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The principal neutralization determinant (PND) of human immunodeficiency virus type 1 envelope
glycoprotein gpl20 contains a conserved GPG sequence. The effects of a 29-amino-acid deletion of most of the
PND, a 3-amino-acid deletion in the GPG sequence, and 16 single-amino-acid substitutions in the GPG
sequence were determined in a transient expression assay. All mutant envelope glycoproteins were expressed
at levels comparable to that of the wild-type envelope, and mutations in the GPG sequence did not affect
processing to gpl20 or, except for the 29-amino-acid deletion, binding to CD4. Of all of the mutants, only the
GHG and GFG mutants induced formation of syncytia similar in size and number to those induced by the
wild-type envelope. When the envelope expression level was increased 10-fold or more, several additional
mutants (APG, GAG, GSG, GQG, GVG, and GPF) also induced syncytium formation. Transfection with
infectious proviral molecular clones containing the GHG, GFG, APG, GAG, GSG, or GPF mutations induced
production of viral particles; however, only the GPG, GHG, and GFG viruses produced active infections in
CD4-bearing cells. Furthermore, whereas the wild-type virus was efficiently netutralized by PND polyclonal and
monoclonal antibodies, the GHG- and GFG-containing viruses were not. These results show that mutations in
the GPG sequence found within the PND do not affect envelope expression and do not significantly affect CD4
binding or production of viral particles but that they do affect the ability of the envelope to induce syncytia and
those of the viral particles to infect CD4 cells and be neutralized by PND antibodies.

The predominant route of HIV-1 infection involves bind-
ing of external viral envelope glycoprotein gpl20 to the
surface CD4 molecule on human T lymphocytes. A post-
gpl2O-CD4-binding event facilitates fusion of the viral enve-
lope with the cellular membrane, thereby permitting viral
entry. Viral infectivity and fusion of human immunodefi-
ciency virus type 1 (HIV-1)-infected cells with uninfected
CD4 cells can be blocked by antibodies directed to the
principal neutralization determinant (PND) located on the
viral envelope glycoprotein (11, 32, 33, 37).

Several studies have shown that the PND of HIV-1 resides
in a 36-amino-acid disulfide loop formed between two invari-
ant cysteines (positions 303 to 338) located in the third
variable region of gpl20. A comparison of 245 different
HIV-1 envelope sequences (19) showed that the PND con-
tains conserved sequences (e.g., over 90% of these PND
sequences contain the GPG motif) and that the PND con-
tains the structural motif p-strand-type II P-turn-13-strand-cX
helix. This suggests that there is selective pressure to
maintain these conserved elements. Antibodies elicited by
conserved amino acid sequences neutralize divergent HIV-1
isolates (14).

Previous studies (10, 17), using transient envelope expres-
sion systems, showed that mutations within the PND can
reduce or abolish syncytium formation without affecting
gp160 expression, processing, or CD4 binding. This suggests
that, even though the PND is distinct from envelope domains
directly involved in CD4 binding, elements of the PND are
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required for the membrane fusion event. These studies did
not, however, investigate the effects of PND mutations on
virus infectivity, growth kinetics, or neutralization by PND
antibodies. Another study (13) determined the effect of the
GPG-to-GAG substitution on virus infectivity and neutrali-
zation. This single change altered the ability of the virus to
replicate in some cell lines and affected the ability of the
virus to be neutralized by some PND-specific antibodies.
We made a series of deletions and substitutions in the

conserved GPG sequence at the tip of the PND to study the
importance of the PND in syncytium formation and virus
infectivity, growth, and neutralization. Our data show that
even though all mutant envelopes were expressed and proc-
essed as the wild-type GPG, all of the mutations studied
except two abolished the ability of the envelope to induce
syncytia. Each of these two viruses was resistant to neutral-
ization by PND antibodies. These results show that certain
mutations in the PND are infectious and confer the property
of neutralization resistance.

