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The a-glucosidase inhibitor N-butyldeoxynojirimycin (NB-DNJ) is an inhibitor of human immunodeficiency
virus (HIV) replication and HIV-induced syncytium formation in vitro. Although an NB-DNJ-mediated change
in viral envelope N-glycan composition inhibits HIV entry at the level of post-CD4 binding, the exact mech-
anism of inhibition remains to be established. In this study we have examined the effects of NB-DNJ on virion
envelope composition and CD4-induced gp120 shedding and gp41 exposure. Virion composition analysis
revealed an NB-DNJ-mediated reduction of 15% in overall virion envelope glycoprotein content and a reduction
of 26% in the proteolytic maturation of virion gp160. Taken together, these two effects resulted in a reduction
of approximately 40% in virion gp120 content. CD4-induced shedding of gp120 from the surfaces of envelope-
transfected Cos cells was undetectable when gp120 was expressed in the presence of NB-DNJ. Similarly, the
shedding of virion-associated gp120 was reduced 7.4-fold. CD4-induced exposure of cryptic gp41 epitopes on
the surfaces of HIV-expressing ACH-2 cells was also greatly impaired, and the exposure of virion-associated
gp41 epitopes was reduced 4.0-fold. Finally, CD4-induced increases in the binding of antibodies to the V3 loop
of ACH-2-cell-expressed envelope glycoproteins were reduced 25-fold when the glycoproteins were expressed in
the presence of NB-DNJ. These results suggest that the NB-DNJ-mediated retention of glycosylated N-glycans
inhibits HIV entry by a combined effect of a reduction in virion gp120 content and a qualitative defect within
the remaining gp120, preventing it from undergoing conformational changes after CD4 binding.

The N-linked oligosaccharide processing inhibitor N-bu-
tyldeoxynojirimycin (NB-DNJ) is a glucose analog which in-
hibits a-glucosidases I and II in the endoplasmic reticulum (12,
40). a-Glucosidases I and II are responsible for the removal of
the terminal glucose residues from the precursor N-glycan,
which is transferred to the protein during its translation into
the lumen of the endoplasmic reticulum (25). Inhibition of
these enzymes therefore leads to the production of glycopro-
teins carrying predominantly neutral, glucosylated, high-man-
nose-type oligosaccharides.

a-Glucosidase inhibitors, such as deoxynojirimycin, NB-
DNJ, and castanospermine, are potent inhibitors of human
immunodeficiency virus (HIV) replication and HIV-mediated
syncytium formation in vitro (15, 20, 24, 36, 48). In contrast,
inhibitors of the later stages of N-glycan processing, such as
deoxymannojirimycin and swainsonine, have no effect (20, 33).
Although these results implicate the retention of glucosylated
N-glycans in the antiviral activity of NB-DNJ, the exact mech-
anism remains to be determined.
Antiviral concentrations of NB-DNJ are known to reduce

the relative infectivities of virus particles released from HIV-
infected cells (10, 13, 44). This effect correlates with impaired
processing of gp120-associated N-glycans, which results in the
retention of predominantly neutral glucosylated high-man-
nose-type N-glycans (22, 33, 36, 44). This change in N-glycan
composition does not affect the affinity of the gp120-CD4 in-
teraction (13, 35) or the binding of virus particles to CD4-
positive cells (13, 35, 48). The entry of virus produced in the
presence of NB-DNJ into CD4-positive cells is, however,

greatly impaired (13), indicating that NB-DNJ-mediated inhi-
bition of virion infectivity is due to an effect on postbinding
events necessary for viral entry.
It has previously been shown that treatment of HIV-infected

cells with a-glucosidase inhibitors leads to a decrease in the
intracellular proteolytic maturation of the envelope precursor
glycoprotein, gp160, into gp41 and gp120 (10, 33, 48). No effect
of the inhibitors on the amount of gp120 released from the
cells has, however, been observed (20, 36, 48). NB-DNJ-medi-
ated incorporation of predominantly nonfusogenic gp160 into
virions could therefore explain the inhibition of HIV entry at
the level of post-CD4 binding. However, the NB-DNJ-medi-
ated retention of glucosylated N-glycans has also been shown
to affect the conformation of the V1/V2 loops of gp120 (14),
which have been proposed to be involved in postbinding
events, such as conformational changes and exposure of gp41,
necessary for HIV entry (16, 43). Inhibition of HIV entry could
therefore also be explained by an effect of altered N-glycans on
the function of gp120. We therefore examined the effects of
NB-DNJ on virion envelope composition and CD4-induced
gp120 shedding and gp41 exposure in order to determine their
relative contributions to NB-DNJ-mediated inhibition of HIV
entry.

