid residues are numbered according to their positions in the HXB2 Env protein. The
N-terminal leucine zipper-like heptad repeat sequence is shown as the hatched arrow directed to the right, and its amino acid sequence in single-letter code is indicated.
The conserved leucine and isoleucine residues located in this motif, which are numbered and indicated by boldface, were each replaced by a proline residue and
examined in this study. The C-terminal a-helical sequence is illustrated as the hatched arrow directed to the left. This domain forms a heterodimer with the N-terminal
zipper motif o helix, and three molecules of heterodimers fold into a six-stranded helical bundle. Within the bundle the three N-terminal helices constitute a central,
parallel, trimeric coiled-coil structure, whereas the three C-terminal helices pack antiparallelly into the hydrophobic groves on the surface of the N-terminal trimer. The

N-glycosylation sites (¥) and intramolecular disulfide bond (C—C) are also shown.

conserved leucine or isoleucine residue located in this region
with a proline residue, which affected the a-helical structure
more severely than any other amino acid. The results showed
that all of the mutant viruses were severely impaired in virus
infectivity and that mutant proteins were unable to mediate
syncytium formation with CD4 ™ cells (14, 16). Nonetheless, all
mutant proteins still formed oligomeric structures. Other in-
vestigators obtained similar findings when the middle isoleu-
cine residue was replaced by amino acid residues that dis-
rupted the a-helical structure less severely than the proline
residue (21, 59). Studies on a peptide consisting of a segment
corresponding to this heptad repeat region, DP107, and its
proline substitution analog have shown that DP107 possesses
anti-HIV activity and that the degree of the inhibitory effect
correlates with the a-helix content in solution (62). Moreover,
the destabilization effect of amino acid substitutions at Ile-573
on coiled-coil structures in peptide models correlates with the
phenotype of virus infectivity and membrane fusion of mutants
(59). These studies collectively indicate that this coiled-coil
domain is important for virus infectivity and membrane fusion,
although it is not involved in formation of a prefusogenic
oligomer.

Interestingly, the zipper motif is conserved not only among
HIV-1 isolates but also among the TM proteins of other ret-
roviruses (18). The feature of heptad repeat sequences is also
conserved in the fusion proteins of paramyxoviruses, influenza
viruses, coronaviruses, and retroviruses (11, 42). Therefore,
these conserved sequences may represent a class of structural
motifs that can be targeted by similar antiviral therapeutic
approaches.

Dominant negative inhibition is a phenomenon in which the
functions of the wild-type (wt) gene products are inhibited or
blocked by the coexpressed defective mutants of the same
genes (33). frans-dominant negative inhibitors have been
widely explored with various cellular and viral systems. A ge-
netic intervention strategy based on frans-dominant negative
mutants of HIV-1 proteins is an alternative to current vaccine
development and pharmacological therapy for AIDS (26).

Numerous strategies to interfere with Env function have
been proposed as potential anti-HIV therapies. One approach
involves the use of frans-dominant mutant Env based on the
oligomeric state of the Env proteins of primate immunodefi-

ciency viruses (19, 22, 29, 31, 43, 49, 50). A polar substitution
of Glu for Val at amino acid 2 of the hydrophobic fusion
peptide sequence of gp41 inhibits production of infectious
virus and syncytium formation induced by the wt Env (27). An
HIV-2 Env mutant with an in-frame deletion in the CD4-
binding site interferes with the wt virus infectivity (52). Re-
cently, a gp41 cytoplasmic domain truncation Env variant was
shown to inhibit wt virus infectivity (15). The mechanism re-
sponsible for the inhibitory effect conferred by the Env mu-
tants involves interference with the functional assembly of oli-
gomeric wt protein by coexpression with mutant Env, resulting
in the formation of a nonfunctional Env protein complex (15).

In this study, we attempted to use the HIV-1 gp41 heptad
repeat sequence as a model system to determine the feasibility
of developing an antiviral strategy targeting this highly con-
served sequence. Since the zipper motif Env mutants described
previously are unable to mediate syncytium formation but still
form oligomeric structures, the ability of these mutants to
interfere with the wt virus infectivity was examined. The results
showed that mutants with mutations in this region are able to
dominantly inhibit the wt Env-mediated syncytia formation
and virus entry into host cells. Also, the study may have impli-
cations for the design of trans-dominant negative Env mutants
targeting the conserved heptad repeat sequences of fusion
proteins of other membrane-enveloped viruses.