MATERUILS AND METHODS

Cells, plasmids, and antibodies. Cell lines SW480 (ATCC
CCL228) and COS-7 (ATCC CRL1651) were cultured in
Dulbecco modified Eagle minimal essential medium (GIBCO
Laboratories) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Hyclone Laboratories, Logan, Utah).
CD4+ cell lines CEM and CEM-SS (27) were propagated and
maintained in RPMI 1640 medium (GIBCO Laboratories)
supplemented with 10% heat-inactivated FBS. Escherichia
coli JM105, HB101, BW313 (18), and TG1 were used for
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subcloning, mutagenesis, and amplification of plasmid
DNAs and bacteriophage M13. Infectious provirus pNIA-3,
an HIV-1 hybrid containing NY-5 and LAV-1 viral DNAs,
has been previously described (1). Transient expression
plasmid pLOTSA is derived from previously described plas-
mid pSVSX1 (36). Its construction will be described in detail
elsewhere (31a). pLOTSA contains 2.1 kB of the HIV-1 IIIB
envelope gene and expresses a 140-kDa envelope glycopro-
tein. Expression is driven by the simian virus 40 late
promoter. rev-expressing plasmid pCMVrev has been previ-
ously described as pRevl (21). It contains a cDNA copy of
HIV-1 rev, and expression is driven by the simian cytomeg-
alovirus immediate-early promoter.
The neutralizing antisera used were goat anti-RP135 (37)

and guinea pig anti-RP174c. (RP174 is RP135 with disulfide
cross-bridged cysteines on both the amino and carboxyl
termini.) Antiserum G1115 was prepared in goats immunized
with baculovirus-insect cell-expressed gp160 which con-
tained a deletion removing the entire PND (gp160 delta
loop). Monoclonal antibody (MAb) C13 is a human-murine
chimeric antibody constructed from 0.5, (23) that binds the
PND, including the sequence GPGRAF (a gift from S.
Matsushita). MAb lCl (Repligen Corporation) recognizes a
conserved epitope in the carboxy terminus of gpl20. OKT4
was obtained from Ortho Diagnostics.

Oligonucleotide synthesis and purification. Oligonucleo-
tides were synthesized by using an Applied Biosystems 380A
DNA synthesizer and purified by using 10% polyacrylamide
gels followed by Sep-Pak C18 column chromatography (Wa-
ters, Millipore Corp.). Three oligonucleotide mutagenesis
primers were synthesized such that each primer contained
one degenerate codon in place of that which encodes amino
acid G, P, or G. The oligonucleotide primer used to muta-
genize the first glycine (XPG) was 5'-GTATCCGTATCCA
GAGAXXSCCCGGGAGAGCATT'TG-3', that used to mu-
tagenize the central proline (GXG) was 5'-CCGTATCCAGA
GAGGAXXSGGGAGAGCATTTGTTAC-3', and that used to
mutagenize the second glycine (GPX) was 5'-CCGTATCCA
GAGAGGACCCXXSAGAGCATTTGTTACAATAGG-3'.
The degenerate codon in each oligonucleotide contains all four
nucleotides at the first two codon positions (X) and a roughly
equal mixture of G and C at the third position (S). This codon,
XXS, can contain 32 different nucleotide combinations, which
encode all 20 amino acids and one termination codon. Deleted
PND mutants were prepared by using the mutagenic oligonu-
cleotides AGPG, 5'-CTAATGTTACAATGTGCGGGTCTT
GTACAATTAAT'TC-3', which removed the central GPG,
and APND, 5'-GTAACAAATGCTCT'TCTCTGGATACG
G-3', which deleted most of the 36 amino acids, to leave a
7-amino-acid PND with the sequence CTRPAHC. Two
oligonucleotides, VSP-PCR, 5'-GTAGAAATTAATTGTAC
AAGACCC-3', and XBA-PCR, 5'-CCATTl''TTGCTCTAGA
AATGTTACAATGTGC-3', were used to sequence PND
mutant envelopes from single-stranded M13 DNA and for
polymerase chain reaction amplification and sequencing of
the entire PND from virus-infected cells.
PND mutagenesis and envelope subcloning. PND mutations

were introduced by mutagenesis without phenotypic selec-
tion by using the mutagenic oligonucleotides (18). The 2.1-kb
KpnI-to-BamHI fragment from pLOTSA, which encodes all
but the carboxy-terminal 104 amino acids of gpl60, was
cloned into the KpnI and BamHI sites of M13 vectors mpl9
and mpl8. Template single-stranded DNA containing uracil
was obtained by growing these bacteriophage in dUTPase-
and deoxyuracil-N-glycosidase-negative E. coli BW313 in
the presence of uridine. The mutagenesis reaction products

were transformed into E. coli to select for bacteriophage
progeny derived from the mutagenized strand. Bacterio-
phage plaques from the mutagenesis reaction were chosen,
and the envelope mutations were identified by dideoxy-chain
termination sequence analysis. GPG mutant envelopes were
subcloned as KpnI-BamHI fragments from the double-
stranded replicative form of the appropriate bacteriophage
into the corresponding sites of pLOTSA. Following analysis
of the mutants by transient expression, selected KpnI-
BamHI fragments were cloned into pNL4-3 to generate the
proviral plasmids.

