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Abstract

Alterations in two highly conserved N-linked glycosylation sites within the gp120 envelope
glycoprotein of human immunodeficiency virus type | (HIV-1) implicated in the phenotype of a
noncytopathic HIV-1 variant were introduced independently and in combination into a cytopathic,
infectious HIV-1 clone by site-specific mutagenesis. Neither mutation affected the synthesis of
HIV-1 envelope glycoproteins. However, one of the mutations restricted the ability of HIV-1
envelope to localize on the cell membrane and thus markedly impaired virus assembly. The HIV-1
assembly defect could be overcome in #rans if site-specific mutants were packaged in HeL a cells
constitutively producing wild-type HIV-1 envelope glycoprotein. In addition to inefficient virus
assembly, this mutation impaired the ability of the virus to infect CD4* T cells, but did not

affect CD4-independent infection of muscle cells. These results suggest additional functions of
posttranslational modification in virus replication (i.e., envelope glycoprotein transport). Given
that such modifications can restrict CD4-mediated uptake without affecting CD4-independent
uptake, variations in posttranslational env processing between different HIV-1 genotypes may
affect virus tropism in vivo.

INTRODUCTION

The envelope glycoprotein of human immunodeficiency virus type 1 (HIV-1) plays a
central role in cell-specific tropism and HIV-1-mediated cytopathogenesis. The selective
tropism of HIV-1 for CD4-bearing cells!2 is characterized by specific recognition of the
CDA4 receptor by virus determinants within the envelope glycoprotein gp120.3 Syncytium-
dependent cytopathogenesis of HIV-1 and virus-cell fusion during HIV-1 infection are also
dependent upon gp120-CD4 interaction.*>
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The envelope protein of HIV undergoes extensive posttranslational modification. The gp120
envelope glycoprotein of the HIV-1 I11b isolate® contains 24 N-linked glycosylation sites, all
of which are utilized.” The very high degree of conservation between certain glycosylation
sites in the HIV-1 envelope glycoprotein indicates an important function for these
posttranslational modifications in virus replication. For example, glycosylation of gp120 is
required for infectivity of HIV-1.8-10 Since the HIV-1 envelope-CD4 interaction is central to
the cytopathogenic process,*>11 it is possible that alterations in posttranslational processing
would affect HIV-1-mediated cytopathogenicity. Indeed, posttranslational modifications of
feline leukemia virus1? distinguish nonpathogenic variants from those that induce fatal
immunodeficiency disease.12

We previously reported the cloning and characterization of an HIV-1 variant diminished

in the ability to induce cytolysis. The determinants for this phenotype map to the

envelope glycoprotein,13 specifically to two highly conserved A-linked glycosylation

sites within gp120 which were absent from the noncytopathic variant. We proposed that
these posttranslational differences interfere with processing of gp120 and may restrict

the transport of envelope glycoprotein to the surface of infected cells.1® Mutations in

these highly conserved N-linked glycosylation sites were introduced individually and in
combination into a cytopathic, infectious clone of HIV-1. Our results demonstrate that the
loss of a single, highly conserved A-glycosylation site restricts HIV-1 envelope glycoprotein
localization on the cell surface and impedes virus assembly. This impaired virus assembly
was alleviated by the loss of the second N-linked glycosylation site, which itself had no
effect on virus assembly. In addition to the effect on envelope localization, the former
alteration reduced the ability of mutant virions to infect CD4* T cells but not CD4~ muscle
cells. These results indicate that posttranslational modifications within HIV-1 envelope
glycoprotein are important in envelope processing and virus assembly. Additionally, since
these modifications can restrict viral infectivity for T cells without affecting the ability of
virions to infect muscle cells, variations in posttranslational env modification may influence
HIV-1 tropism.

