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We have demonstrated previously that a human immunodeficiency virus type 1 (HIV-1) envelope glycopro-
tein containing a Val-to-Glu substitution at the second amino acid of the transmembrane glycoprotein gp41
(termed the 41.2 mutant) dominantly interferes with wild-type envelope-mediated syncytium formation and
virus infectivity. To understand the mechanism by which the 41.2 mutant exerts the dominant interfering
phenotype and thereby determine further how the mutant might be used as an inhibitor of viral spread,
additional mutations were made in the envelope gene, and the effects of these mutations on interference were
determined. It was found that processing of the 41.2 mutant glycoprotein to gp120 and gp41 subunits and a
functional CD4-binding domain are necessary for the interfering phenotype to be exhibited fully. However,
neither a wild-type V3 loop nor the gp41 cytoplasmic tail is necessary for efficient interference. In addition, it
was determined that the dominant interfering phenotype is not conferred exclusively by the glutamate sub-
stitution at amino acid 2 of gp41, since a substitution with a basic residue at this position also results in a

dominant interfering envelope glycoprotein.

Several dominant interfering mutants of human immunode-
ficiency virus type 1 (HIV-1) viral gene products have been
identified (7). HIV dominant interfering mutants are of inter-
est because they provide insight into the function of the wild-
type gene product and can provide a way to slow wild-type
virus spread (1). We have described previously a mutant HIV-1
envelope glycoprotein, termed the 41.2 mutant, that domi-
nantly interferes with wild-type envelope-mediated syncytium
formation and virus infectivity (9). Subsequent experiments
demonstrated that the mutant env gene can be stably main-
tained in HeLa T4 cells and that expression of this gene can be
induced to inhibit the spread of wild-type virus (2).

The 41.2 mutant contains a Val-to-Glu substitution of the
second amino acid of the transmembrane glycoprotein gp41. It
is hypothesized that this acidic amino acid substitution in the
otherwise hydrophobic amino-terminal fusion domain of gp41
disrupts a hydrophobic pore produced by multiple envelope
glycoprotein interactions. Such a hydrophobic pore has been
postulated to form during influenza virus hemagglutinin-in-
duced membrane fusion (23). According to this model, mem-
brane fusion requires the interaction of multiple envelope gly-
coproteins at the plasma membrane. A prediction of this
model is that a single-mutant glycoprotein incorporated into
such a complex would disrupt the functional unit enough to
inhibit its normal function, thereby inhibiting fusion.

Several observations with the 41.2 mutant are consistent
with this model (9). Interference with wild-type envelope func-
tion was seen even when high wild-type/41.2 mutant DNA
ratios were used in transient transfection experiments, as might
be expected if disruption of higher-order envelope glycopro-
tein or envelope glycoprotein-receptor complexes was taking
place. Interference did not result via an effect on envelope
processing, transport, or CD4 binding. Furthermore, interfer-
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ence was not HIV-1 strain specific, though the HIV-1 41.2
mutant was unable to interfere with HIV-2-mediated fusion.
Testing of additional envelope mutants containing substitu-
tions at other sites in the gp41 fusion domain demonstrated
that the dominant interfering phenotype is not a general char-
acteristic of fusion domain mutants.

Additional information regarding the interference process
would be useful since it might provide insight into how normal
fusion and interference take place and might be of assistance in
determining if the 41.2 mutant could be used to interfere with
wild-type HIV spread. Membrane fusion induced by the HIV-1
envelope glycoprotein requires proper proteolytic processing
of gp160 to gp120 and gp41 (10, 20). Fusion also requires a
functional gp120 V3 loop, a hydrophobic gp41 amino terminus,
and an intact CD4-binding domain (11, 12, 16, 19, 22). Other
domains of the HIV-1 envelope glycoprotein, including the
cytoplasmic tail of gp41, have been shown to modulate fusion
activity (6, 13, 25). Mutations which disrupt the function of
these domains might perturb the ability of the 41.2 mutant to
dominantly interfere with HIV-1 envelope-induced fusion. To
examine other domains of gp120 and gp41 that might affect
interference, we constructed double mutants in which the 41.2
mutation was coupled with mutations in the V3 loop or CD4-
binding domain of gp120, the gp160 processing sequence, and
the C terminus (cytoplasmic tail) of gp4l. We analyzed the
abilities of these double mutants to dominantly interfere with
syncytium formation and the infection process mediated by the
wild-type HIV-1 envelope glycoprotein. In addition, alternate
point mutations were made at the second amino acid of gp41
to determine if the dominant interfering phenotype was spe-
cific for the Val-to-Glu substitution.