MATERIALS AND METHODS

Cells and antibodies. HeLa-CD4-LTR-B-gal is a HeLa cell line that expresses
a high level of CD4 and contains a single integrated copy of the B-galactosidase
gene fused to the HIV-1 long terminal repeat (LTR) (35). HeLa-CD4-LTR-B-
gal, CV-1, COS-1, and 293 cells were all cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal bovine serum. SupT1 is a
human CD4™" T-lymphoid cell line. PM1 is a derivative of Hut 78, which is a
human cutaneous T-cell lymphoma cell line derived from the peripheral blood
mononuclear cells of a patient with Sezary syndrome (39). Hybridoma Chessie 8
produces a murine monoclonal antibody (MAb) specific for gp160 and maps to
amino acid residues 727 to 732 of HIV-1 ,; (1). Hybridoma 183 (clone H12-5C)
is a mouse MADb reactive with HIV-1 Gag p24 (17). SupT1, PM1, hybridoma
Chessie 8, and hybridoma 183 were maintained in RPMI 1640 containing 10%
fetal bovine serum. Hybridomas were injected intraperitoneally into BALB/c
mice to produce ascitic fluids. HeLa-CD4-LTR-B-gal (from Michael Emerman),
SupT1 (from James Hoxie), PM1 (from Marvin Reitz, Jr.), hybridoma 183 (from
Bruce Chesebro), and Chessie 8 (from George K. Lewis) were obtained through
the AIDS Research and Reference Reagent Program, National Institute of
Allergy and Infectious Diseases, National Institutes of Health. Antisera obtained
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from the National Institutes of Health AIDS Research and Reference Reagent
Program also included sheep anti-gp120 (strain IIIB) from Michael Phelan and
rabbit antiserum to HIV-1 p25/p24 Gag from Kathelyn Steimer (53).

Plasmids. The wt proviral DNA clone HXB2,,, (48) and mutant HXB2,,,
proviruses that encode a proline substitution in the zipper motif of gp41 (Fig. 1)
have been previously described (14, 16). The HXB2,,,, provirus is abbreviated as
HXB2 hereafter for simplicity. Vaccinia virus (VV)-based Env expression plas-
mids that encode the wt and zipper motif mutant Env proteins were previously
described (14). pBaby is a simian virus 40 (SV40) late replacement expression
vector and was used to generate pBSX for expression of the Env protein of strain
HXB2. pSVE7 was cloned in an SV40-based vector that expresses the HXB2
strain Env driven by the HIV-1 LTR. pSVE7AKS, also known as pSVIIlenvAKS
(3), is a defective env expressor with a deletion at the KpnI (at nucleotide position
6351) to Stul (at nucleotide position 6834) sites of the env gene. pHXBCATABgl
contains a defective HXB2 provirus with an in-frame deletion between the two
BglII sites at nucleotides 7041 and 7621 in the env gene as well as a substitution
of the chloramphenicol acetyltransferase (CAT) gene (cat) for the nef gene (32).
pIIlextat expresses Tat under control of the HIV-1 LTR. All of these plasmids
were previously described (15).

Construction of Env expression plasmids. To construct env expression vectors
that express zipper motif mutant proteins in the pSVE7 or pBSX backbone, the
Kpnl-BamHI fragments, i.e., the DNA sequence from nucleotide 6351 to 8475,
of mutant HXB2 constructs were each substituted for the corresponding se-
quence in pSVE7 or pBSX. This version of pSVE7 contained the whole sequence
of pSVE7 and a partial sequence of a neomycin resistance gene (neo) under
control of an SV40 promoter. This partial sequence of the neo gene was inserted
between the two EcoRI sites, separated by 440 bp, which was outside the LTR
and env coding sequences. pSVE7AKS was similarly treated to contain a se-
quence of the neo gene and was used as a control. All constructed clones were
sequenced to confirm mutations in the zipper motif by dideoxy chain termination
with T7 Sequenase and the following oligonucleotides as primers: GGCGCAG
CGTCAATGACG (at nucleotides 7814 to 7831 of the HXB2 sequence) for
forward sequencing and GCTTGTGTAATTGTTAATTTCTCTGTCCCA (at
nucleotides 8143 to 8114) for reverse sequencing.

Plasmid DNA transfection. CV-1 cells grown in six-well plates were infected
with wt VV (WR strain) and then transfected with wt or with wt and mutant VV
env expression plasmids in the presence of Lipofectin reagent as previously
described (14). HeLa-CD4-LTR-B-gal cells grown in six-well plates were trans-
fected with pIIlextat and wt pSVE7 in the presence or absence of mutant pSVE7
plasmids by using Superfect transfection reagent according to the protocol pro-
vided by Qiagen (Valencia, Calif.). 293 cells grown in 100-mm-diameter petri
dishes were transfected either with proviral DNA clones or with pSVE7-based
expression plasmids and plllextat by a standard calcium phosphate coprecipita-
tion protocol as previously described (15). COS-1 cells were transfected with
pBSX-based expression plasmids by a DEAE-dextran method as previously de-
scribed (16).

Western blot (immunoblot) analysis. Two days after transfection, cell lysates
were prepared as previously described (15). Briefly, culture media were spun at
1,200 rpm in a Beckman GS-6R centrifuge for 5 min followed by centrifugation
at 2,400 rpm in the same centrifuge for 20 min. Supernatants were layered over
a 20% sucrose cushion prepared in phosphate-buffered saline and centrifuged at
27,000 rpm in a Beckman SW41 rotor for 2 h at 4°C, and the viral pellets were
lysed with phosphate-buffered saline containing 1% Nonidet P-40 and 1% so-
dium deoxycholate. Equal volumes of cell or virion lysates were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), blot-
ted onto nitrocellulose membranes (0.45-wm pore size), and analyzed by using a
biotin-streptavidin-amplified horseradish peroxidase system coupled with an en-
hanced chemiluminescence assay (Amersham, Arlington Heights, IIl.) as previ-
ously described (15).