MATERIALS AND METHODS

Preparation of oligonucleotides

Oligodeoxyribonucleotides were synthesized on an Applied Biosystems synthesizer
(Model 380B) using phosphoramidite chemistry. Oligonucleotides were purified on 16%
polyacrylamide gels and then desalted using a Sep-Pak C18 column (Waters Associates) as
described elsewhere.14

Oligonucleotide-directed mutagenesis

Mutants were generated in an infectious molecular clone of HIV-1, pHXB2gpt.1°> A2.7-
kb Sal I-BamHI fragment containing the entire gp120 envelope (enV) coding region

was subcloned into M13, mpl8. Site-directed mutations were introduced by the method

of Kunkel,6 using the muta-gene M13 in vitro mutagenesis kit (Bio-Rad). Mutagenic
oligonucleotides were GCTTGACAAGTTGTggtACCTCAGTCATTAC for the HXB2 M7
mutation and CTGTCAATTTCAtcGAtAATGCTAAAACC for the HXB2 M8 mutation
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(nucleotide changes that were introduced are identified by lower case letters). The M7/8
double mutation was derived by annealing both M7 and M8 mutagenic primers to uracil-
containing single stranded DNA. These changes correspond to an asparagine;g7 to glycine
mutation in M7 and a threonine,7g to isoleucine mutation in M8. To facilitate identification
of mutants, the M7 mutation introduced a Kpnl site while the M8 mutation introduced a
Clal site at positions 6816 and 7056 of the HXB2 sequence, respectively.® Site-directed
mutations were confirmed by DNA sequencing using synthetic oligonucleotide primers and
the dideoxy chain termination procedure.l” Following mutagenesis, the mutated 2.7 kb Sal
I-BamHI envfragment was excised from the replicative form of M13 and inserted in the
Sall and BamHI sites of pHXB2gpt. Location of the M7 and M8 mutations in the HIV-1
envelope glycoprotein coding region and the resulting altered amino acids, are shown on
Figure 1.

Cell culture and virus rescue

Mononuclear cells were isolated from peripheral blood of HIV-1 seronegative individuals

by Ficoll-hypaque gradient centrifugation. Monocytes and macrophages were depleted

by adherence to plastic. Nonadherent T cells were suspended at a density of 2 x 10°

cells/ml in RPMI-1640 supplemented with 15% heat-inactivated fetal calf serum (FCS).
Lymphocytes were activated by an overnight incubation in RPMI culture medium containing
phytohemagglutinin (PHA) at 2 ug/ml. MT-4 cells (an HTLV-I-transformed CD4"* cell
line),18 and Mo-T cells (an HTLV-II-transformed CD4* cell line)1® were maintained

in RPMI-1640 medium containing 10% FCS. The human cervical carcinoma-derived
epithelial cell line, HeL.a was maintained in Dulbecco’s minimal essential medium (DMEM)
containing 5% FCS. The HeLa T4* cell line which constitutively expresses the CD4
receptor?? was maintained in DMEM supplemented with 1 pg/ml G418 (Geneticin, Gibco).
The Hela-fat111 and HeLa-env-l11 cell lines which express HIV-1 fatand env proteins,
respectively?! were maintained in DMEM supplemented with 250 ng/ml xanthine, 25 ng/ml
mycophenolic acid, 10 ng/ml thymidine, 60 ng/ml hypoxanthine, and 10% dialyzed FCS.
The human medullablastoma-derived cell line, Te67122 now shown to be derived from a
rhabdomyosarcoma,23 was maintained in DMEM supplemented with 10% FCS.

To obtain viral stocks from wild-type and /n vitro-mutated DNA clones, HeLa cells were
seeded at approximately 30-50% confluence and transfected by the calcium phosphate—
DNA coprecipitation method (10 pug of DNA/10° cells). Two days after transfection, cell
culture supernatant was removed and virus production measured by an HIV-1 gag p24-
specific ELISA (Coulter Immunology). Cell associated p24 was determined in 5 x 104 cells
and extracellular p24 quantitated in 200 pl of culture supernatant.

Reverse transcriptase assay

Mg?2*-dependent reverse transcriptase activity was measured in 50 pl of 50 mM Tris
hydrochloride (pH 7.5)-5 mM dithiothreitol, 200 mM KCI, 10 mM MgCl,, 10 mM
[BH]dTTP, 0.1% Triton X-100 containing 2 pg of poly (A), 0.4 ug of oligo-(dt)1,_15, and

an appropriate amount of virions. The solution was incubated at 37°C for 1 h, and the
polymerized [3H]dTTP was precipitated with 10% trichloroacetic acid (TCA) and collected
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on a membrane filter (Millipore Corp.). The filter was washed with 10% trichloroacetic acid
and ethanol, air dried and radioactivity quantitated in a liquid scintillation counter.