Transient expression assay. Rapidly dividing COS-7 cells
were trypsinized, washed with RPMI 1640 medium supple-
mented with 10% FBS, and collected by centrifugation at
1,000 x g for 5 min. Transfection conditions consisted of 3 x
106 to 5 x 106 COS-7 cells in 250 ,ul of ice-cold RPMI
supplemented with 10% FBS to which 125 ng of pCMVREV
and 5 ,ug of envelope plasmid DNA were added. The
cell-DNA mixture was transferred to a cuvette, and electro-
poration was performed by using a Bio-Rad Gene Pulsar set
at 0.25 kV, 960 ,uF, and 400 Q. Following electroporation,
the cuvette was incubated on ice for an additional 10 min and
the transfected cells were plated onto a 10-cm-diameter plate
containing 10 ml of Dulbecco modified Eagle minimal essen-
tial medium supplemented with 10% FBS. After overnight
incubation, the cells were trypsinized, washed, and counted.
Viable cells (104) were mixed with a 10-fold excess of CD4+
CEM cells and placed in a well of a 96-well microtiter tissue
culture plate. Syncytia were visualized in the positive con-
trol wells as early as 4 h after the cells were mixed, although
syncytia were not counted until 24 h after mixing.

CD4-binding assay. The ability of the envelope to bind
CD4 was assayed by radioimmunoprecipitation of labeled
cell lysates with soluble CD4. COS-7 cells were transfected
as described above, except that incubation proceeded for 40
h after transfection and before labeling. Each 10-cm-diame-
ter dish of cells was washed twice with phosphate-buffered
saline (PBS) (GIBCO-BRL), starved for methionine by in-
cubation in methionine-free medium for 30 min, and meta-
bolically labeled overnight with 200 p,Ci of high-specific-
activity [35S]methionine (New England Nuclear). After
being labeled, the cells were washed twice with PBS,
scraped from the plates, transferred to Eppendorf tubes, and
washed again with PBS. The cells were lysed by addition of
100 pl of RIPA-Lite (150 mM NaCl, 10 mM sodium phos-
phate, pH 7.2) containing 1% Nonidet P-40 and vigorous
vortexing. After dilution with 9 volumes of RIPA-Lite,
insoluble material was precipitated by centrifugation for 5
min at 12,000 x g. Labeled cell lysates were incubated with
1 ,ug of soluble CD4 (American Bio-Technologies, Inc.,
Cambridge, Mass.) per ml at 22°C for 1 h and then incubated
with 1 ,ug of OKT4 per ml at room temperature for 1 h.
Immobilized, recombinant protein A-Sepharose (IPA-300;
Repligen Corporation) was pretreated by being washed
several times with RIPA-Lite-0.1% Nonidet P-40 and then
incubated with an unlabeled COS-7 cell lysate in PBS.
One-tenth of a volume of a 1:1 slurry of pretreated IPA-300
in RIPA-Lite was added to the cell lysate containing sCD4
and OKT4 and incubated at 22°C for 30 min. The IPA-300
immunocomplexes were precipitated by brief centrifugation
at 12,000 x g, washed three times with RIPA-Lite containing
0.1% Nonidet P-40, washed three times with RIPA-Lite, and
boiled with an equal volume of gel loading buffer. Proteins
were separated on sodium dodecyl sulfate-9% polyacryl-
amide gels and transferred by electroblotting to either nitro-
cellulose or Immobilon P (Millipore Corp.) membranes for
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autoradiography. Cell lysates were also radioimmunoprecipi-
tated as described above with 1 ,ug of MAb lCl per ml.

Cell staining. COS cells transfected with 5 ,ug of pCM
VREV and 5 ,ug of each envelope expression plasmid were
cultured as for the transient expression assay, and the cells
were harvested by using EDTA (GIBCO), washed with PBS,
and reacted with goat anti-gp160 delta loop (G1115). The
cells were stained with fluorescein isothiocyanate-conju-
gated anti-goat serum and analyzed in a Becton Dickinson
FACScan flow cytometer.