Analysis of interference by using second site mutations. The
locations of the env mutations used in this analysis are shown
in Fig. 1. Derivatives of plasmid pHenv (10) were used to
express three of the four double mutants. One gp120 mutation
used in this study resulted in an Arg-to-Thr substitution of
amino acid 518 (10). This point mutation (termed 518A), lo-
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FIG. 1. Locations of mutations in HIV-1 env. A diagram of the HIV-1 en-
velope gene is shown. Relevant functional domains are indicated at the top. The
locations and descriptions of the mutations are shown at the bottom.

cated at the gp120-gp41 cleavage site, has been shown previ-
ously to prevent gp160 processing without affecting cell surface
expression or CD4 binding (10, 14). The 518A mutant, when
coexpressed with wild-type envelope, does not efficiently inter-
fere with fusion, reducing by only about 40% the ability of
wild-type envelope to cause fusion (9). Use of the 518A/41.2
double mutant, then, provides information regarding the ne-
cessity of glycoprotein processing in the interference process.
A second double mutant (319GE/41.2) contains the 41.2 mu-
tation and a Gly-to-Glu substitution at amino acid 319 of
gp120. This mutation, located in the highly conserved tip of the
V3 loop, has been shown previously to prevent envelope-me-
diated fusion; however, other glycoprotein functions, such as
gp160 processing and CD4 binding, are not affected (12);
therefore, its use here could determine the requirement for a
wild-type V3 loop in the interference process.

A double mutant which contains the 41.2 mutation and a
previously reported CD4-binding mutation (18) was con-
structed. This CD4-binding mutant lacks a 12-amino-acid se-
quence between gp120 residue 410 and 421. This single dele-
tion blocks CD4 binding but does not significantly affect gp160
processing (24). A double mutant containing both the 41.2
mutation and a stop codon inserted just after the transmem-
brane domain of gp41 (at amino acid 231), which eliminated
the cytoplasmic tail, was expressed as a derivative of plasmid
pIllenv3-1 (21). HIV-1 envelope glycoproteins containing cy-
toplasmic tail deletions have been shown to have wild-type or
increased abilities to cause syncytium formation but to be de-
fective in their abilities to mediate virus infection (4-6, 13).

Each mutation was introduced into envelope expression
plasmids containing wild-type or 41.2 mutant gp41 fusion do-
mains. This allowed us to detect any effect of a single second-
site mutation on envelope-mediated fusion. The V3 and pro-
cessing site substitution mutants and the CD4-binding mutant
(containing wild-type gp41 sequences) have been shown pre-
viously to be fusion defective (10, 12, 24). When tested, the
cytoplasmic tail deletion (ACT) mutant still was able to effi-
ciently mediate cell-to-cell fusion (reference 4 and data not
shown). However, testing of all four mutants demonstrated
that they did not efficiently interfere with wild-type envelope-
mediated fusion (reference 9 and data not shown).

To determine if the 41.2 mutant envelope glycoproteins con-
taining second-site mutations retained the ability to domi-
nantly interfere with wild-type envelope-mediated syncytium
formation, the mutant env expression constructs were cotrans-
fected into HeLa T4 cells along with a plasmid that expresses
wild-type envelope. In this syncytium assay, expression of wild-
type envelope causes fusion of the CD4™ cells via glycoprotein-
receptor interactions; the number of syncytia that forms indi-
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TABLE 1. Effects of second-site mutations on 41.2-mediated
interference with syncytium formation and infectivity