Immunofluorescence analysis

Infected cells were washed in phosphate-buffered saline, spotted on glass slides, dried, and
fixed in acetone at —20°C for 15 minutes. Fixed cells were reacted with HI\-1-positive
serum from an asymptomatic HIV-1-seropositive hemophiliac (antibody titer, 1:5160).
After a 30-minute incubation at 37°C, cells were reacted with fluorescein isothiocyanate-
conjugated goat anti-human immunoglobulin G, and virus antigen-positive cells were
counted under an epifluorescence microscope (Nikon Inc.).

Syncytium assay

HeLa T4" cells were plated in 25 cm3 flasks at 25-30% confluence and transfected with

10 pg of each of the wild-type and mutant proviral clones by calcium phospate/DNA
coprecipitation. At 48 h after transfection, cultures were overlayed with methylene blue and
the number of syncytia containing three or more nucleii were determined in 25 random
fields (300 cells/field) at 100x magnification under a Nikon labphot photomicroscope. HelLa
T4* cells transfected with an HIV-1 gagl pol expression vector (p220 gaglpol), which does
not express HIV-1 env proteins, served as a negative control.

Polymerase chain reaction analysis

Infected cells were washed with ice cold PBS, centrifuged 3 minutes at 14,000 g, and the
cell pellet resuspended in Tris HCI (10 mM, pH 8.0)-EDTA (10 mM). Virus was inactivated
by heating at 65°C for 15 minutes. Sodium dodecy! sulfate (SDS) was added to a final
concentration of 0.1% and incubation continued for 30 minutes at 65°C. Cell lysates were
incubated for 30 minutes at 37°C in the presence of 1 pg/ml proteinase K followed by two
extractions with a mixture of phenol/chloroform/isoamyl alcohol (25:24:1). Cell extracts
were finally ethanol precipitated in the presence of 10 g of yeast tRNA and the DNA
resuspended in Tris-HCI EDTA (10 mM:1 mM).

Detection of HIV-1 DNA by polymerase chain reaction (PCR) was performed essentially

as described elsewhere.2* Briefly, DNA from an equivalent of 5 x 10 cells was subjected

to 30 rounds of amplification in a 50 ul reaction mixture containing 100 picomoles of plus
and minus strand primers complementary to the HIV-1 po/ gene?* or to the a-tubulin gene2®
(nucleotides 489-507, plus primer, nucleotides 756—777, minus primer), 200 uM of each
deoxynucleotide, 50 mM KCI, 10 mM Tris HCI, (pH 8.3), 2.5 mM MgCls, and two units
Thermus aquaticus (Taq) enzyme.28 Each cycle comprised a one minute denaturation step
(95°C), a 2 minute annealing step (61°C), and a 3 minute extension step (72°C). Aliquots
(20 pl) of the PCR reaction were resolved on 0.5% agarose/2% Nu-Sieve agarose-Tris
Borate gels containing 0.5 ug/ml ethidium bromide. Following electrophoresis, the gels were
denatured, neutralized and transferred to Nytran nylon membranes (Schleicher and Schuell).
The membranes were prehybridized in a solution containing 5X SSPE (1 X SSPE is 0.18

M NaCl, 10 mM sodium phosphate pH 7.7, 1 mM EDTA, 0.1% SDS and 5X Denhardt’s
solution). Hybridization to -y-ATP-labeled primer probe proceeded overnight in the same
solution, and was followed by two washes at 5°C above the 7, in a solution containing
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5X SSPE and 0.1% SDS. Blots were autoradiographed overnight at —=70°C. Details of PCR
conditions and primers used are available from M. Stevenson upon request.

Envelope ELISA

Goat anti HIV-1 gp120g, polyclonal antiserum (titer > 100,000) was diluted 1:10 in PBS.
Antibodies were adsorbed to a 96-well plate (Dynatech) for 1 h at 37°C then for 12 h

at room temperature. Wells were rinsed four times in PBS containing 0.1% Triton X-100
(PBS-Triton). Next 5 x 10% HIV-1 HXB2 or mutant infected cells suspended in 200 pl
RPMI-1640, containing 10% normal goat serum and 0.1% Triton X-100 were added to

each well and incubated for 12-16 hours at room temperature. The wells were rinsed with
PBS-Triton and a 200 pl solution of PBS-Triton containing a 1:100 dilution of pooled HIV-1
positive human serum (titer 1:5120) and 10% normal goat serum was added. After 2 h at
37°C, the wells were rinsed in PBS-Triton and incubated for 1 h at 37°C with 200 ul PBS-
Triton containing 1 mg/ml biotinylated goat anti-human 1gG (BRL) and 10% normal goat
serum. The wells were washed and developed using streptavidin-conjugated horseradish
peroxidase (Coulter Immunology). Plates were analyzed in a Vax Kinetic microplate reader
(Molecular Devices) at a wavelength of 450 nm. Linearity of the ELISA measurements was
verified by comparison with values obtained from a dilution series of known amounts of
purified recombinant HIVgg, gp120 or HIV 111 B gp120.