Virus infection, RT assay, and virus titration. Two days after transfection, cul-
ture media from cells transfected with HXB2 proviruses or with pHXBCATABgl
and env expression plasmids were spun at 2,000 rpm in a Beckman GS-6R
centrifuge for 5 min, and supernatants were filtered through a 0.45-um-pore-size
membrane. One-milliliter aliquots of filtered supernatants were concentrated by
use of polyethylene glycol and assayed for virion-associated reverse transcriptase
(RT) activity (16). Virus infectivity was assayed in SupT1 or PM1 cells by using
aliquots of virus containing 10° cpm (or as specifically indicated for each exper-
iment) of RT activity. SupT1 culture supernatants at different days postinfection
were then monitored for RT activity. Virus infectivity was also titrated on
HeLa-CD4-LTR-B-gal indicator cells by the MAGI (multinuclear activation of a
galactosidase indicator) assay as previously described (35).

CAT assay. CAT activity was determined 3 days after infection of HeLa-CD4-
LTR-B-gal or PM1 cells as previously described, using aliquots of cell lysates
containing equal amounts of proteins (15). The percentage of acetylation of
radioactive chloramphenicol was quantitated by determining the relative signals
of acetylated products and the unreacted chloramphenicol with an Instant Im-
ager (Packard Instrument Company, Meriden, Conn.). The degree of entry of
defective virus into CD4™" cells mediated by Env proteins supplied in trans was
calculated by subtracting the percentage of acetylation of the defective virus in
the absence of Env expression from that of the defective virus pseudotyped with
wt or with wt and mutant Env proteins.
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FIG. 2. Expression of viral proteins encoded by wt and zipper motif mutant
HXB?2 proviruses. 293 monolayers were transfected by a standard calcium phos-
phate coprecipitation method with 10 pug each of wt or mutant HXB2 proviruses
as indicated. The numbers shown in parentheses indicate the locations where the
conserved leucine or isoleucine residues in the gp41 zipper motif were replaced
by a proline residue. Mock-transfected cells were included as a negative control
(lane 1). Two days after transfection, lysates of cells and virions were prepared
as described in Materials and Methods. Equal aliquots of cell lysates and virus
fractions were separated by SDS-10% PAGE, and proteins were visualized by
Western immunoblotting analysis with rabbit anti-p25/p24 (strain SF2) (A),
sheep anti-gp120 (B), or anti-gp41-specific Chessie 8 MAb (C).

RESULTS

Analysis of viral proteins expressed in cells transfected with
mutant HXB2 proviruses. To analyze viral proteins expressed
by zipper motif mutants in the context of replication of a whole
virus, 293 cells were transfected with equal amounts of wt or
mutant HXB2 proviruses by a calcium phosphate coprecipita-
tion method. Two days after transfection, equal volumes of cell
lysates were analyzed by SDS-PAGE followed by Western
blotting with rabbit anti-p25/p24. Similar levels of gag gene
products were produced by the wt provirus and all of the
mutant proviruses (Fig. 2A). When lysates were analyzed with
anti-gp120, all transfections produced similar levels of cell-
associated gp160 (Fig. 2B). Intracellular gp120 was detected in
the wt and some of the mutants (Fig. 2B). When lysates of
transfected cells were analyzed with the Chessie 8 MAb, which
is reactive with an epitope located in the gp4l cytoplasmic
domain, all mutant proviruses except mutant 587 apparently
produced less cell-associated gp41 than the wt provirus (Fig.
2C). To examine viral proteins assembled into mutant virions,
virions were isolated by a standard sucrose cushion centrifu-
gation as previously reported (30). Equal aliquots of virus
lysates were then analyzed with these three antibodies. Similar
amounts of p24 were detected in the wt and mutant virions
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FIG. 3. Effect of cotransfection with wt and mutant HXB2 proviruses on production of infectious virus. 293 cells were transfected with 5 pg of wt HXB2 or 5 ug
of wt HXB2 plus 10 pg of mutant HXB2 proviruses as indicated. The total amount of DNA in all transfections was kept constant at 15 pg by adding pHXBCATABgl
plasmid DNA. Two days after transfection, culture supernatants were collected, centrifuged, and passed through 0.45-pum-pore-size membranes. Virions containing 5 X
10* cpm of RT activity from each virus stock were used to challenge 2 X 10° SupT1 cells. The cultures were monitored for virion-associated RT production at different

times postinfection.

(Fig. 2A). gp120 was found associated with wt and mutant 566
virions but could not be detected with other mutant virions
(Fig. 2B). Amounts of gp41 similar to or even greater than that
detected in the wt virus were detected in all mutant virions
(Fig. 2C).

