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A previously reported amino acid substitution within the second conserved domain of the human
immunodeficiency virus type 1 (HIV-1) gp120 envelope results in the production of noninfectious particles.
Molecular characterization of spontaneous revertant viruses, which arose during long-term cocultures of this
env mutant, revealed that an amino acid change within another region of gp120 could functionally compensate
for the mutation and restore infectivity. In the current study, we have introduced a conservative amino acid
substitution at this second-site revertant codon and observed a marked reduction in HIV-1 infectivity. During
the passage of this defective virus in cocultures, yet another revertant appeared which contained an amino acid
change within a variable region of gp120 which restored infectivity to near wild-type levels. These results, in
combination with other point mutations that have been introduced into the HIV-1 envelope, suggest that at least
three discrete regions of gpl120 may interact during the establishment of a productive viral infection. This
critical step occurs subsequent to the adsorption of virions to the cell surface and either prior to or concomitant

with the fusion of viral and cellular membranes.

A characteristic feature of human immunodeficiency virus
type 1 (HIV-1) is the extensive genetic variability that exists
among different isolates. This genomic diversity is most
evident within the env gene, which contains areas of pro-
nounced amino acid variability (2, 4, 19, 24). Interspersed
among these variable domains, however, are conserved
regions, several of which have been shown to mediate
critical steps during the productive viral infection of human
T cells (12, 15).

Information relating env gene structure to function contin-
ues to accumulate. Several conserved domains within the
gp120 envelope protein have been reported to be the princi-
pal determinants of the binding of gp120 to the cell surface
viral receptor molecule, CD4 (10, 12). Other regions appear
to mediate events which occur subsequent to viral absorp-
tion (9, 10, 25). Several reports also indicate that conserved
domains are involved in the processing of the HIV-1 enve-
lope proteins (10, 15). Recent studies suggest that the
variable domains of gpl20 may also play important roles
during productive viral infection. In particular, a variable
region within gp120 appears to elicit type-specific neutraliz-
ing antibodies which can block HIV-1-mediated syncytium
formation and infection by cell-free virus (7, 13, 16, 17).
While the exact mechanism of this interference is unknown,
a likely explanation is that this variable gp120 domain is
critical to events in the virus replicative cycle which occur
subsequent to adsorption to the CD4 receptor (18). The
identification and functional characterization of these and
other regions within the HIV-1 envelope may facilitate the
development of antiviral intervention strategies.

We previously identified a region within the second con-
served domain of gpl120 that is critical for viral infectivity
(25). Amino acid substitutions at three adjacent codons (266
to 268) within this domain rendered the virus noninfectious.
An amino acid substitution at a distant codon (128) of gp120,
which spontaneously occurred during long-term cocultiva-
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tions, compensated for one of these mutations (267gln) (see
Fig. 1) and resulted in the emergence of revertant infectious
virus particles. In the work presented in this paper, we
mutated this second-site change in the gp120 of the revertant
and observed a marked reduction in viral replicative capac-
ity. Long-term passage in tissue culture generated yet an-
other revertant virus possessing biological properties similar
to those of the first revertant virus. Molecular cloning and
DNA sequence analysis of the second revertant revealed
that an amino acid substitution within a variable domain of
gp120 (codon 308) was responsible for the revertant pheno-
type. These results suggest that the three regions within
HIV-1envelope, defined by the 128, 267, and 308 mutant and
revertant codon changes, interact with one another and
mediate a critical early step in the virus life cycle.

MATERIALS AND METHODS

Oligonucleotide-directed mutagenesis. Amino acid codon
substitutions were introduced into the env genes of the
mutant and revertant HIV-1 proviral clones p7052, p7055,
and p7055R1A (25) (referred to as 266asp, 267gin, and
267gIn/128asn in this report) as previously described (25).
Briefly, 2.7-kilobase (kb) EcoRI-BamHI env-containing
DNA restriction fragments from the different HIV-1 pro-
viral DNA clones were inserted into the M13 vector mp19,
and specific nucleotide changes were introduced by oligo-
nucleotide-directed mutagenesis. Oligodeoxyribonucleo-
tides were synthesized and purified as previously described
(25). The mutagenesis protocols of Zoller and Smith (27) and
Kunkel (11) (Bio-Rad Laboratories) were both used. The
analogous env-containing restriction fragment from an infec-
tious molecular clone of HIV-1, pNL4-3 (1), was also used to
generate HIV-1 proviral clones with individual revertant
codon substitutions. Dideoxy single-stranded M13 and dou-
ble-stranded plasmid sequencing (Sequenase; U.S. Bio-
chemical Corp.) were used to confirm the presence of the
nucleotide substitutions in the mutated 2.7-kb EcoRI-BamHI
fragments before and after their reintroduction into the
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parental plasmid clones. The mutagenic oligonucleotides and
designations used were as follows (5’ to 3'): 128asn, CTCTG
TGTTAaTTTAAAGTGC; 128gIn, CCACTCTGTGTTcAaT
TAAAGTGCACT; 308ile, CAACAATACAAtAAAAAGTA
TCC. The lowercase letters identify nucleotide changes that
were introduced.