RESULTS

We previously identified two A-linked glycosylation site alterations implicated in the
phenotype of a noncytopathic HIV-1 isolate (HIV mfD).13 Both mutations mapped to the
second highly conserved domain of gp120,2” and were located at envelope amino acid
positions 196 and amino acid 273 of a noncytopathic HIV-1 clone, HIV mfD13 (envelope
amino acid positions 197 and 276 of HXB25). To determine the role of these conserved
N-glycosylation sites in HIV-1 replication, mutations were introduced either singly or in
combination into a cytopathic, infectious clone of HIV-1 (pHXB2gpt).15 In the HXB2

M7 mutation, the A-linked glycosylation site (asparagine-threonine-serine) was altered by
substitution of the asparagine residue with a glycine at amino acid position 197 (Fig. 1).
Alteration of the A-glycosylation site sequence in mutant HXB2 M8 was by substitution of a
threonine residue at amino acid 276 with isoleucine (Fig. 1).

Characterization of HIV envelope N-glycosylation mutants

To obtain virus stocks from mutated and wild-type virus clones, HeLa cells were seeded

at 30-50% confluence and transfected with proviral DNA by calcium phosphate DNA
coprecipitation. At 48 h after trnsfection, viral antigen production was measured with a gag
p24 ELISA and equal amounts of virus (based on p24 measurements) were used to inoculate
MT4 cells. It should be emphasized that virus inoculums were based on the level of gag

p24 rather than tissue culture infectious dose units'3 due to differences in infectivity of the
env mutants. Using the experimental conditions described here, defective virions (i.e., core
particles lacking env protein) did not contribute significantly to the supernatant gag p24
measurements following virus rescue. Thus, cell associated and extracellular gag p24 levels
(see below) reflected those of the envelope glycoproteins (Table 1). Additionally, we could
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not detect significant levels of gag p24 release from a gag p24 expression vector following
transient transfection (see below). Replication kinetics of wild-type and en~mutant viruses,
was monitored by increase in antigen positive cells with time (immunofluorescence staining)
(Fig. 2), HIV-1 gag p24 production (Fig. 2) and reverse transcriptase activity in culture
supernatant (results not shown). An increase in antigen-positive cells, HIV-1 p24, or reverse
transcriptase activity, provided evidence of a spreading HIV-1 infection in the MT4 cell line.
Transfected HeLa cells also were cocultivated with MT4 cells in the presence of polybrene
24 h after transfection and the cultures were monitored by immunofluorescence and p24
ELISA (Fig. 2). The replication kinetics of the HXB2 M8 mutant were indistinghishable
from wild-type virus. Cultures infected or cocultivated with either wild-type or M8 mutant
virions, displayed high levels of virus replication as early as 10 days postinfection. These
cultures were not monitored beyond 20 days postinfection due to the extensive cytopathic
effect (CPE) after this time. Conversely, HXB2 mutants M7 and M7/8 were unable to
establish a spreading viral infection in MT4 cells, even after 40 days in culture (Fig.

2). Thus, we were unable to address cytopathic properties of the M7 and M7/8 mutants.
Similar results were obtained using cell-free virions and cocultivation with either primary
phytohemagglutainin (PHA) activated peripheral blood lymphocytes (PBL) or HTLV-II
transformed Mo-T cells (not shown). The capacity of wild-type and mutant HIV clones

to induce syncytia was determined 48 h after transfection of HeLa T4 cells. Only the
HXB2 M7 clone was incapable of syncytium induction in these cells while the other clones
displayed syncytium-inducing properties (Table 1). By comparison, a CD4 binding mutant
(HIV Mf M1, M. Stevenson, unpublished data) was unable to induce syncytia in the HelLa
T4 system (Table 1) due to mutagenesis of a critical HIV-1 env-CD4 binding epitope.3