Viral infectivity and growth kinetics. Proviral plasmid
DNA was transfected into SW480 cells by calcium phos-
phate precipitation as described previously (1). The infectiv-
ity of progeny virions was assessed by infecting CEM-SS
CD4+ T cells with cell-free supernatant harvested 48 h after
transfection of the SW480 cells. The infections were per-
formed in a 24-well plate by using 0.1 ml of cell-free
transfection supernatant and 106 CEM-SS cells in 1.9 ml of
RPMI supplemented with 10% FBS. Viral growth was de-
termined by reverse transcriptase (RT) activity by using
[32P]ddTTlP (47) measured at 2- to 3-day intervals. Cell
viability was monitored by using trypan blue exclusion, and
the cell concentration was maintained at 106/ml. Infections
were terminated when extensive cell death was observed.
Cells were taken at day 20 postinfection for polymerase
chain reaction amplification and sequencing of the PND
region of the mutant HIV-1 envelopes.
Western immunoblot analysis was performed on SW480

cells transfected with proviral clones as described previ-
ously, except that the proteins were transferred to Immo-
bilon P membranes. Western blots were probed with either
human sera from HIV-1-positive individuals or MAb lCl.

V'irus neutralization assay. The abilities of PND antisera to
neutralize the wild-type and mutant viruses were assessed by
measuring the ability of a fixed amount of antibody to
neutralize virus at 10-fold dilutions. For this assay, MAbs
were used at 200 ,ug/ml and polyclonal antiserum was used at
a 1:10 dilution. Viral stocks, stored frozen until use, were
serially diluted 10-fold by using RPMI 1640 medium contain-
ing 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES). Starting with the highest viral dilution, 0.1 ml
of each virus dilution and the undiluted viral stock were
transferred to a labeled 96-well plate. A 0.1-ml volume of
serum was delivered to all dilutions of the virus. In addition to
the specific antiserum used, controls included virus with
nonimmune antiserum and without antiserum. The control
lacking antiserum allowed determination of 50% tissue culture
infective doses (TCID50) (40). The 96-well plate was then
incubated at 37°C in 5% CO2 for 30 min, after which each
virus-antiserum mixture was transferred to a 24-well plate
containing 106 CEM-SS cells and mixed. The volume of the
wells in the 24-well plate was then increased to 2 ml by
addition of 0.9 ml of RPMI supplemented with 10% FBS, and
the plates were incubated at 37°C in 5% CO2. At 3 days, each
well containing cells and medium was mixed, 1 ml was
transferred to a new well (to obtain a duplicate of the
dilution), and 1 ml of complete medium was added to each
well. The wells were split 1:2 by removing 1 ml and adding 1
ml of fresh medium every 3 days thereafter. Medium was
harvested for RT assays, and the cytopathic effect was
recorded every 3 days.

RESULTS

Mutagenesis and selection of PND mutations. Site-directed
mutagenesis without phenotypic selection was performed on

the PND of the HIV-1 IIIB (BH10) (34) envelope glycoprotein
to study the effects of changes in these conserved amino acids
on syncytium formation, CD4 binding, and viral infectivity
and neutralization. Briefly, uracil-containing single-stranded
template DNAs containing the 2.1-kb KpnI-BamHI envelope
fragment from the envelope were mutagenized with oligonu-
cleotides which generate either deletions or single-amino-acid
substitutions in the GPG sequence. DNA sequencing of 54
separately isolated bacteriophage clones derived from GPG
mutagenesis reactions yielded 49 substitution mutants and 5
nonmutagenized clones for a-mutagenesis efficiency of -91%.
Of the 49 mutants obtained, 21 contained unique amino acid
substitutions in the GPG sequence. Of the 21 GPG substitu-
tions, 16 were chosen for further study. In addition, two
deletion mutations, AGPG and APND, were constructed. The
2.1-kb KpnI-BamHI fragments of these 18 mutant envelope
genes were cloned into the corresponding sites of transient
expression vector pLOTSA.

Syncytium formation of PND mutations. The effects of the
mutations on syncytium formation were assayed by mixing
envelope-expressing COS-7 cells with CD4+ human T-cell
clone CEM. The COS-7 cells were cotransfected with 125 ng
of pCMVREV, to provide a source of rev protein required
for efficient envelope expression, and 5 ,ug of the envelope
plasmid. COS-7 cells expressing the wild-type envelope and
the substitution mutant GHG and GFG envelopes each
formed equivalent numbers and sizes of syncytia. All other
mutants, including the two deletion mutants (AGPG and
APND), failed to form syncytia under these transfection
conditions (Fig. 1 and Table 1). Although no clearly defined
syncytia were generated with the mutants, cells expressing
most of the variant envelopes appeared to induce cell
association, as visualized by cell clumps (Fig. 1C).
Western blots of transfected COS-7 cells probed with MAb