Cell cultures and viral infectivity. The CD4" lymphocytic
leukemia cell line A3.01 (5) and colon carcinoma cell line
SW480 (ATCC CCL228) were maintained in supplemented
RPMI 1640 and Dulbecco modified Eagle medium as previ-
ously described (25). Mutant HIV-1 virions were produced
by transfecting uncleaved plasmid DNAs into the SW480
cells, and the infectivity of progeny virions was assessed by
establishing cocultures with the A3.01 cells as previously
described (25). Cell culture supernatants were collected after
transfection and during cocultivation and assayed for the
presence of virion-associated reverse transcriptase (RT)
activity (6, 25).

Revertant cloning and DNA sequence analysis. Infections of
A3.01 cells were established by using cell-free, filtered
supernatants (see below) collected from day 21 of the
267gIn/128gIn coculture experiment (see Fig. 2). Uninte-
grated proviral DNA was isolated at 10 days postinfection,
and molecular clones of the revertant virus were obtained as
previously described (8, 25). The 2.7-kb EcoRI-BamHI
env-containing restriction fragment from a revertant recom-
binant lambda bacteriophage clone was inserted into the
267gIn/128gIn mutant clone. Progeny virions resulting from
transfections with this construction were monitored for
infectivity by coculture and RT analyses as described above.
Dideoxy DNA sequencing was performed on both strands of
the revertant 2.7-kb EcoRI-BamHI fragment by using the
reconstructed proviral plasmid DNA and synthetic oligonu-
cleotide primers (21, 25).

Infection kinetics and cytopathic effects. The infectivities of
the wild-type pNL4-3 and the revertant 267gln/128asn,
267gIn/308ile, and 266asp/308ile viruses were monitored by
using the A3.01 cell line. SW480 cells were transfected with
the revertant plasmid proviral DNAs, and virus-containing
supernatants were collected after 24 h. The pNL4-3 virus
stock was obtained from supernatants of previously infected
A3.01 cells. All supernatants were filtered (0.22-pm-pore-
size filters) and assayed for virion-associated RT activity.
Comparable amounts of RT activity for each virus were
added to 2 x 10° A3.01 cells in 1 ml of tissue culture medium
and incubated in 15-ml conical tubes at 37°C for 2 h.
Virus-cell suspensions were then transferred to 25-cm? cul-
ture flasks and maintained in 10 ml of medium. Supernatant
samples were collected every 2 days, beginning on day 5,
and assayed for RT activity. Cell viability was also moni-
tored at each time point by using trypan blue exclusion, and
concentrations were maintained at 10%ml. Infections were
terminated when extensive cell death was observed.

RESULTS

We have previously shown that the substitution of glu-
tamine for asparagine at codon 267 (a potential N-linked
glycosylation site) within the HIV-1 gp120 envelope gener-
ates noninfectious virus (25). The mutated gpl20 protein,
produced from expression vectors, retained its capacity to
bind to the CD4 receptor and induce syncytium formation.
Collectively, these results suggested that the HIV-1 267gIn
mutant was blocked at a step in the replicative cycle subse-
quent to CD4 binding. During long-term cocultures with the
267glIn virus, however, infectious revertant virions emerged.
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FIG. 1. Location of amino acid substitutions within the HIV-1
envelope gp120 and their effects on viral infectivity. The top of the
figure illustrates conserved (open) and variable (shaded) domains
within gp120 as previously described (2, 4, 19, 24). The middle
section aligns amino acid residues from different HIV-1 clones
within the 128, 267, and 308 regions of gp120. The bottom portion
indicates amino acid codon substitutions which either were intro-
duced by in vitro mutagenesis or occurred spontaneously during
tissue culture. Shaded numbers identify specific codons involved.
Solid letters represent codons present in the wild-type infectious
(pNL4-3) proviral clone, while open letters indicate amino acid
substitutions in the indicated HIV-1 recombinant plasmids. Infec-
tivity of progeny virions from the various HIV-1 proviral clones was
determined by transfection, coculture, and RT analyses as described
in the text. +/— indicates a low-level infection compared with the
other virus infections. The 267gln and 267gIn/128asn data have been
previously reported (25).