The HXB2 M7 env mutation affects CD4 dependent but not CD4 independent HIV-1
infection

Given the inability of viruses bearing the M7 A-glycosylation mutation to establish a
spreading infection in CD4™ cells, we determined whether this mutation blocked virus-CD4
interaction. The polymerase chain reaction (PCR) method was adapted to evaluate the
infectivity of wild-type and mutant proviruses for CD4* and CD4™ cells. Virus was rescued
from the transfected Hela cultures and equal amounts of virus (based on p24 measurements)
were used to infect CD4* MT4 cells (which are exquisitely sensitive to HIV-1 infection28)
and the CD4~ rhabdomyosarcoma-derived cell line Te671 (which is infectible by HIV-1
despite the absence of detectible CD429-31). At 24 hours after infection, total cellular DNA
was extracted and subjected to 30 rounds of PCR as detailed in materials and methods.
Under the conditions of the PCR procedure used here, the amount of PCR product is
representative of the initial target copy number within the infected cells and subsaturating
PCR conditions have been used to quantitate efficiency of HIV-1 infection in activated and
quiescent T-cells.24 Extensive washing of cultures after transfection ensured that there was
no background signal due to carryover of plasmid DNA from the transfections prior to

virus rescue. For example, CD4~ HelLa cells exposed to virus supernatants prepared in this
manner, were free of viral DNA by PCR (not shown). By PCR analysis, it was evident

that the infectivity of the HXB2 M7 and M7/8 mutants was reduced when compared to
wild-type HXB2 or M8 mutant (Fig. 3). By comparison, the infectivity of HXB2 M7 and
M7/8 virions was indistinguishable from wild-type or M8 mutants in CD4~ Te671 cells (Fig.
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3). We also compared the infectivity of wild-type HXB2 and N-glycosylation mutants with a
CD4-binding mutant (HIV Mf M1) (Fig. 3). In this mutant, an alanine residue (residue 433
of HXB2 emA) in a highly conserved region of gp120 shown to be critical for interaction
with CD43 was replaced with a histidine residue. The HIV Mf M1 mutant was also deficient
in the ability to infect CD4* cells while infection of CD4~ Te671 cells was unaffected (Fig.
3). Uninfected cultures (Fig. 3) or cultures infected with heat-inactivated virus (56°C, 30
min) (not shown) did not give a signal after PCR analysis.

The M7 mutation also affects envelope transport and virus assembly

Transfection of HeLa cells with HXB2 M7 proviral mutants consistently gave low levels of
extracellular virus production as evidenced by gag p24 (Fig. 4) and envelope glycoprotein
(Table 1) measurements. Thus it was possible that, in addition to affecting CD4 interaction,
the M7 mutation may alter envelope processing and viral assembly. To investigate this, we
first determined whether the M7 mutation affected the synthesis of the mutant envelope
glycoprotein. HeL a cells were transfected by calcium phosphate/DNA coprecipitation and
HIV-1 envelope production was determined by ELISA as detailed in Materials and Methods.
Production of envelope glycoproteins by wild-type and mutant proviruses, as evidenced

by a quantitative gp120 ELISA assay, was similar (Table 1); however, extracellular env
levels (Table 1) reflected those obtained from analysis of gag p24. Thus, despite similar
levels of cell associated gag p24 and env glycoprotein in cultures transfected with wild-type
and mutant proviral clones, extracellular levels of gag p24 and env glycoprotein were
significantly lower in M7 transfected cultures. To more accurately determine whether there
was indeed a defect in viral assembly, wild-type and env mutant proviral HIV-1 clones
were cotransfected into HeLa cells, HeLa T4* cells (which constitutively express the CD4
receptor?%) and HeLa-za111 and HeLa-em~I11 cells (which constitutively express HIV-1
tatand env proteins, respectively?l). These cell lines also were transfected with an episome-
based HIV-1 gag/pol expression vector p220 gag/pol (M. Stevenson, unpublished data).
This vector contains the complete HIV-1 gag/pol open reading frame under control of the
highly constitutive cytomegalovirus (CMV) immediate early promoter,32 in an Epstein-Barr
virus-based episomal replicon.33 This vector was used to determine the degree of HIV-1
gag p24 shed from transfected HeLa cells in the absence of HIV-1 env production, and thus
provide an indication of envindependent HIV-1 core assembly and release. At 48 hours
after transfection with the various plasmid constructs, cells and culture supernatants were
assayed for gag p24. In all cases, extracellular gag p24 levels exceeded cell associated

gag p24 in cells transfected with M7/8, M8 and wild-type proviruses (Fig. 4). This pattern
was reproducible between multiple transfections (n = 3-5) performed on different days.