lCl (which recognizes a conserved sequence at the carboxyl
terminus of gpl20) showed that all mutant envelopes were
produced at levels equivalent to that of the wild type (GPG)
and were processed to the 140- and 120-kDa forms expected
in the pLOTSA-based transient expression system (Fig. 2).
Since the envelope clones tested contained examples of
substitutions at each of the GPG positions, we conclude that
any changes made to these positions affect neither envelope
expression nor processing and that the mutant envelopes
behave like the GPG envelope. Probing of similar Western
blots with a MAb specific for the amino-terminal half of gp4l
(data not shown) showed that all of the mutants tested showed
a band at -20 kDa (the size expected from cleavage of gpl40
to gp120 and the transmembrane fragment).

Cell surface expression of envelope substitution mutants
was investigated by staining transfected COS cells with goat
antiserum (G1115) raised against a HIV-1 gpl60 which
lacked a PND loop. This antiserum was used because of the
poor reactivity of several of the substitution mutants with
antiserum prepared against the entire HIV envelope due to
variation in the antigenic PND. Figure 3 shows staining of
COS cells transfected with pCMVREV plus pAGPG (panel
A) or pGPR (panel B). Both mutants showed clear and
reproducible, albeit low, levels of cell staining, as evidenced
by the shift in fluorescence intensity. Similar results were
observed for substitution mutants pEPG, pGAG, and
pGHG, in addition to wild-type pLOTSA. Control COS cells
mock transfected and stained with G1115 antiserum or
stained with an irrelevant antibody showed cell staining the
same as that of COS cells transfected with plasmid pLOTSA
alone. Although the level of staining of transfected COS cells
was low, all of the mutants tested repeatedly showed shifts
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FIG. 1. Syncytium formation in the transient expression assay. COS-7 cells were mock transfected (A, negative control) or transfected
with envelope expression plasmid GPG (B, positive control), WPG (C), or GHG (D).

similar to those presented in Fig. 3. Most of the transfected
COS cells showed little increase in envelope expression, 10
to 20% showed a less-than-10-fold increase in staining, and 1
to 5% showed an up-to-100-fold increase.

Titration experiments using the GAG envelope in which
the amount of pCMVREV was varied showed that the level
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FIG. 2. Western blot analysis of envelope substitution mutants.
Cells were transfected with pCMVREV plus expression plasmid
pLOTSA (lane 3), pGPF (lane 4), pGPW (lane 5), pGPL (lane 6),
pEPG (lane 7), pAPG (lane 8), pGAG (lane 9), or pGFG (lane 10).
Lane 1 contained purified recombinant gp12O, and lane 2 contained
mock-transfected COS cells

of envelope expression increased approximately 10- to 50-
fold when the amount of pCMVREV was increased from
0.125 to 2 ,g (Fig. 4). Transfections using 5 ,ug of pCM
VREV resulted in no additional envelope expression above
that found for 2 ,ug (data not shown). Increasing envelope
expression by increasing the amount of pCMVREV in the
transient expression assay to 5 ,ug allowed syncytium for-
mation for mutants GAG, GSG, GVG, GQG, APG, and GPF
(Table 1). None of the remaining mutants induced syncytia
at the elevated level of envelope expression.
CD4 binding of mutant envelopes. Previous work has

shown that an insertion (17) or amino acid substitutions (10)
in the PND did not affect gpl20 binding to CD4. We assayed
the abilities of the wild-type (GPG), APND, AGPG, and GFG
envelopes to bind sCD4 by incubating labeled COS-7 lysates
with sCD4 and determining whether MAb OKT4 could
precipitate the gpl2O-sCD4 complex. Whereas MAb lCl
effectively precipitated each of these envelopes, sCD4 and
OKT4 failed to precipitate the APND envelope (Fig. 5). This
indicates that neither the phenylalanine substitution nor the
GPG deletion significantly affected the ability of the enve-
lope to bind CD4, but deletion of the bulk of the PND
abolished the ability to bind CD4. This could be due to a
conformational change in gpl20 caused by this large deletion
which alters the CD4-binding site. It is known that deletions
of other regions of gpl20 affect CD4 binding (5, 6, 8, 22).