Interference with infectious virus production by cotransfec-
tion with the mutant HXB2 proviruses. To examine whether
mutant HXB2 could interfere with the wt virus infectivity, virus
stocks were generated from 293 cells transfected with wt or
with wt and mutant proviruses at a wt/mutant DNA ratio of
1:2. In each transfection the amount of wt HXB2 DNA was
held constant and pHXBCATABgl DNA was added to the wt
provirus transfection to maintain a constant final DNA con-
centration. Equal amounts of cell-free virus, as normalized by
RT, were used to challenge SupT1 cells, and RT activity was
monitored after infection. SupT1 cells infected with virus pro-
duced from wt HXB2-transfected 293 cells began to produce
RT 7 days after infection, and the RT activity reached its peak
9 days after infection (Fig. 3). When viruses generated from
cotransfection with wt and mutant 566 proviruses or with wt
and mutant 580 proviruses were used for SupT1 inoculation,
there was a substantial delay in the appearance of RT activity
(Fig. 3). When viruses generated from cotransfection with wt
and mutant 559, wt and mutant 573, or wt and mutant 587 were
examined, there appeared to be no significant delay in virus
production (Fig. 3). This study indicated that mutants 566 and
580 exert an inhibitory effect on the production of infectious
virus. The other mutants did not seem to interfere with the
production of infectious virus in this continuous virus growth
study.

Quantitation of infectivity of viruses generated from co-
transfection with wt and mutant proviruses. To quantitate the
infectivity of these mixed viruses, virus from each stock con-
taining equal amounts of RT activity was measured by MAGI
assay with HeLa-CD4-LTR-B-gal indicator cells (35). This

method can detect productive infection of a single viral particle
by the ability of viral Tat protein upon HIV-1 infection to
transactivate the HIV-1 LTR-linked -galactosidase gene. Vi-
rus infection was then monitored by the appearance of foci of
the target cells by using X-Gal (5-bromo-4-chloro-3-indolyl-p-
galactopyranoside) staining under a light microscope 3 days
postinfection. All viruses generated from cotransfection with
wt and mutant HXB2 showed a 64 to 99% reduction in titer
compared to that of the wt virus (Table 1). Consistent with Fig.
3, cotransfection of wt provirus with mutant 559, 573, or 587
provirus showed a lower degree of inhibition of virus infectivity
than cotransfection of wt provirus with mutant 566 or 580
provirus. Collectively, these results demonstrated that coex-
pression of wt and zipper motif mutant proviruses inhibits wt
virus infectivity.

Interference with wt Env-induced cytopathic effects by co-
transfection with mutant proteins. To understand whether
mutant proteins were responsible for the phenotype of inhibi-
tion of infectivity of viruses obtained from cotransfection, the
ability of mutant proteins to inhibit wt Env-induced cytopathic
effects was examined. wt VV-infected CV-1 cells were trans-
fected by a liposome-mediated method with wt or with wt and
mutant eny plasmids cloned in a VV vector (14) at different
wt/mutant DNA ratios. Transfected cells were mixed with
SupT1 cells, and syncytium formation was examined under a
light microscope 18 h after cocultivation. As summarized in
Table 2, syncytium formation induced by the wt Env was not
detected when the wt/mutant plasmid DNA ratio was 1:3. At a
1:2 ratio of wt to mutant plasmid DNA, wt protein-mediated
syncytium formation was also significantly inhibited. When the
wt/mutant plasmid DNA ratio was set at 1:1, many fewer or
even no syncytia were observed in the wt-mutant cotransfec-
tion compared to the amount found in the wt transfection.

To confirm that the zipper motif mutant proteins interfered
with wt Env-induced cytopathic effects, the pSVE7 expression



VoL. 72, 1998

TABLE 1. Titration of viruses produced by wt-mutant coexpression

. No. of Relative
Expt no. and transfection blue cells® infectivity (%)
1¢
HXB2 15,772 100
HXB2 + HXB2(559) 5,568 35.3
HXB2 + HXB2(566) 154 1.0
HXB2 + HXB2(573) 1,908 12.1
HXB2 + HXB2(580) 225 1.4
HXB2 + HXB2(587) 5,724 36.3
2d
pSVE7 2,369 100
pSVE7 + pSVE7(566) 1,064 44.9
pSVE7 + pSVE7(573) 905 38.2
3(‘
pSVE7 1,100 100
pSVE7 + pSVE7(566) (2:1) 362 32.9
pSVE7 + pSVE7(566) (1:1) 225 20.5
pSVE7 + pSVE7(573) (2:1) 525 47.7
pSVE7 + pSVE7(573) (1:1) 395 35.9

“ Infectivities of viruses were measured by the MAGI assay with HeLa-CD4-
LTR-B-gal indicator cells.

® Expressed as (number of blue cells found in wt-mutant cotransfection/num-
ber of blue cells found in wt transfection) X 100%.

< Viruses were produced in 293 cells by transfection with 5 wg of wt HXB2 or
with 5 pg of wt HXB2 and 10 pg of mutant HXB2 as indicated. DNA of
pHXBCATABgI was added to make the amounts of total DNA in transfections
the same. Two days after transfection, cell-free viruses were prepared, and
viruses with 2 X 10° cpm of RT activity were assayed on HeLa-CD4-LTR-B-gal
cells as described in Materials and Methods.