In contrast, the majority of gag p24 in HeLa cells and HeLa T4 cells transfected with

the HXB2 M7 mutant was cell associated (Fig. 4). A marginal increase in extracellular

p24 was observed when the M7 mutant was transfected into HeLa cells constitutively
expressing the HIV-1 tat-gene product (Fig. 4). However, the block to release of HIV-1
from transfected cells could be relieved when the M7 mutant was packaged in HeLa-env-I11
cells, which constitutively express wild-type envelope glycoprotein (Fig. 4). The differences
in virus production from the various HIV-1 clones were not due to large differences in
transfection efficiency since all clones produced abundant levels of cell-associated gag p24
and envelope glycoproteins (Table 1) (Fig. 4). It is important to note that the extracellular
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HIV-1 gag p24 production was a true indication of virus release and not simply an indication
of envelope-independent HIV-1 core particle shedding from transfected cells.34:3% Thus,
cell-associated and extracellular gag p24 levels in transfected HeLa cells (Fig. 4) mirrored
those of the envelope glycoproteins (Table 1). The p220 gag/pol vector which expresses
HIV-1 core proteins in the absence of HIV-1 envelope glycoprotein demonstrated that, in
our system, envelope independent assembly and release of HIV-1 core particles contributed
only approximately 10% of the total extracellular p24 levels. The relative efficiency of
envelope independent core particle release in the HeLa cultures is in agreement with results
obtained in COS cells, 36 in which envelope independent release of core particles represented
approximately 15% of the total cell-associated gag p24 production. Of interest was the
ability of the M8 env mutation to overcome the block to virus assembly induced by the

M7 envmutation (Fig. 4). Indeed, despite similar levels of cell-associated gag p24 in the
various cell lines, extracellular levels of gag p24 from the M7/8 env clone were higher than
in cultures transfected with the wild-type clone. Thus, the presence of the second mutation
had a compensatory effect upon the defect introduced by the M7 glycosylation mutation.

The M7 env mutation restricts HIV-1 envelope localization on the cell surface

The HeLa packaging experiments suggested a virus assembly defect due to the presence

of the M7 env mutation. This defect could be corrected in frans if complemented with wild-
type envelope glycoprotein and indicated that the defect in assembly was env-dependent.
The M7 mutation, however, did not affect envelope synthesis (Table 1), although the

HXB2 M7 clone displayed weak syncytium-inducing properties (Table 1). Thus it was
possible that the M7 mutation restricted envelope localization on the cell surface which

is necessary both for virus formation and for syncytium induction. To determine cell
surface envexpression, HeLa cells expressing mutated and wild-type envelope glycoprotein
were subjected to the cytotoxic effects of a Pseudomonas exotoxin-soluble CD437 fusion
protein. Pseudomonas exotoxin-soluble CD4 fusion protein (CD4-Pe) is cytotoxic for cells
expressing HIV-1 envelope glycoprotein3” and thus would be expected to provide a measure
of the level of envelope glycoprotein on the cell surface available for CD4-Pe attack.

HelLa cells were transfected with the various mutated and wild-type proviral clones; then
12 h after transfection, cultures were challenged with 300 ng/ml of CD4-Pe. After an
additional 24 h, the amount of HIV-1 DNA in challenged and unchallenged control cultures
was measured by PCR (Fig. 5). The relative amount of HIV-1 DNA in cells transfected
with wild-type proviruses or proviruses bearing M7/8 and M8 mutations was dramatically
reduced following treatment with CD4-Pe (Fig. 5) suggesting that these clones directed
expression of HIV-1 envelope glycoprotein to the cell surface. In contrast, cells transfected
with the HXB2 M7 clone were unaffected by challenge with CD4-Pe and the level of HIV-1
DNA in these cultures remained unchanged following CD4-Pe challenge (Fig. 5). Thus,
despite synthesis of envelope glycoprotein by HXB2 clones containing the M7 mutation
(Table 1), there was a restriction upon env localization on the cell surface. The insensitivity
of the M7 env mutation to CD4-Pe was not due to inability of M7 env glycoprotein to bind
CD4 since the M7/8 mutation, which also displayed reduced infectivity for CD4-bearing
cells, was as sensitive to CD4-Pe challenge as wild-type HXB2 env glycoprotein (Fig.