Analysis ofPND mutations for effect on virus infectivity and
growth kinetics. Both of the substitution mutants that formed

J. VIROL.



MUTATIONS IN THE HIV-1 PND 1879

z

B
1 2 3 4 5 6 7 8

- 200 kDa

-97

- 68

-43

Fluorescence Intensity

FIG. 3. Cell staining of COS cells transfected with HIV-1 enve-

lope variants. Control COS cells were transfected with pLOTSA
alone and lacked the pCMVREV plasmid required for envelope
expression. (A) COS cells transfected with pLOTSA (gray) or

pA&GPG and pCMVREV (white). (B) COS cells transfected with
pLOTSA (gray) or pGPR and pCMVREV (white).

syncytia in the transient expression assay under conditions
of lower envelope expression (GFG and GHG), as well as

four mutants which formed syncytia under conditions of high
envelope expression (GAG, GSG, GPF, and APG) were

cloned into the pNL4-3 proviral vector to determine the
effects of these mutations on viral infectivity and growth.
SW480 cells were transfected with proviral DNA, and after
40 h, supernatants were assayed for RT. All of the mutants
were RT positive, indicating that transfection supernatants
contained viral particles (data not shown). These superna-
tants were used to infect CEM-SS cells. During the subse-
quent 40 days, virus replication was monitored by measuring
the cytopathic effect and culture supernatants were assayed
for RT. Viruses NL-GPG (wild type), NL-GHG, and NL-
GFG all showed viral replication, while viruses NL-GAG,
NL-GSG, NL-GPF, and NL-APG were not infectious by the
RT and cytopathic effect assays (Fig. 6). This demonstrated
that only the mutant envelopes inducing syncytia in the
transient expression assay under conditions of lower enve-

lope expression give rise to infectious virus.
The growth kinetics of the three viable viruses showed

that NL-GHG displays kinetics similar to those of the
wild-type parental NL-GPG virus in that both reached peak
RT activity at day 10 postinfection. However, the number of
infectious viral particles of NL-GHG (TCID5O, -3 x 103/ml)
was 1/10 of that for NL-GPG (TCID50, -3 x 104/ml).
NL-GFG exhibited both delayed growth kinetics (peak RT at
day 22 postinfection) and reduced viral titer (TCID5O, -3 x

101/ml). Cells were taken at day 20 postinfection to obtain
template DNA for polymerase chain reaction amplification
reactions using PND primers XBA-PCR and VSP-PCR. The
three clones which produced infectious virus, NL-GPG,
NL-GFG, and NL-GHG, yielded amplified DNA with the
corresponding PND sequence, indicating that growth of
NL-GHG and NL-GPG was not due to reversion to the
wild-type GPG sequence. None of the noninfectious viruses
yielded polymerase chain reaction-amplifiable DNA.

Neutralization of mutant proviruses. The ability of PND
polyclonal antibodies and MAbs to neutralize virus infectiv-
ity is well documented (11, 14, 19, 32, 37). To investigate the
effect of PND antibodies on infectivity, the titers of the
GPG, GHG, and GFG viruses were determined in the
absence or presence of PND polyclonal antibodies and

FIG. 4. Titration of PCMVREV and expression of GAG enve-
lope variant. COS cells were transfected with 5 pLg of pGAG and
various amounts of pCMVREV, i.e., 0 (lane 1), 0.031 (lane 2), 0.062
(lane 3), 0.125 (lane 4), 0.250 (lane 5), 0.50 (lane 6), 1.0 (lane 7), and
2.0 (lane 8).

MAbs known to neutralize IIIB virus. The titers of serial
dilutions of virus supernatants taken at peak RT (day 10 for
GPG and GHG and day 22 for GFG) in the presence or
absence of a 1:10 dilution of anti-RP135 or anti-RP174
antiserum or 200 ,ug of MAb C13l per ml were determined
(Fig. 7). Whereas the titer of the wild-type virus was 103
TCID50Iml in the absence of antibody, the titer was 10/ml in
the presence of polyclonal serum and less than 10/ml with
the MAb, indicating that 99% or more of the virus infectivity

TABLE 1. Syncytium formation of PND mutants

Syncytium formation in transient
Envelope expression assay":

ib IIC

GPG + +
None - -

APND - -

AGPG - -

EPG - -

WPG - -

VPG - -

APG - +

GAG - +
GSG - +
GQG - +
GVG - +
GHG + +
GFG + +

GPF _ +
GPR - _
GPI - _
GPK - _
GPW - _
GPL _ _

a -, lack of visible syncytia; +, visible syncytia.
b Transfection conditions included 125 ng of pCMVREV and 5 ,ug of

envelope expression plasmid.
c Transfection conditions included 5 pLg of pCMVREV and 5 ,Lg of envelope