Nucleotide sequencing of revertant molecular proviral
clones indicated that the substitution of an asparagine for a
serine at codon 128 of gp120 compensated for the retained
267gIn mutation and restored infectivity (Fig. 1).

To evaluate the effect of additional substitutions at this
second site, a conservative amino acid change was intro-
duced into the 267gIn/128asn revertant clone. A glutamine
residue was substituted for the asparagine codon at position
128, generating the HIV-1 recombinant plasmid 267gln/
128glIn. Its biological activity was assessed after transfection
into the SW480 codon carcinoma cells and coculturing with
the CD4* A3.01 cells as described in Materials and Meth-
ods. The parental 267gIn/128asn and wild-type pNL4-3 plas-
mid clones were similarly examined. Spreading viral infec-
tion was monitored by assaying virion-associated RT
activity in culture supernatants. Progeny virions from both
the wild-type pNL4-3 and the revertant 267gIn/128asn clones
established productive infections (Fig. 2). The high levels of
RT activity detected in the cocultures 9 to 12 days after the
addition of the A3.01 cells indicated that peak virus produc-



VoL. 63, 1989

mock

pNL4-3 &

'Y X KK
YTEE
ceee @@

FIG. 2. Infectivity of the 267gIn/128gln mutant virus. Virion-
associated RT activity was determined in 10-ul culture supernatant
samples after transfection of SW480 cells with the wild-type (pNL4-
3), revertant (267gIn/128asn), and mutant (267gIn/128gln) plasmid
DNAs (first vertical column) and at the indicated times after
coculture with A3.01 cells.
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tion occurred during this period. In contrast, only low levels
of the 267gIn/128gIn virus were produced during the first 19
days of coculture, suggesting that the 128¢gIn substitution had
significantly reduced, but not completely ablated, viral in-
fectivity. High levels of RT activity were detected on day 21,
however, implying the emergence of a revertant virus.

To determine whether another revertant had emerged,
cell-free virus from day 21 of the coculture (Fig. 2) was used
to directly infect the A3.01 cells as described in Materials
and Methods. The kinetics of RT activity detected during
this infection resembled those of the parental 267gIn/128asn
virus (data not shown) and suggested that another reversion
in the env gene had occurred. We therefore isolated uninte-
grated proviral DNA from the infected A3.01 cells and
obtained several lambda phage clones of the putative rever-
tant proviral DNA, as described in Materials and Methods.
When the 2.7-kb EcoRI-BamHI env-containing restriction
fragment from one of the lambda phage clones was intro-
duced into the defective 267gIn/128gIn proviral plasmid
clone, full infectivity was restored. The infection Kinetics of
the resultant progeny virions were indistinguishable from
those of the original parental 267gIn/128asn virus (data not
shown).

To identify the molecular basis for this change, the com-
plete nucleotide sequence of the revertant 2.7-kb EcoRI-
BamHI fragment was determined. This analysis revealed
that the 267gln and 128gIn codons were both retained in the
revertant virus; however, four additional nucleotide substi-
tutions, not present in the defective 267gIn/128gIn provirus,
were detected. The first was a second-position change within
codon 84 of the HIV-1 R gene (26) resulting in an isoleucine-
for-threonine substitution. The remaining three nucleotide
changes were all located within the env gene. Two consisted
of third-position base changes (G to A and C to T within
codons 367 and 705, respectively) and did not alter the codon
specificities for lysine and phenylalanine. The final change
was located at amino acid position 308, situated in a variable
domain of gpl20. Within this codon, a second-position
change of G to T resulted in the substitution of an isoleucine
for an arginine residue. Thus, the 308ile substitution had
restored the infectivity of the defective 267gIn/128gIn virus
(Fig. 1).

The results of these revertant virus analyses did not
indicate whether the 308ile substitution had compensated for
the 128gln mutation or the defect associated with the original
267gIn mutation, both of which were retained in the second
revertant. To examine this question further, the 308ile codon
change was introduced into the original noninfectious 267gln
HIV-1 proviral clone by oligonucleotide-directed mutagene-
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TABLE 1. Infectivity of wild-type HIV-1 containing revertant
envelope codon substitutions

HIV-1d Amino acid at envelope codon’:
-1 designation”

128 267 308
pNL4-3 (wild type) S N R
128asn N N R
308ile S N I
128asn/308ile N N 1

“ On the basis of data from transfection, coculture, and RT analyses with
the indicated HIV-1 plasmid clones, every virus was fully infectious.