5). However, the possible influence of CD4 affinity of M7 on sensitivity to CD4-Pe and
compensatory effects of the M8 mutation cannot be excluded at present.
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DISCUSSION

In this report we describe HIV-1 envelope modifications which both restrict CD4-dependent
virus infectivity and virus assembly. The inefficient virus assembly caused by the presence
of the M7 envmutation was due to inefficient localization of envelope glycoprotein on

the cell surface. The role of posttranslational modification in envelope processing and

virus replication has been extensively studied and agents which inhibit the glycosylation
process affect virus infectivity and syncytium formation.8:10:38 Others have reported that
the oligosaccharides on gp120 are not important for receptor binding.39 Studies with
vesicular stomatitis virus suggest that carbohydrate does not promote intracellular transport
and plasma membrane localization of envelope glycoprotein directly, but rather influences
polypeptide folding or oligomerization which are critical for transport.#0 As demonstrated
in the present report, the ability to correct defects in virus assembly by the presence

of a second A-glycosylation mutation (as in HXB2 B7/8) would suggest that envelope
conformation is more important for envelope transport than is carbohydrate content. Indeed,
envelope mutations which do not affect envelope glycosylation have also been shown to
affect envelope localization on the plasma membrane.3°

The infectivity of HXB2 virus bearing the M7 envmutation was reduced in CD4™* cells.
This reduced infectivity, although not completely abrogating infectivity for CD4* cells,
prevented viruses bearing this mutation from setting up a spreading infection in CD4™ cells.
Willey et al.2” have described a region within the second conserved domain of gp120 that
is critical for infectivity. Of the several A-linked glycosylation mutants studied in that work,
one mutant lacking the glycosylation site at envelope amino acid position 276 replicated in
CD4* cells with wild-type kinetics.2” In agreement with that result, removal of the same
glycosylation consensus sequence in mutant HIV-1 HXB2 M8 also did not affect replication
of the virus in CD4* cells. In this report, M7 and M7/8 env mutants which could not
establish a spreading infection in CD4* cells, still retained the ability to bind CD4 and were
able to infect CD4-bearing cells as evidenced by the presence of double-stranded proviral
DNA within M7-infected cells. This, however, did not lead to a productive viral infection.
Thus it is possible that if env-CD4 affinity is reduced, the effects of this reduced affinity
would be amplified after the multiple rounds of reinfection required to set up a spreading
viral infection. In support of this, we have constructed a number of amino acid substitution
and deletion mutations within a critical CD4-binding epitope of gp120 described by Lasky
et al.3 The removal or alteration of critical amino acids in this CD4-binding epitope does
not completely prevent ability of HIV-1 to infect CD4 cells, but does restrict the ability

of mutants to set up a productive infection (Stevenson et al., manuscript in preparation). It
is of interest that the M7 envmutation, although resulting in a replication-defective virus
when introduced into the prototype HXB2 clone, did not affect replication of wild-type
viruses (HIV mfC and D)2 bearing this mutation although they exhibited a noncytopathic
phenotype. Thus, wild-type HIV mfC and D viruses possess sequences which compensate
for the loss of the A-glycosylation site caused by the M7 envmutation. This adds an added
degree of complexity to studies aimed at attributing certain biological properties of the virus
(e.g., tropism, cytopathogenicity) to specific genetic determinants of the viral genome.
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Env mutations affecting CD4-dependent virus infectivity described here apparently had no
effect upon CD4-independent infection of muscle cells. A CD4-independent mechanism

of HIV-1 uptake has been implicated in a variety of cell types including neural cells and
muscle cells.29-314142 ghould HIV-1 infection of brain and muscle cells indeed proceed

via a CD4-independent route, it is possible that a discrete region of gp120 not involved in
CD4 binding recognizes the second receptor. Thus, posttranslational mutations which reduce
CD4-dependent uptake of HIV may not affect CD4-independent HIV infection. It is possible
that HIV-1 env sequence diversity leads to differences in posttranslational modification, thus
influencing the ability of the virus to utilize CD4-dependent or independent pathways for
infection and influencing HIV-1 tropism in vivo.
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FIG. 1.
Designation of HIV-1 HXB2 envmutants. The major coding regions of the HIV-1