¢ Recombinant viruses were produced in 293 cells by transfection with 10 pg
of pHXBCATABgl together with 10 pg of wt pSVE7 or with 10 pg each of wt
and mutant pSVE7. Transfection with pHXBCATABgl only was used as a neg-
ative control. The amount of total DNA was kept constant by adding
pSVE7AKS. Two days after transfection, cell-free virus supernatants were pre-
pared and assayed for RT activity. Viruses containing 2 X 10° cpm of RT activity
were assayed on HeLa-CD4-LTR-B-gal cells.

€293 cells were transfected with 10 ug of pHXBCATABgl together with 10 pg
of wt pSVE7 or with 10 wg of wt pSVE7 in the presence of mutant pSVE7 at
different wt/mutant DNA ratios as indicated in parentheses following the plasmid
names. Two days after transfection, cell-free viruses were prepared, and viruses
containing 10> cpm of RT activity were assayed on indicator cells.

system was also employed. The 2.1-kb KpnlI-BamHI fragments
isolated from the mutant HXB2 proviruses were used to sub-
stitute for the corresponding sequence in a modified version of
pSVET to yield mutant pSVE7 plasmids. These mutants were
examined for Env protein expression by Western blotting anal-
ysis. Except for mutant 559, which showed a slightly lower
level, all mutant plasmids produced Env proteins at a level
similar to or even slightly greater than that produced by the wt
plasmid in the presence of pIllextat during transfection (Fig.
4). HeLa-CD4-LTR-B-gal cells were then cotransfected with
plllextat and pSVE7 in the presence or absence of mutant
plasmids by the Superfect transfection method. Two days after
transfection, cell cultures were examined under a light micro-
scope. No syncytia or cytopathic effects were observed in the
culture that was transfected with the fat expression plasmid
alone (Fig. 5A). Transfection with wt pSVE7 together with
plllextat produced striking cytopathic effects, including syncy-
tium formation and floating and dead cells (Fig. 5B). In addi-
tion, a large number of cells had undergone fusion and lysis. In
contrast, cotransfection of wt and mutant plasmids strikingly
inhibited or delayed the wt Env-induced cytopathic effects
(Fig. 5C to G). Although a few syncytia were about to form in
cells cotransfected with mutant 573 or 587, the cytopathic
effects in these cultures were much delayed compared to that
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TABLE 2. Inhibition of wt Env-mediated syncytium formation by
coexpression with mutant proteins”

Relative degree of syncytium formation” at the

Plasmid(s) following wt/mutant plasmid DNA ratio:
transfected
1:1° 1:24 1:34

wt +H++ e+t ++++
wt + 559 —/+ - -

wt + 566 - - -

wt + 573 —/+ - -

wt + 580 - - -

wt + 587 - - -

“ VV-infected CV-1 cells were transfected with a VV-based wt env plasmid or
with wt and mutant plasmids at different wt/mutant DNA ratios by the Lipofec-
tin-mediated DNA transfer technique, according to the procedure provided by
the manufacturer (Bethesda Research Laboratories, Gaithersburg, Md.). The
total DNA amount was kept constant by the addition of 3PrV DNA, a VV vector
without an env insert. Six hours after transfection, SupT1 cells were added to
each transfected culture, and syncytium formation was scored under a light
microscope 18 h after transfection.

» ++++, more than 250 syncytia were observed in a well; —/+, fewer than 20
syncytia were observed; —, no apparent syncytia were observed.

¢ Five micrograms each of wt and mutant plasmid DNA were used to transfect
VV-infected CV-1 cells grown in six-well plates. The experiment was performed
more than three times, and similar results were obtained. In each experiment,
transfection with wt plasmid DNA resulted in significant syncytium formation
(more than 250 syncytia).

4 VV-infected CV-1 cells were transfected with 1 ug of wt plasmid together
with the various mutant plasmids at the specified wt/mutant DNA ratio.

found with the wt transfection. Taken together, these observa-
tions indicated that zipper motif mutant proteins are able to
interfere with cytopathic effects mediated by the wt protein.
Interference with wt Env-mediated viral transmission by
mutant Env proteins. To confirm that zipper motif mutant Env
proteins conferred interference with wt virus infectivity, an
env trans-complementation assay utilizing a defective HIV-1
proviral vector (32) was performed to study virus replication
in a context of virus-to-cell transmission. This assay deter-
mines the ability of Env proteins to complement a defective
pHXBCATABgl provirus for a single round of virus replica-
tion. 293 cells were transfected with pHXBCATABgl together
with wt pSVE?7 in the presence or absence of mutant pSVE7
plasmids. The wt/mutant plasmid DNA ratio was set to 1:1.
Two days after transfection, culture supernatants were filtered
and their RT activity was determined. Viruses containing equal
amounts of RT activity from each transfection were used to
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FIG. 4. Env proteins encoded by wt and mutant pSVE7 plasmids. COS-1
cells were cotransfected by the DEAE-dextran method with 5 pg each of wt or
mutant pSVE7 plasmid in the presence of 2 wg of pIllextat. Two days after
transfection, cell lysates were prepared and equal amounts of cell lysates were
subjected to SDS-PAGE followed by Western blotting with sheep anti-gp120.
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FIG. 5. Inhibition of the wt Env-mediated cytopathic effects by coexpression with wt and mutant Env proteins. HeLa-CD4-LTR-B-gal cells grown in six-well plates
were transfected with 1 pg of pIllextat and 2 pg of wt pSVE7 in the presence or absence of 4 g of mutant pSVE7 plasmids as indicated, using 10 wl of Superfect
transfection reagent according to the Qiagen protocol. Transfection with pIIlextat was used as a negative control (A). DNA of pSVE7AKS was added to transfection
mixtures to keep the total DNA amount in each transfection constant. Two days after transfection, cell cultures were photographed under a light microscope.