Relative syn- Relative

le'tant. e;w Mu.tan't cytium forilna— infectivity
plasmid description tion = SD? + SD*

pHenvKFS env frameshift 100 100

pGBI122 or pHenv41.2  41.2 mutation 103 156
pHenv319GE/41.2 V3 loop G—E/41.2 8§+3 169
pHenv518A/41.2 Processing site/41.2 56 £ 11 62+9
pHenvACD4/41.2 CD4 binding/41.2 45 + 16 50 =15
penvACT/41.2 ACT/41.2 18 £5 107

“ For syncytium assays, 8 X 10° HeLa T4 cells, maintained at 37°C in Dulbecco’s
modified Eagle’s medium-7% calf serum—800 pg of G418 per ml, were trans-
fected by the calcium phosphate coprecipitation method with equal amounts of
a mutant envelope-expressing plasmid and either pHenv or plllenv3-1 and
pSV,tat 72 (wild-type envelope and Tat-expressing plasmids [8, 12, 21]), using 15
ng of total DNA. At 36 to 48 posttransfection, cells were fixed and stained, and
syncytia were scored microscopically as described previously (9). For infectivity
assays, 5 X 10° HeLa cells were transfected with equal amounts of pGB107 (an
HIV vector), pIllenv3-1 or pHenv (wild-type envelope expression plasmids), and
the indicated mutant plasmid DNA, using 15 pg of total DNA. Two days fol-
lowing transfection, HeLa cell medium was changed, and 4 X 10* CD4-LTR/B-
gal indicator cells were plated in 24-well tissue culture plates for cell-free infec-
tion the next day, using DEAE-dextran as described previously (15). Two days
following infection, indicator cells were fixed and stained with X-Gal, and blue
foci were counted.

b The number of syncytia resulting from transfection of wild-type envelope
plus pHenvKFS was approximately 1,000 per pg of wild-type envelope-express-
ing plasmid. Data represent averages of at least four syncytium assays.

¢ Transfection of vector, wild-type envelope, and pHenvKFS resulted in ap-
proximately 10° infectious units per ml of harvested media. Data represent
averages of at least three infectivity assays.

cates the efficiency with which the envelope can mediate cell-
to-cell fusion. The results (Table 1) indicated the mutants
containing the cytoplasmic tail deletion and the gp120 position
319 Gly-to-Glu substitution in V3 retained the ability to inter-
fere, suggesting these mutations did not block the incorpora-
tion of the double-mutant envelope glycoproteins into a puta-
tive fusion complex.

The 41.2 mutant containing the processing site mutation
(518A/41.2) did not interfere with wild-type envelope function
any more efficiently than an envelope glycoprotein containing
the processing defect alone (9), indicating that proteolytic pro-
cessing of the 41.2 mutant to gp120 and gp41 subunits is nec-
essary for interference to take place. This observation suggests
that proteolytic processing is necessary for the amino terminus
of gp41 to be exposed in a fusion complex. Presumably, the
failure of the 518A/41.2 double mutant to interfere results
from an inability of the Glu residue to interact with other
glycoprotein molecules and thereby disrupt the fusion com-
plex. The ACD4/41.2 mutant is able to interfere only partially
with syncytium formation induced by wild-type envelope gly-
coprotein. The observation that the CD4-binding mutation
partially abrogates the ability of the 41.2 mutant to dominantly
interfere with wild-type-induced syncytium formation suggests
that CD4 binding may be a necessary step in the interference
process. Alternatively, the fact that the ACD4/41.2 mutant is
partially defective for gp160 processing (Fig. 2) may again
indicate, consistent with our results with the 518 A/41.2 mutant,
that gp160 processing is a requirement for interference.