MATERIALS AND METHODS

Reagents. NB-DNJ (SC-48344) was a gift from Searle/Monsanto (St. Louis,
Mo.). Baculovirus-derived recombinant soluble human CD4 (sCD4) was ob-
tained from the Medical Research Council AIDS Reagent Project (National
Institute of Biological Standards and Control, Potters Bar, United Kingdom
[UK]). The mouse anti-V3 loop monoclonal antibodies (with original clone
names and contributors in parentheses) ADP3047 (IIIB-V3-13; J. Laman) and
ADP3025 (0.5b; K. Takatsuki) were obtained from the Medical Research Coun-
cil AIDS Reagent Project; the human anti-gp41 monoclonal antibody 50-69 was
obtained from Susan Zolla-Pazner (VA Medical Center, New York, N.Y.), the
human anti-gp120 monoclonal antibodies 17b and 48d were obtained from James
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Robinson (University of Connecticut Health Center, Farmington, Conn.), and
the sheep polyclonal anti-gp120 antibody D7324 was obtained from Aalto Bio
Reagents (Dublin, Ireland).
Recombinant gp120 (rgp120) was produced in Chinese hamster ovary (CHO)

cells, as described elsewhere (22), in either the presence [rgp120(1)] or the
absence [rgp120(2)] of 2 mM NB-DNJ. The concentrations of the two types of
rgp120 were standardized by amino acid composition analysis.
Proviral DNA constructs and envelope expresser plasmids. The

pHXBH10DenvCAT plasmid is a derivative of the HXBH10 plasmid with a
deletion in the envelope gene (DBglII) and a bacterial chloramphenicol acetyl-
transferase (CAT) gene in place of the nef gene (45). The HXBc2 envelope
plasmid pSVIIIenv(Kpn) (23) and the BH10-derived cleavage-negative envelope
plasmid pIIIexE7(508-511) (5) are described elsewhere. The pSVLtat plasmid
was used to provide tat.
Cells. HeLa cells were propagated in Dulbecco modified Eagle medium con-

taining 5% fetal calf serum (FCS) (PAA Laboratories Inc., Newport Beach,
Calif.) and antibiotics (50 U of penicillin and 50 mg of streptomycin per ml)
(Cellgro/Mediatech, Washington, D.C.). Cos-1 cells were cultured in Dulbecco
modified Eagle medium containing 10% FCS and antibiotics. Molt 4 clone 8 cells
were cultured in RPMI medium containing 10% FCS and antibiotics. H9 and
ACH-2 cells were cultured in RPMI medium containing 10% FCS (Sigma,
Poole, UK) and antibiotics (Gibco, Paisley, UK). For radioactive labelling of
virions, cysteine- and methionine-free RPMI medium containing 5% FCS, anti-
biotics, and 50 mCi each of [35S]cysteine (1,075 Ci/mmol) and [35S]methionine
(1,175 Ci/mmol) (NEN Products, Boston, Mass.) per ml was used. For radioac-
tive labelling of viral envelope glycoproteins, cysteine-free RPMI medium con-
taining 5% FCS, antibiotics, and 75 mCi of [35S]cysteine per ml was used.
Virion composition analysis. Virus was generated by cotransfection of HeLa