# Numbers refer to amino acid codons within gp120 (Fig. 1); boldface letters
indicate codon substitutions which were introduced into the pNL4-3 proviral
clone as described in the text.

sis; the infectivity of the resultant 267gIn/308ile virions was
evaluated by transfection and coculture. The 267gIn/308ile
virus particles were able to establish a spreading viral
infection (Fig. 1) and exhibited infection kinetics that were
similar to those of the wild-type virus (data not shown). This
result indicated that the 308ile substitution, like the previ-
ously described 128asn change (25), could functionally cor-
rect the 267gln mutation.

Since the 128asn and the 308ile substitutions could each
restore envelope function in the noninfectious 267gln mu-
tant, we wondered whether either revertant change could
alter the infectivity of the original, fully infectious pNL4-3
provirus. The introduction of the 128asn and 308ile substi-
tutions, alone or in combination, did not affect viral infec-
tivity (Table 1). Thus, the revertant amino acid changes were
functionally significant only in the presence of the 267gin
mutation.

We next asked whether the 308ile substitution could
compensate for other mutations within the 267 region of
gpl120 that also impair HIV-1 infectivity. One such HIV-1
clone, designated 266asp, has an aspartic acid codon substi-
tuted for a leucine at position 266 in gpl20 (25) (see the
amino acid alignment in Fig. 2). Low but measurable levels
of the 266asp virus were produced (compared with the
wild-type pNL4-3) after transfection and coculture (Fig. 3).
When the 308ile substitution was introduced into the 266asp
clone by oligonucleotide-directed mutagenesis, higher levels
of progeny virions were generated (Fig. 3), demonstrating
again a functional interaction between the 267 and 308
regions of gp120.

These results show that the 128asn and 308ile codon
substitutions can independently compensate for functional
defects in HIV-1 envelope arising from mutations with the
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FIG. 3. Functional compensation of the 308ile amino acid change
for the defect associated with the 266asp mutation in gp120. Virion-
associated RT activity was detected in culture supernatants after
transfection of SW480 cells with the pNL4-3, 266asp, and 266asp/
308ile plasmid DNAs (first vertical column) and at the indicated
times after coculture with A3.01 cells.
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FIG. 4. Infectivity of HIV-1 revertant viruses. Parallel infections
of A3.01 cells were established by using cell-free virions produced
by the 267gIn/128asn, 267gIn/308ile, and 266asp/308ile revertant and
the pNL4-3 wild-type proviral clones as described in Materials and
Methods. Cell viability and virion-associated RT activities in culture
supernatants were evaluated for each infection at the indicated time
intervals. Symbols: [, mock; @, pNL4-3: . 267gIn/128asn; O,
267gIn/308ile; M, 266asp/308ile.

267 region; however, the delayed infection kinetics dis-
played by the 266asp/308ile virus suggested that infectivity
may not always be restored to wild-type levels. This issue
was evaluated further by infecting A3.01 cells with cell-free
virions produced by the revertant 267gIn/128asn, 267gln/
308ile, or 266asp/308ile proviral clones and comparing these
infections with a wild-type pNL4-3 infection (Fig. 4). Virion-
associated RT activity was detected in the pNL4-3 infection
by 7 days postinfection; numerous cell aggregates and syn-
cytium formation were also observed at this time. In this
experiment, peak virus production did not occur until day 11
(Fig. 4B) and was accompanied by extensive cell death (Fig.
4A). Similar observations were made in the 267gIn/128asn
and 267gIn/308ile infections, although associated cell death
was delayed 2 days relative to the pNL4-3 infection. The
infection kinetics of the 266asp/308ile virus was markedly
delayed, with detectable levels of RT activity not present
until day 17. Despite this delay, the spreading 266asp/308ile
virus infection eventually led to extensive cell death.

J. VIROL.

DISCUSSION

The results of this study indicate that an amino acid
change within a variable region of the HIV-1 envelope can
functionally compensate for defects arising from amino acid
substitutions in at least two other conserved regions of
gp120. These data, in conjunction with our previous results
(25), suggest that the interaction of the 128, 267, and 308
regions of gp120 is critical for efficient production of progeny
virions. The 267 domain appears to be the most important
element for this interaction, since amino acid substitutions at
codons 128 and 308 were functionally significant only in the
presence of mutations within the 267 region.