To determine the effect of the second-site mutations on the
ability of the 41.2 mutant to interfere with virus infectivity, a
replication-defective vector (GB107) and CD4-LTR/B-gal in-
dicator cells (15) were used to quantitate the production of
infectious virus. GB107 (3) is a replication-defective HIV-1
construct containing a deletion in the env gene. When enve-
lope is provided in trans, infectious particles that can undergo
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FIG. 2. Immunoprecipitation analysis of double mutants. HeLa cells were
transfected with 10 g of plasmid expressing either wild-type (w.t.) envelope,
319GE/41.2, 518A/41.2, ACD4/41.2, or ACT/41.2 mutant envelope, or no DNA,
along with 5 wg of pHenvKFS. All double mutants are expressed efficiently.
Envelope glycoprotein precursor (gpl160) and the cleavage products gp120 and
gp41 are indicated. The ACD4/41.2 mutant is partially defective for gp160 pro-
cessing. The smaller size of the ACT/41.2 transmembrane glycoprotein can be
seen.

only a single round of replication are produced. The CD4-
LTR/B-gal indicator cells are CD4" HelLa cells that stably
contain the B-galactosidase gene expressed from the HIV-1
long terminal repeat. Because efficient expression from the
HIV long terminal repeat is dependent upon the regulatory
protein Tat, B-galactosidase normally is not produced. How-
ever, following infection with a HIV construct which supplies
Tat, such as GB107, B-galactosidase expression is induced.
Following fixing and staining of infected cells with 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal), the titer of
infectious virus produced is reflected by the number of blue
foci scored during microscopic examination of the cells.

Virus was produced by transfecting HeLa cells with vector-
and envelope-expressing DNA plasmids. The results (Table 1)
demonstrated that the effect of each second-site mutation on
interference by the 41.2 mutant paralleled the results of the
syncytium assay. That the ACT/41.2 mutant interferes with
infectivity suggests indirectly that the ACT/41.2 envelope is
incorporated onto virus particles. The fact that the ACT/41.2
double mutant could interfere with infectivity does not dem-
onstrate that the cytoplasmic tail is unimportant for incorpo-
ration onto virions; it is possible that the tailless glycoproteins
were incorporated onto a particle only after forming het-
erodimers (or multimers) with wild-type glycoprotein that con-
tained cytoplasmic tails.

Immunoprecipitation analysis was performed as described
previously (10) to monitor mutant and wild-type glycoprotein
expression following transfection of cells with plasmid DNA
(Fig. 2). All double mutants are expressed efficiently. Surpris-
ingly, the ACD4/41.2 double mutant is partially defective for
gp160 processing. This was unexpected since neither the CD4-
binding mutant (24) nor the 41.2 mutant (9) alone affects
gp160 processing. Since the results with the 518A/41.2 mutant
suggest that efficient gp160 processing is required for 41.2-
mediated interference, the lack of interference observed with
the ACD4/41.2 mutant may be a result of the reduction in
gp160 processing efficiency rather than a direct effect of the
ACD4 mutant. In addition to immunoprecipitation analysis,
indirect immunofluorescence analysis using AIDS patient se-
rum and fluorescein isothiocyanate-conjugated goat anti-hu-
man immunoglobulin G, performed with HeLa T4 cells trans-
fected with Tat- and envelope-expressing plasmids, indicated
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FIG. 3. Immunoprecipitation analysis showing coexpression of wild-type and
double-mutant glycoproteins. HeLa cells were transfected with plasmids express-
ing wild-type (w.t.) and double-mutant envelope glycoproteins. Lanes: 1, 10 g of
plllenv3-1 plus 5 ng of pHenvKFS; 2 to 5, 5 ug of plllenv3-1 plus 5 pg of
pHenvKFS plus 5 pg of double-mutant-expressing plasmid; 6, 5 wg of pHenvKFS
only. Cotransfection of wild-type and mutant plasmids does not affect wild-type
glycoprotein expression, as can be seen by the fact that gp120 and gp41 are
produced when wild-type and 518A/41.2 proteins are coexpressed and by the fact
that both wild-type and ACT gp41 are produced when wild-type and ACT/41.2
proteins are coexpressed.

no differences in expression or obvious alterations in subcellu-
lar localization of any of the mutant glycoproteins tested (data
not shown).