Magnification, X200.

infect HeLa-CD4-LTR-B-gal cells. Three days after infection,
cell lysates were prepared and assayed for CAT activity. Vi-
ruses derived from defective provirus transfection alone did
not show entry into CD4™ cells, as CAT activity was undetec-
ted (Fig. 6A, lane 1). wt Env successfully mediated virus-to-cell
transmission as evidenced by the increased CAT activity com-
pared with the Env-negative control (Fig. 6A, lane 2). In con-
trast, mutant Env proteins did not support entry of the defec-
tive virus into CD4 ™" cells (data not shown). On the other hand,
wt-mutant cotransfection decreased CAT activity by 49 to 71%
compared with that with wt transfection alone (Fig. 6A, lanes
3to 7).

To further address the interference with wt Env-mediated
virus entry conferred by mutant Env, recombinant viruses were
generated from 293 cells cotransfected either with the cat-
containing defective provirus along with wt pSVE7 or with wt
and mutant pSVE7 at a wt/mutant plasmid DNA ratio of 1:2.
Defective viruses pseudotyped with wt and zipper motif Env
mutants showed significant reductions, ranging from 87 to
92%, in CAT activity compared with the defective virus sup-
plemented with the wt protein alone (Fig. 6B). By comparing
Fig. 6A and B, it was also noted that the interference with wt
Env-mediated virus entry conferred by zipper motif mutants
was dependent on the amounts of mutant plasmids used in
cotransfection.

To examine whether wt Env-mediated virus entry measured
by CAT activity correlated with virus infectivity, mutants 566

and 573 were chosen for more characterization. Mutants 566
and 573 represented the group of mutants that showed a more
pronounced interference effect or a lesser interference effect,
respectively, on infectious virus production (Fig. 3). Infectivity
of recombinant viruses generated from pHXBCATABgl co-
transfection with wt pSVE7 or with wt and mutant pSVE?7 at a
wt/mutant DNA ratio of 1:1 was determined by MAGTI assay.
Virus derived from cotransfection with wt and mutant 566
showed a 55% reduction in CAT activity, and virus from co-
transfection with wt and mutant 573 showed a 62% reduction
in infectivity, compared with that of virus obtained from wt
pSVET transfection alone (Table 1). In a separate experiment,
defective recombinant viruses were generated from cotransfec-
tion of wt and mutant 566 and of wt and mutant 573 at different
wt/mutant DNA ratios. The degree of inhibition of virus infec-
tivity was dependent on the amount of mutant plasmid DNA
used in cotransfection (Table 1).

Interference with wt Env-mediated virus entry conferred by
mutant proteins expressed by another expression system. To
determine whether the interference effect conferred by the
zipper motif mutants was independent of the expression vec-
tors used, mutants 566 and 573 were analyzed by utilizing the
pBSX expression system, in which Env expression is indepen-
dent of Tat protein. A smaller amount of cell-associated gp120
was detected for mutant 566 or 573 transfection than for wt
pBSX transfection (Fig. 7A). Transfection with mutant 566 or
mutant 573 also produced a smaller amount of cell-associated
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FIG. 6. Virus-to-cell transmission of a defective provirus mediated by wt and
mutant Env coexpression. (A) wt/mutant pPSVE7 DNA ratio of 1:1. 293 cells were
cotransfected with 10 ug of pHXBCATABgl and 10 ug of wt pSVE7 or with 10
ng each of pHXBCATABgl, wt, and mutant pSVE7 plasmids as indicated.
Transfection with the defective provirus alone was used as a control (lane 1).
Plasmid SVE7AKS was added to transfection mixtures to make the total amount
of DNA in each transfection constant. Two days after transfection, cell-free
viruses were prepared, and virus from each stock containing 5 X 10* cpm of RT
activity was applied to subconfluent HeLa-CD4-LTR-B-gal cells grown in 60-
mm-diameter petri dishes. Unbound viruses were removed after overnight incu-
bation at 37°C, and fresh media were added to cultures. Three days after trans-
fection, cell lysates were prepared and assayed for CAT activity. (B) wt/mutant
pSVE7 DNA ratio of 1:2. Transfection was performed as described for panel A
except that 7.5 pg of pHXBCATABg|, 5 ng of wt pSVE7, and 10 pg of various
pSVE7 mutants were used in transfection. Viruses with 2 X 10° cpm of RT
activity were applied to HeLa-CD4-LTR-B-gal cells, and CAT activity was as-
sayed 3 days after infection.

gp41 than transfection with wt plasmid (Fig. 7B). Moreover,
defective recombinant viruses generated from cotransfection
with wt and mutant 566 at a plasmid DNA ratio of 1:1 showed
a 64% reduction in CAT activity, and those from cotransfec-
tion with wt and mutant 573 showed a 77% reduction in CAT
activity, compared with viruses derived from wt transfection
alone (Fig. 7C).