cells (7 3 105 per 10-cm-diameter plate) with 30 mg of pHXBH10DenvCAT and
10 mg of HXBc2 envelope plasmid by the calcium phosphate precipitation tech-
nique. Fourteen hours posttransfection, the cells were washed and fresh medium
containing either 0 or 2 mM NB-DNJ was added. Forty-eight hours posttrans-
fection, the cells were washed in phosphate-buffered saline (PBS), and virion-
labelling medium containing either 0 or 2 mM NB-DNJ was added. Sixty-four
hours posttransfection, the medium was removed and the cells were spun at
1,500 3 g for 20 min at 48C and filtered (pore size, 45 mm). The cells were then
washed in PBS, lysed in radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 50 mM Tris-HCl [pH 7.5], 1% Triton X-100, 1% sodium deoxycholate, and
0.1% sodium dodecyl sulfate [SDS]), scraped, and kept at 48C for 30 min. The
cell lysate was clarified by centrifugation at 60,000 3 g for 30 min at 48C. The
clarified tissue culture medium was layered onto 20% sucrose in PBS and spun
at 90,0003 g for 90 min at 48C. Samples were collected from the supernatant and
inactivated with one-fifth the volume of 53 RIPA buffer. The remaining super-
natant and sucrose were then removed, and the virus pellet was resuspended in
RIPA buffer.
The samples were immunoprecipitated overnight at 48C with 125 ml of a 50%

solution of protein A-Sepharose (Pharmacia, Piscataway, N.J.) and 5 ml of
HIV-positive human serum. Bovine serum albumin (BSA) (0.5%) and a nonla-
belled clarified HeLa cell lysate were used to prevent nonspecific binding. The
samples were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and
autoradiography and were quantified by densitometry.
Single-round infectivity assay. Recombinant virus was generated in HeLa cells

in the presence or absence of NB-DNJ, as described above, with the
pHXBH10DenvCAT and HXBc2 envelope plasmids. Virus preparations were
normalized according to reverse transcriptase activity and used to infect Molt 4
clone 8 cells. The cells were cultured for 72 h postinfection, harvested, washed
once in PBS, and lysed in 250 mM Tris-HCl (pH 7.8). The cell lysates were
assayed for CAT activity as described elsewhere (21).
sCD4-induced shedding of gp120 (cell surface). HXBc2 envelope was ex-

pressed by cotransfecting Cos-1 cells (106 per 10-cm-diameter plate) with 10 mg
of HXBc2 envelope plasmid and 0.5 mg of plasmid pSLVtat by the DEAE-
dextran technique. Fresh medium containing either 0 or 2 mM NB-DNJ was
added immediately after the dimethyl sulfoxide shock. Forty-eight hours post-
transfection, the cells were washed in PBS and envelope-labelling medium con-
taining either 0 or 2 mM NB-DNJ was added. Sixty-four hours posttransfection,
the cells were washed in PBS containing 2% FCS (PBS-FCS) and then incubated
for 1 h at 378C with various concentrations of sCD4 diluted in PBS-FCS. The
supernatant was removed and used for the immunoprecipitation of soluble en-
velope glycoproteins as described above. As a control for envelope expression,
the cells were lysed in Tris-buffered saline (TBS) containing 0.5% Nonidet P-40
and cell-associated envelope glycoproteins were immunoprecipitated. For stud-
ies on the effect of the presence of cell surface-associated, uncleaved gp160 on
the sCD4-induced shedding of gp120, Cos-1 cells were cotransfected with 5 mg of
HXBc2 envelope plasmid, 5 mg of the cleavage-negative envelope plasmid
pIIIexE7(508-511), and 0.5 mg of pSVLtat.
sCD4-induced shedding (virions). HIV-1IIIB was generated in H9 cells in

either the presence or the absence of 2 mM NB-DNJ as described elsewhere
(13). Virus-containing supernatants were incubated for 2 h at either 37 or 48C, in
either the presence or the absence of 50 mg of sCD4 per ml. Soluble and
virus-associated envelope glycoproteins were separated by size exclusion chro-
matography on S-1000 (Pharmacia, Herts, UK) as previously described (13, 31).
Following separation, the samples were heat inactivated (568C, 30 min) in the