To determine if expression of mutant glycoprotein affected
expression and processing of wild-type glycoprotein when the
two were coexpressed in cells, immunoprecipitation analysis
was also performed on cells cotransfected with wild-type and
mutant envelope-expressing plasmids. The results of this anal-
ysis demonstrated that the mutant was efficiently expressed and
that expression of mutant envelope glycoprotein could occur
without affecting that of wild-type glycoprotein (Fig. 3). These
data support our previous results (9) that interference does not
occur by interfering with wild-type envelope expression or pro-
cessing. With the 518A/41.2 (processing site) mutant, we can
distinguish wild-type envelope from mutant envelope, since
only wild-type glycoprotein can be processed into the observed
gpl120 and gp4l. With the ACT/41.2 double mutant, we can
distinguish wild-type from mutant processing, since gp41 mol-
ecules of the wild type and ACT/41.2 differ in size. The fact that
we see continued equivalent expression of gp120 and gp41 in a
situation in which interference is blocked and see equivalent
amounts of wild-type and mutant gp41 in a situation in which
interference occurs (Fig. 3 and Table 1) indicates directly that
the mutant does not interfere with wild-type processing.

A basic amino acid substitution at the second position of
gp41 also results in a dominant interfering envelope glyco-
protein. The 41.2 mutation was originally determined to dom-
inantly interfere with wild-type envelope glycoprotein function
when a number of previously constructed envelope mutants
were tested, in transient transfection assays, for the ability to
interfere. At that time, the glycoprotein containing the second
position Val-to-Glu substitution was the only mutant found to
interfere efficiently with wild-type envelope function (9). The
reason for this was unclear, since other mutations in the ami-
no-terminal fusion domain of gp41 also were tested and found
not to interfere. Because it was not known if the dominant
interfering phenotype of the 41.2 mutant is a general phenom-
enon resulting from loss of the Val residue or a result of the
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TABLE 2. Effects of envelope mutations on syncytium formation

Relative syncytium

qa
env plasmid! formation = SD”

Mutation description

pHenvKFS env frameshift <1
plllenv3-1 Wild-type envelope 100
penv4l.2VA Val—Ala 96 = 17
penv4l.2VR Val—Arg <1
penv41.2VG Val—Gly 56 =7

@ A total of 8 X 10° HeLa T4 cells were transfected by the calcium phosphate
coprecipitation method with equivalent amounts of pSV,tat72 and either wild-
type or mutant envelope-expressing plasmids as indicated.

b Transfection of pSV,tat72 plus pllenv3-1 resulted in approximately 1,000
syncytia per pug of plllenv3-1 plasmid DNA. Data represent averages of four
assays.

specific introduction of Glu at position 2 of the hydrophobic
fusion domain, alternate amino acid substitutions were made
at the second position of gp41 (Fig. 1), and their effects on
fusion were determined.

When the amino acid sequences of a number of HIV-1
isolates were examined, it was observed that the second posi-
tion of gp4l was either Val of Ile. The fact that hydrophobic
amino acids have been conserved at this position argues for
their role, either directly or indirectly, in the fusion process.
Alternate mutations resulting in the substitution of basic or
hydrophobic amino acids were produced by site-directed mu-
tagenesis essentially as described previously (17), using an en-
velope gene fragment subcloned into M13mp18 as the tem-
plate.

The mutants tested contained individual Gly, Ala, or Arg
substitutions of Val at gp41 position 2. The codon at position
2 of gp41 was mutated from GTG (Val) to either GCC (Ala),
CGC (Arg), or GGC (Gly), which resulted in the generation of
an NgoMI, BaaHII, or NgoMI restriction enzyme recognition
site, respectively. Each mutation was then subcloned into a
plllenv3-1 derivative to generate clones penv4l.2VA,
penv41.2VR, and penv41.2VG. The presence of the mutations
was confirmed by DNA sequencing. Each mutant envelope
glycoprotein was tested, using the assay described above, for its
ability to cause syncytia when expressed in HeLa T4 cells.
Plasmids expressing each mutant were cotransfected into
HelLa T4 cells along with the Tat-expressing plasmid
pSV.,tat72. Following fixing and staining of cells, the syncytia
were counted. The results (Table 2) demonstrated that the
envelope glycoproteins containing the Gly (mutant env41.2VG)
and Ala (env41.2VA) substitutions still were capable of caus-
ing cell fusion, although the number and size of syncytia ob-
served with the Gly mutant were reduced relative to those
observed with the wild type. The Arg mutant (env41.2VR) was
completely fusion defective. Similar expression of all three
mutants was observed by indirect immunofluorescence (data
not shown). Immunoprecipitation analysis of wild-type and
41.2VR envelope was performed as described above. Again,
the results showed that the mutant and wild-type glycoproteins
were expressed at comparable levels and that cotransfection of
the plasmid constructs did not affect overall envelope expres-
sion (Fig. 4).