genome are indicated together with hyperconserved (unshaded), conserved (hatched), and
hypervariable (solid) regions of the HIV-1 envelope glycoprotein. Major regions of the
HIV-1 envelope include the signal peptide (SP), external (SU), and transmembrane (TM)
domains. Locations of the A-glycosylation site sequences (asparagine-X-serine/threoninge)
which are mutated in the M7 and M8 mutants are numbered according to the sequence of
Ratner.5 The shaded box represents the tripeptide A-glycosylation sequence and the asterisk
identifies the amino acid mutated.
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FIG. 2.

Replicative capacity of wild-type and env mutant HXB2 proviruses. Cloned HXB2 wild-
type and env mutant virus stocks were obtained 48 h after transfection of HeLa cultures,
filtered (0.8 um), and used to directly infect MT4 cells (200 pg/5 x 10° cells) (upper panels).
Alternatively, 24 h after transfection, HeLa cell cultures were cocultivated with MT4 cells
in the presence of polybrene (lower panels). HIV-1 replication was monitored over a 40-day
period (direct infection), or 30-day period (cocultivation) by immunofluorescence analysis
(left-hand panels) and by HIV-1 gag p24-specific ELISA (right-hand panels). M8 and wild-
type HXB2 virus-infected cultures were not monitored beyond 20 days postinfection due to
the extensive cytopathic effect (CPE) in these cultures.
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FIG. 3.
Infectivity of HXB, wild-type and envmutant proviruses in CD4* MT4 cells and CD4~

Te671 cells. Cloned virus stocks were rescued 24 h after transfection of HelLa cell cultures
and used to infect MT4 cells (CD4*) and Te671 cells (CD4™). After an additional 24 h,
total cellular DNA was isolated following proteinase K/SDS treatment and the presence

of HIV-1 DNA in the equivalent of 5 x 10* cells was determined by PCR using HIV-1 pol-
specific primers24 while amplification with a-tubulin-specific primers ensured the presence
of equivalent amounts of DNA in each sample. The MfA M1 mutant (M. Stevenson,
unpublished data) contains an alanine to histidine substitution at residue 433 in a critical
CD4-binding epitope within HIV-1 gp120.2 For comparison, a series of log dilutions of
DNA prepared from a chronically infected CD4* cell line24 was amplified using identical
conditions. DNA from uninfected MT4 and Te671 cultures provided a negative control.
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FIG. 4.

Assembly characteristics of wild-type and ennv HXB2 mutant clones. HeLa cell cultures
seeded at 30-50% confluence were transfected with 10 pg of cloned proviral DNA. At 48
hours after transfection, HIV-1 gag p24 antigen production was determined from 200 pl of
transfected culture supernatant (extracellular) and from 5 x 10 cells (cell associated). HeLa
cell cultures transfected include the parental, cervical carcinoma-derived epithelial cell line
(HeLa); HeLa T4*, which constitutively expresses CD4 antigen;2° and HeLa-env-I11 and
HeLa-Zat-111, which constitutively express HIV-1 envand fatproteins, respectively.?! The
p220 gagl pol episomal gagl pol expression vector (M. Stevenson, unpublished data) contains
the HIV-1 gagl pol open reading frame under control of the cytomegalovirus, immediate
early promoter in an Epstein-Barr virus-derived episomal replicon.33 This vector which
produces gagl pol polyproteins, in the absence of envelope glycoproteins, gives an indication
of HIV-1 envelope-independent core assembly and release. Untransfected HeLa-cell clones
served as a negative control in the HIV gag p24 ELISA.
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FIG.5.
Plasma membrane localization of HIV env glycoprotein is restricted by the M7 env

mutation. HeLa cells were transfected with the various mutated and wild-type proviral DNA
clones and 12 hours after transfection, HeLa cultures were challenged with 300 ng/ml of

a Pseudomonas exotoxin-soluble CD4 fusion protein (CD4-Pe).37 After an additional 24

h, proviral HIV-1 DNA in the transfected cultures was assayed by semiquantitative PCR
using HIV-1 pol-specific primers. The relative amount of proviral DNA with and without
CD4-Pe challenge is shown, while PCR analysis with a-tubulin-specific primers confirmed
that similar amounts of DNA were analyzed in each sample.
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