expression plasmid.
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FIG. 5. Radioimmunoprecipitation of mutant envelopes. Cells
were transfected with no DNA (lanes 2 and 7), GPG (lanes 1 and 6),
AGPG (lanes 3 and 8), GFG (lanes 4 and 9), or APND (lanes 5 and
10). The radiolabeled envelope proteins were immunoprecipitated
with MAb lCl (lanes 1 to 5) or sCD4 and OKT4 (lanes 6 to 10). The
location of gpl20 is indicated.
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was neutralized. In contrast, although the GHG and GFG
mutant viruses grew to a lower titer, neither mutant was
neutralized by any of the antibodies. These data show that
substitution of the proline at the tip of the PND abolishes the
ability of the virus to be neutralized by PND antibodies.

DISCUSSION

The HIV-1 PND is the binding site for antibodies that
neutralize virus infectivity and prevent fusion of infected
cells with uninfected CD4-bearing cells. It is contained in a
36-amino-acid loop formed by a disulfide cross-bridge (20)
between two invariant cysteines. The tip of this loop con-
tains conserved peptide sequences and predicted secondary
structures, suggesting that there is selective pressure to
preserve these elements (19). Peptides corresponding to the
tip of this loop (e.g., IQRGPGRAF [15] and GPGRAF [14])
elicit neutralizing antibody, showing that these amino acids
comprise the neutralization determinant.
To determine the effects of PND mutations on virus

infectivity, growth kinetics, and susceptibility to neutraliza-
tion by PND antibodies, we constructed a series of substi-
tution mutants in the highly conserved GPG at the tip of the
PND. Several of the GPG variants constructed here are
found in natural HIV isolates; however, numerous other
differences exist with the IIIB-BH10 sequence and those
reported for other envelope genes or the entire envelope
sequences have not been determined. Of the 16 substitution
and 2 deletion envelope mutants tested, only 2, GFG and
GHG, induced syncytia when expressed at low levels. The
failure of the remaining envelopes to induce syncytium
formation was not due to altered levels of protein expression
or envelope processing, because all of the mutant envelopes
tested, including the two deletions, were expressed at similar
levels, as measured by Western blot analysis and radioim-
munoprecipitation with MAb lCl. The mutations (except
APND) also did not significantly alter the abilities of the
envelopes tested to bind CD4.

Similarly, the deletion mutant lacking GPG and mutants
with a substitution at each position (EPG, GAG, and GPR)
were found on the surface of transfected COS cells at levels
comparable to that of the wild type, pLOTSA (GPG).

This suggests that the inability of the substitution enve-
lopes to participate in syncytium formation is not due a gross

0

days post infection
FIG. 6. Growth kinetics of substitution mutant viruses. Virion-

associated RT activities in virus expressing the wild-type envelope
(GPG) and two substitution mutants (GHG and GFG) were mea-
sured. The RT activities of substitution mutant viruses GAG, GSG,
APG, and GPF were identical to that of the mock control.

defect in either expression level, processing, or cell surface
expression. Freed et al. have recently shown that mutations
to the GPG and adjacent amino acids in the PND of the
HIV-1 envelope do not alter expression, processing, or cell
surface expression in a transient expression assay (10).
Freed's limited number of mutations and the larger group
reported here demonstrated that single-amino-acid substitu-
tions and deletion of the core GPG residues has little effect
on normal envelope expression but has a large effect on
envelope function, as seen by the loss of syncytium forma-
tion. That COS cells expressing most mutant envelopes can
form aggregates with CD4+ cells also suggests surface
expression of the envelopes and points to a block in the
fusion event.

Several of the substitution mutant envelopes induced
syncytium formation when envelope glycoprotein is ex-
pressed at 10- to 50-fold higher levels. Mutants GSG, GAG,
GQG, GVG, GPF, and APG form syncytia which are com-
parable in size and number to wild-type GPG. Interestingly,
all of the mutations of the proline we tested induced syncytia
at higher envelope levels, which is consistent with the results
of LaRosa et al. (19) that showed more variability in this
position than in the two flanking glycines. The defect in
syncytium formation can therefore be overcome, at least for
some PND mutants, by elevated expression of the envelope
glycoprotein. This suggests that mutations that result in
increased envelope expression may be able to compensate
for PND mutations that decrease the efficiency of viral
infection.