The 267 region has been previously reported to be critical
for the processing of the gp160 precursor to the gp120 and
gp41 virion envelope proteins (10). We have observed that
the 266asp mutation leads to reduced gp120 production in
pulse-chase experiments in HeLa cells transfected with the
266asp or 266asp/308ile proviral clone (unpublished results).
Since the 308ile substitution has no effect on processing
gpl60, yet increases the replicative capacity of the 266asp
virus, an envelope function(s) unrelated to processing must
be responsible for the augmented infectivity observed. Inef-
ficient processing, however, might contribute to the delayed
infection kinetics characteristic of the 266asp/308ile virus.

It is not presently known why viral infectivity is altered by
the amino acid substitutions at codons 128, 267, and 308.
Results from an earlier study have suggested that the 128 and
308 regions of gp120 may be involved in its association with
gp4l (10). We have previously speculated that the 267
domain of gp120 might mediate events occurring subsequent
to the binding of virions to the CD4 receptor, since the
presence of the 267gin substitution in gpl20 produced in
expression vectors did not impair binding to CD4 (25). This
observation has been supported by another report which
demonstrated that antibodies specific for the 267 region
blocked HIV-1 infection without interfering with CD4 bind-
ing (9). The putative interaction between codon 308 and the
267 domain identified in our current study further suggests
that a postbinding event is involved, since the results of
several recent studies imply a similar role for the 308 region.
Codon 308 is located within a stretch of amino acids which
elicits type-specific neutralizing antibodies to HIV-1 (7, 13,
16, 17). These antibodies inhibit infection by cell-free virus
as well as fusion of HIV-1-infected cells (13, 16, 17) but do
not affect CD4 binding (18). Type-specific virus neutraliza-
tion even after the adsorption of virions to CD4"* T cells has
been reported (P. Nara, personal communication). Thus,
type-specific neutralization and the amino acid substitutions
we have identified in the gpl20 revertants may target the
same postbinding event, since both involve the 308 domain
of gp120. Our results also imply that the 128 and 267 regions
play an important role in this event and suggest that the
interaction of at least these three domains of the HIV-1
envelope may be required for productive infection of T cells.

At present, we can only speculate on which postbinding
step(s) would involve the 128, 267, and 308 domains of
gpl120. HIV-1 envelope-mediated fusion of the viral and
cellular membranes could require the interaction of the 128,
267, and 308 regions, as described for other viruses (3);
however, it is not clear how the 128, 267, and 308 regions of
gpl20 might participate in the fusion of viral and cellular
membranes, since the putative fusogenic domain of HIV-1 is
located at the N terminus of the gp41 envelope protein (10).
The similarity of HIV-1 entry to that of both the para- and
orthomyxoviruses may provide some clues. In Sendai and
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influenza virus infections, a postbinding activation step must
precede the fusion of the viral and cellular membranes.
Extracellular fusion by Sendai virus is dependent on the
proteolytic cleavage of the FO precursor envelope protein at
the cell surface (3), while a pH-dependent conformational
change allows the HA2 envelope cleavage product of the
influenza virus hemagglutinin to fuse with endosomal mem-
branes during viral entry (22). HIV-1 entry has been reported
to occur by extracellular fusion that is pH independent (14,
20); however, proteolytic processing of the HIV-1 gp120 and
gp41 envelope components, which is also essential for infec-
tivity (15), occurs intracellularly (23) prior to CD4 binding.
Since the fusogenic domain of gp4l is most likely not
exposed on the surface of HIV-1, a conformational change
which alters the location of this region after adsorption to
human T cells might be required to promote fusion of viral
and cellular membranes. Such a conformational change
could be triggered by the interaction of gp120 with CD4 and
depend on the structural interaction of the 128, 267, and 308
regions of the viral envelope.

The delineation of regions within the HIV-1 envelope
which are critical to viral infectivity may help to identify
potential targets for antiviral intervention. The fact that
antibodies directed against the 308 region can block viral
infection raises the possibility that polyvalent vaccines might
protect exposed individuals (16); however, the construction
of such candidate vaccines may also have to be based on the
contribution of the 128 and 267 domains as well. Amino acid
changes at any one of these regions may allow the virus to
escape neutralizing antibodies which specifically target the
308 region. The types of compensatory amino acid changes
that we have observed may represent a mechanism by which
HIV-1 can escape immunologic recognition while maintain-
ing functional integrity during a productive viral infection.
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ADDENDUM IN PROOF

During preparation of the manuscript, Felser et al. (Vi-
rology 170:566-670) reported that the 267gIn mutation in
gpl20 leads to a two- to fourfold reduction in HIV-1-
mediated cell fusion.
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