presence of 0.1% Empigen BB (Calbiochem, La Jolla, Calif.). The gp120 con-
tents of the various fractions were determined by enzyme-linked immunosorbent
assay (ELISA). Microtiter plates (MaxiSorb; Nunc, Roskilde, Denmark) were
coated with a monospecific polyclonal sheep antibody (D7324) directed against
the C terminus of gp120 at 2 mg/ml in coating buffer (15 mM Na2CO3, 35 mM
NaHCO3, 0.02% NaN3 [pH 9.6]) at room temperature overnight. The plates
were blocked with TBS (140 mM NaCl, 10 mM Tris-HCl, 0.1% NaN3 [pH 7.4])
containing 0.05% Tween 20 (Sigma) (TBS-tw) and 2% milk powder for 30 min.
The plates were incubated with the samples diluted in TBS-tw for 7 h at room
temperature and then were incubated overnight at room temperature with 0.5 mg
of polyclonal rabbit anti-gp120 (Medical Research Council AIDS Reagent
Project) per ml diluted in TBS-tw containing 10% lamb serum (Gibco). The
plates were developed by incubation with alkaline phosphatase-conjugated goat
anti-rabbit immunoglobulin G (IgG) diluted in TBS-tw containing 1% lamb
serum for 3 h at room temperature, followed by 1 mg of p-nitrophenolphosphate
per ml diluted in diethanolamine buffer (10% diethanolamine, 0.5 mM MgCl2,
0.02% NaN3 [pH 9.8]). Dilutions of rgp120(2) were used to generate a standard
curve for samples produced in the absence of NB-DNJ, and dilutions of
rgp120(1) were used for samples produced in the presence of NB-DNJ.
Surface biotinylation. ACH-2 cells (5 3 105/ml) were stimulated in the pres-

ence of 1028 M phorbol myristate acetate (PMA) (Sigma) for 20 h in either the
presence or the absence of 2 mM NB-DNJ. The cells (4 3 107 cells per sample)
were washed three times in PBS, resuspended in 4.5 ml of PBS containing 1.5 mg
of the membrane-impermeative biotinylation reagent sulfosuccinimidobiotin
(Pierce, Chester, UK), and incubated at 378C for 30 min. The cells were washed
in PBS containing 10% BSA (PBS–10% BSA) followed by PBS containing 0.1%
BSA and 20 mM NaN3 (fluorescence-activated cell sorter [FACS] buffer), incu-
bated with 50 mg of polyclonal rabbit anti-gp120 for 30 min on ice, and washed
as described above. The cells were lysed for 30 min on ice in PBS containing 2%
Triton X-100 (Sigma) and protease inhibitors (50 mg each of TLCK [Na-p-tosyl-
L-lysine chloromethyl ketone] and TPCK [N-tosyl-L-phenylalanine chloromethyl
ketone] per ml and 200 mg of phenylmethylsulfonyl fluoride [Sigma] per ml). The
cell lysate was clarified by centrifugation, and bound antigen was precipitated by
the addition of 150 ml of a 50% solution of protein A-Sepharose (Pharmacia,
Herts, UK). The samples were analyzed by SDS-PAGE and Western blotting
(immunoblotting). The Western blots were developed with horseradish peroxi-
dase-conjugated extravidin (Sigma) by enhanced chemiluminescence (ECL sys-
tem; Amersham International, Amersham, UK).
Flow cytometric analysis of sCD4-induced conformational changes in cell