Transient expression allowed screening of 18 envelope
mutations for syncytium formation and showed that only
two mutants, GHG and GFG, behaved like the wild-type
GPG envelope. We tested these envelopes and the GSG,
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GAG, APG, and GPF envelopes for effects on viral infectiv-
ity, growth kinetics, and antibody neutralization. Only the
wild-type GPG virus and the two mutants which formed
syncytia in the transient expression assay, GFG and GHG,
produced infectious virus. Although the other mutants pro-
duced viral particles as judged by the presence of RT in the
supernatant after transfection, these viruses were not infec-
tious in CEM-SS cells as measured by either cytopathic
effect or virion-associated RT activity. Although the GHG
mutant exhibited growth kinetics similar to those of the wild
type and the GFG mutant showed delayed growth kinetics,
both mutant viruses grew to lower titers. Because the
amounts of viral particles (as determined by RT activity) for
all three viruses were comparable but the viral titers were
either 10 or 100 times lower than that of the wild type for the
GHG and GFG mutants, it is likely that the number of
infectious viral particles is reduced for the two mutants.
Both mutants were resistant to neutralization by PND-
specific polyclonal antibodies and MAbs; this was probably
due to alteration of the sequence of the binding site for these
antibodies.
The mechanism by which PND antibodies neutralize in-

fectivity is unknown. The PND does not directly participate
in CD4 binding, because PND antibodies do not block
binding of gpl20 to CD4 (22, 42), and the results presented
herein and those of others show that small deletions, inser-
tions (17), or substitutions (10) do not significantly affect
binding of the envelope to CD4. Furthermore, addition of
PND antibodies after the virus has bound to CD4 cells
completely neutralizes viral infectivity (26). This shows that
there is a relatively slow post-CD4-binding step that is
blocked by PND antibodies.
The step in the infection pathway blocked by PND anti-

bodies is probably the same as that affected by the PND
mutations that abolish the ability of the envelope to induce
syncytia or generate infectious virus. The role of the PND in
viral infectivity is not known, but it has been suggested that
the PND is cleaved by a cellular protease during virus entry
and that this cleavage is necessary for syncytium formation.
Cleavage of the PND (between the R and A) by thrombin,
tryptase (4), or an endogenous protease in Chinese hamster
ovary cells (43) has been shown; antibodies to tryptase
inhibit HIV-1-induced syncytium formation (12), and pro-
teinase inhibitors block HIV-1 infection (16). It is possible
that the mutations in the tip of the PND alter the recognition
sequence of the cell surface protease that is required for viral
entry, thus making the PND a less efficient substrate for
cleavage. This may explain why most mutations do not
induce syncytium formation but that some, that may be
recognized by the protease, enable the envelope to function.
Ivanoff et al. (13) showed that a proviral clone containing a
GAG mutation was infectious but that the efficiency of
infectivity depends on the cell type. This suggests that
different cell types have proteases with different specificities
and further suggests that some of our substitution mutants
may be infections if other host cells are used.
The origin of PND mutations in vivo is most likely due in

part to selective pressure imposed by virus-neutralizing
antibody generated during infection. It is possible that, as
has been shown for visna virus (29, 30), caprine arthritis-
encephalitis lentivirus (31), and equine infectious anemia
virus (2, 24, 39), neutralization-resistant variants that are
resistant to neutralization by pre-existing antibody are gen-
erated during HIV-1 infection. Neutralizing antibody-resis-
tant variants of HIV-1 have been selected both in vitro (25,
35) and in vivo (7, 28) with mutations either in- or outside the
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NL-GPG
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_cRP135
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C81
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FIG. 7. Neutralization assay. Tenfold dilutions of viruses (N,

undiluted; -1, 1:10 dilution; -2, 1:100 dilution) GPG, GHG, and
GFG were mixed with no antibody (no Ab), 200 ,g of MAb C,1l per
ml, 1:10 dilutions of polyclonal sera axRP174c and aRP135 and
preincubated at 37°C for 30 min before being mixed with 106
CEM-SS cells. At day 10 postinfection, supernatants were har-
vested for RT assay. Labeled products are shown.

PND (25), and our work shows that mutations within the
PND that are infectious and resist PND antibody neutrali-
zation can be generated. In addition to resistance to neutral-
izing antibodies, there is evidence that virus isolates ob-
tained from individuals more advanced in AIDS disease
progression are more cytopathic, have increased growth
kinetics, and display increased cell tropism (3, 9, 38, 45). Our
results show that PND mutations affect virus growth kinet-
ics, and recent data (41, 44, 46) implicate the PND in
determination of host cell tropism. It will be important to
extend the analysis of PND mutants to understand the role of
the PND in virus evolution and escape from immunological
selective pressure.
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