Interference conferred by zipper motif Env mutants assayed
in a T-cell line. To determine whether the interference effect
conferred by the zipper motif mutants was independent of the
CD4™ cells used in the env trans-complementation assay, PM1,
a CD4"-T-cell line derived from Hut78, was utilized to assess
virus entry of a defective proviral vector pseudotyped with the
wt Env or with the wt and mutant coexpressed proteins at a
wt/mutant molar ratio of 1:2. wt Env effectively mediated virus
entry into PM1 cells (Fig. 8, lane 2). Again, all of the zipper
motif mutants significantly inhibited the ability of the wt Env to
mediate virus entry when they were coexpressed with the wt
Env (Fig. 8, lanes 3 to 7). Taken together, interference studies
using HeLa-CD4-LTR-B-gal and PM1 as host cells clearly
demonstrated that all zipper motif mutant Env proteins confer
an interference effect on the wt Env-mediated virus entry into
CD4™" cells.
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Incorporation of viral proteins into virions after cotransfec-
tion with wt and mutant HXB2 proviruses. To determine
whether the impaired infectivity in virus generated from wt-
mutant cotransfection was due to impairment in the late steps
of the virus life cycle, 293 cells were transfected with wt or with
wt and mutant 566, 573, or 580 HXB2 proviral DNA in a 1:1
ratio. Cotransfection of wt and mutant proviruses produced
levels of cell-associated and virion-associated gag gene prod-
ucts comparable to those produced by wt provirus transfection
(Fig. 9A). Virion-associated gp120 was also detected in wt-
mutant cotransfection as well as in wt transfection alone (Fig.
9B). Comparable amounts of cell-associated and virion-asso-
ciated gp41 were found in wt-mutant cotransfection as well as
in wt transfection alone (Fig. 9C).

DISCUSSION

In this study we further characterized the zipper motif mu-
tants that we have previously described (14, 16) and found that
gp41 zipper motif mutants are able to dominantly inhibit the wt
Env-mediated function in an early step of the virus life cycle.
Mutants 566 and 580 dominantly interfere with infectious virus
production more significantly than other mutants (Fig. 3). Al-
though other mutants do not exhibit a significant inhibitory
effect on production of infectious virus in the SupT1 infection
study (Fig. 3), these mutants also show significant reduction in
virus infectivity compared to the wt virus when the infectivity of
mixed viruses is assessed by MAGI assay (Table 1). In addi-
tion, all mutants are able to interfere with wt Env-induced
cytopathicity (Table 2; Fig. 5) and virus entry, assayed in either
the HeLa-CD4-LTR-B-gal indicator cell line (Fig. 6 and 7,
Table 1) or a CD4™ T-cell line, PM1 (Fig. 8). Thus, the ob-
servation that viruses derived from mixed cotransfection even-
tually lead to productive virus replication in SupT1 cells after
a long period of culture (Fig. 3) may result from multiple
infections of the residual virus infectivity which is not com-
pletely knocked out by coexpression with mutant proviruses.

From comparison of the abilities of mutant Env proteins to
complement virus entry and to mediate syncytium formation, it
was previously reported that virus-cell and cell-cell fusion may
require different numbers of successful Env-CD4 interactions
(8, 32, 36). These studies suggested that virus-cell fusion and
syncytium formation may have different requirements for the
Env structures. Since mutants 566 and 573 show different de-
grees of precursor processing and gp120-gp41 association (14),
it is plausible that the hetero-oligomers formed by wt and
mutant 566 and by wt and mutant 573 may have qualitative
differences in their structures. It is likely that the altered struc-
ture of the wt-mutant 573 hetero-oligomer may still be suffi-
cient to mediate a low level of cell-cell fusion, as shown in the
syncytium formation assay (Table 2; Fig. 5) and the SupT1
infection study (Fig. 3), in which cell-cell fusion is also encoun-
tered. However, such a structural alteration may be restricted
for its function in virus-cell fusion (Table 1; Fig. 6, 7, and 8). In
contrast, the altered structure formed by the wt and mutant
566 proteins may be insufficient for mediating both syncytium
formation and virus entry.