The mutants were then tested for the ability to interfere with
wild-type envelope-mediated syncytium formation and virus
infectivity. As might be expected from the foregoing results,
the Gly and Ala mutants were unable to interfere with either
process. The Arg mutant, however, effectively abrogated the
ability of wild-type envelope to mediate fusion (Table 3). Both
the number and size of resulting syncytia were reduced com-
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FIG. 4. Immunoprecipitation analysis of the penv41.2VR double mutant.
HeLa cells were transfected with pSV,tat72 and either pIllenv3-1 (wild-type
[w.t.] env), penv41.2VR, plllenv3-1 plus penv41.2VR, or no DNA.

pared with those for the wild type. As had been observed for
the original Glu mutant (9), the interfering effect of the mutant
envelope on wild-type envelope function could be detected
even in the presence of excess wild-type glycoprotein, as as-
sayed in cotransfection experiments in which different ratios of
wild-type to mutant DNAs were used (data not shown). These
results, taken together with previous data demonstrating that
the dominant interfering phenotype is not a property of all
fusion domain mutants (9), suggest the phenotype is a result of
the introduction of a charged amino acid at position 2 of gp41.
This observation supports the hypothesis that interference of
fusion occurs by disruption of a hydrophobic fusion pore
formed at least in part by the amino termini of multiple gp41
molecules.

These studies have provided additional information regard-
ing some of the requirements for and limitations of interfer-
ence by the 41.2 mutant envelope glycoprotein. This informa-
tion can now be used to direct both the future study of
envelope glycoprotein fusion and interference and the devel-
opment of more effective strategies in which to use the mutant
to interfere with wild-type HIV-1. Additional analysis of 41.2
double mutants containing alternate second-site mutations will
be helpful in further assessing the importance of various re-
gions of the HIV envelope glycoprotein in both the formation
of functional fusion complexes and interference. Also, bio-
chemical studies might provide information as to what steps in
the fusion complex formation/fusion interference sequence are
being disrupted. In addition, saturation mutagenesis of the
gp41 fusion domain will result in a more thorough understand-

TABLE 3. Abilities of envelope mutants to interfere with
syncytium formation and infectivity

. Relat_ive Relative
env Mut:?\tlgn syncytium infectivity
plasmid® description formation + SD*
+ SD? -
pHenvKFS  env frameshift 100 100
pGB122 41.2 mutation (Val—Glu) 105 15+6
penv4l.2VA  Val—Ala 90 =29 ND
penv4l.2VR  Val—Arg 12+ 10 8§*5
penv41.2VG  Val—Gly 92 +7 ND

“ For syncytium assays, HeLa T4 cells were transfected with equal amounts of
pSV.,tat72, plllenv3-1 (wild-type env), and the indicated mutant plasmid DNA as
outlined in Table 1, footnote a. For infectivity assays, virus was produced by
transfecting HeLa cells with equal amounts of pGB107, plllenv3-1, and the
indicated mutant plasmid DNA, and indicator cells were infected as outlined in
Table 1, footnote a, and the text.

® The number of syncytia resulting from transfection of wild-type envelope
plus pHenvKFS was approximately 1,000 per ng of wild-type envelope-express-
ing plasmid.

¢ Transfection of vector, wild-type envelope, and pHenvKFS resulted in ap-
proximately 10% infectious units per ml of harvested medium. ND, not done.
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ing of the requirements for and mechanisms of both the fusion
and interference processes.
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