Evidence supporting that this motif contributes to the Env
oligomeric structure has been documented. Sequences or de-
terminants that are involved in Env oligomerization of immu-
nodeficiency viruses have been mapped to the ectodomain of
the TM protein, in particular, to the zipper motif (10, 22, 23,
44, 45, 54). Moreover, the gp4l zipper motif is sufficient to
promote monomeric proteins to become tetrameric or trimeric
structures when it is fused to otherwise monomeric proteins (4,
51, 58). Also, synthetic peptides or recombinant proteins con-
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FIG. 7. Effect of coexpression of wt and zipper motif mutant proteins on the wt Env-mediated virus-to-cell transmission. (A and B) Env protein expression. COS-1
cells were transfected with 5 pg each of pBaby, wt pBSX, or mutant pBSX, as indicated, by the DEAE-dextran method. Two days after transfection, equal amounts
of cells lysates from each transfection were analyzed by Western blotting with anti-gp120 (A) or Chessie 8 anti-gp41 MAb (B). (C) Ability of mutant proteins to inhibit
wt Env-induced virus entry into CD4™" cells. COS-1 cells were transfected with 5 pg of pHXBCATABgl and 2 g of wt pBSX in the presence or absence of 2 pg of
mutant pBSX as indicated. Transfection with pHXBCATABgl and pBaby was used as a negative control (lane 1). The total DNA amount in all transfections was kept
constant by adding pBaby DNA. Two days following transfection, cell-free viruses were prepared, and 10° cpm of RT activity from each virus stock was then applied
to HeLa-CD4-LTR-B-gal cells. Three days after infection, cell lysates were prepared and assayed for CAT activity.

taining sequences corresponding to this motif form a rod-like
molecule with a high degree of a-helical structure (37, 46, 47,
56, 58, 59, 62). Two peptides corresponding to the heptad
repeat sequence and a segment close to the TM region ex-
pressed as recombinant proteins or approached by peptide
modeling form a stable, coiled-coil trimer that consists of two
peptides packed as an antiparallel heterodimer (38, 47). Re-
cent crystallographic data on a complex formed by the peptides
containing the N- and C-terminal sequences of the gp4l
ectodomain and of a GCN4-gp41 ectodomain chimera also
demonstrate the conformation of the gp41 ectodomain core as
being an interior, parallel coiled-coil trimer with the N termi-
nus at its tip and the other three helices packed in the reverse
direction against the outside of the inner trimer (12, 57). More-
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FIG. 8. Interference conferred by zipper motif Env mutants with virus-to-cell
transmission assayed in PM1 cells. Recombinant viruses were generated from
293 cells cotransfected with the cat-containing defective provirus along with the
wt pSVE7 or with the wt and mutant pSVE7 at a wt/mutant DNA ratio of 1:2 as
described in the legend to Fig. 6B. Viruses containing 8 X 10* cpm of RT activity
were used to challenge PM1 cells. Three days after infection, cell lysates were
prepared and assayed for CAT activity.

% of acetylation

over, the TM protein ectodomains of Moloney murine leuke-
mia virus and simian immunodeficiency virus also show trim-
eric conformations formed by the dimeric N- and C-terminal
segments that pack antiparallelly (5, 24, 25). These extended
coiled coils exhibit striking structural similarity to the low-pH-
converted conformation of the fusogenic form of HA,, sug-
gesting a similar mode of function of these coiled-coil domains
in membrane fusion (40, 59).

The inhibitory effect on the wt virus infectivity conferred by
these mutants does not seem to involve the assembly and
budding of Gag proteins, since cotransfection with wt and
mutant proviruses produces levels of cell-associated and viri-
on-associated gag gene products comparable to those produced
by the wt transfection alone (Fig. 9A). In addition, virions
derived from wt-mutant cotransfection contain amounts of
gp41 comparable to that found in the wt virus (Fig. 9C). The
interference conferred by mutant coexpression appears to be
attributable to the ability of mutant Env to form a hetero-
oligomer with the wt protein which is impaired in an early step
of the virus replication cycle. The possibility that the interfer-
ence is due to competition between wt and mutant homo-
oligomers for the same receptor molecule is less likely. If a 1:1
ratio of wt to mutant plasmid DNA is used in cotransfection
and if wt and mutant proteins are present as separate homo-
oligomeric entities, at most a 50% inhibitory effect would be
observed in viruses obtained from wt-mutant coexpression.
However, as much as 80% inhibition of virus entry is detected
when mixed virus is measured in a frans-complementation as-
say (Table 1). Nevertheless, the detailed molecular mechanism
underlying the interference effects conferred by these mutants
remains to be determined.

Synthetic peptides that contain sequences corresponding to
the heptad repeat sequence or the C-terminal segment of the
gp41 ectodomain have been found to be effective inhibitors in
blocking virus infectivity and membrane fusion (13, 34, 38,
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FIG. 9. Viral protein expression in cells cotransfected with wt and mutant
HXB?2 proviruses. 293 cells were transfected either with 10 g of wt HXB2 or
with 5 pg each of wt and mutant HXB2 proviruses as indicated. Two days after
transfection, equivalent portions of cell lysates and virion fractions were analyzed
with mouse anti-p24 MAb (A), sheep anti-gp120 (B), or anti-gp41 MADb (C).

60-63). It has been proposed that the inhibitory activity of the
N-terminal and C-terminal peptide inhibitors can be attribut-
able to their interactions with the C-terminal and N-terminal
sequences, respectively, within endogenous gp41 (13, 40, 61).
In this study we describe an anti-Env approach, different from
the use of peptide inhibitors, that targets the heptad repeat
region of gp41 ectodomain by using a trans-dominant inhibi-
tory mutant. Since heptad repeat sequences are highly con-
served among the TM proteins of various membrane-envel-
oped viruses, the approach described here may be applied to
other viral systems in order to develop dominant-negative mu-
tant-based antiviral therapeutics against other viral infections.
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