surface-expressed viral envelope glycoproteins. ACH-2 cells (5 3 105/ml) were
stimulated in the presence of 1028 M PMA for 20 h, in either the presence or the
absence of 2 mM NB-DNJ. The cells were washed in fresh medium and incu-
bated (23 107 cells per ml) for 2 h either at 378C or on ice in medium containing
PMA, and various concentrations of sCD4, with or without NB-DNJ. The cells
were washed first in PBS–10% BSA and then in FACS buffer before 50 ml of cells
(5 3 105 cells) was incubated for 30 min on ice with 20 ml of either ADP3047 (10
mg/ml), ADP3025 (10 mg/ml), or 50-69 (15 mg/ml) diluted in FACS buffer. The
cells were washed in PBS–10% BSA and FACS buffer and then incubated for 30
min on ice with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
IgG (Ortho, Bucks, UK) or sheep anti-human IgG (Serotec, Oxford, UK) diluted
in FACS buffer. The degree of staining was analyzed with a FACScan flow
cytometer (Becton Dickinson, Sunnyvale, Calif.). In order to obtain values which
could be quantitatively compared, fluorescein-labelled quantitative microbead
standards (Flow Cytometry Standard Corporation, Research Triangle Park,
N.C.) were used to generate a standard curve for the conversion of mean channel
values to units correlating with the number of antibody binding sites (34). Be-
cause of the indirect method of staining, with secondary antibodies, the exact
number of antibody binding sites could not be calculated. The number calculated
is therefore based on the assumption of a one-to-one interaction between the
primary and secondary antibodies and an FITC-to-antibody ratio of 1 for the
secondary antibody. FITC-conjugated sCD4 was prepared as described else-
where (34). The coupling ratio obtained was 3.2 mol of FITC per mol of sCD4.
Antibody binding to virions. HIV-1IIIB was generated in H9 cells in the

presence or absence of 2 mM NB-DNJ, as described above. Virus-containing
supernatants were incubated for 2 h at 48C in the presence of 1 mg of anti-gp41
antibody (50-69) per ml and in the presence or absence of 50 mg of sCD4 per ml.
Dynabeads (Dynal, Merseyside, UK) (40 ml) coated with sheep anti-human IgG
(M-280) were then added, and the samples were incubated for 30 min on ice. The
beads were then washed in PBS containing 1 mg of BSA per ml, and bound
reverse transcriptase activity was analyzed by using the Quan-T reverse trans-
criptase assay system (Amersham International) directly on the washed Dyna-
beads. The samples were mixed frequently during incubation to prevent settling
of the beads.

RESULTS

Effect of NB-DNJ on virion envelope glycoprotein composi-
tion.NB-DNJ exhibits a concentration-dependent inhibition of
HIV replication, with 0.5 mM NB-DNJ resulting in a 1-log
drop in replicating virus and 2 mM resulting in a 3-log drop in
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replicating virus (data not shown). Furthermore, 2 mM NB-
DNJ is required to achieve a complete conversion of gp120-
associated N-glycans to precursor-type oligosaccharides (22)
and to achieve efficient inhibition of HIV entry in vitro (13).
NB-DNJ was therefore predominantly used at 2 mM through-
out this study.
Because of the previously described effect of the NB-DNJ-

mediated change in N-glycan composition on the proteolytic
maturation of gp160 into gp120 and gp41, we analyzed the
effect of NB-DNJ treatment on virion envelope glycoprotein
composition.
Immunoprecipitation of the HeLa cell lysates showed the

expected NB-DNJ-mediated concentration-dependent de-
crease in intracellular proteolytic maturation of gp160 (Fig. 1).
There was also, as predicted, a decrease in the electrophoretic
mobility of the envelope glycoproteins due to the change in
N-glycan composition. Purification of released virions revealed
that only a minority of the secreted gp120 was virion associ-
ated. When the amount of reverse transcriptase precipitated
was used as an internal standard (densitometry), an NB-DNJ-
mediated reduction of 15%6 2% (mean6 standard deviation
of three independent experiments) in virion envelope glyco-
protein content (gp160 and gp120) was observed. This de-
crease correlated with a decrease in the overall amounts of
viral envelope glycoproteins (soluble and virus associated) re-
leased from the cells. A 26% reduction in the proteolytic mat-
uration of virus-associated gp160 was also observed, with
gp120 contents of 76% 6 2% at 0 mM NB-DNJ and 56% 6
5% at 2 mM NB-DNJ. These changes resulted in a combined
reduction of 42% 6 11% in overall virion gp120 content at 2
mM NB-DNJ. No significant change in virion envelope glyco-
protein composition was observed at the antiviral concentra-
tions of 0.5 and 2 mM NB-DNJ. However, the entry of virions
produced in the presence of 0.5 mM NB-DNJ was greatly
impaired, as judged by a single-round infectivity assay (data

not shown). A similar result was obtained for virus expressed in
Cos-1 cells (data not shown).
Effect of NB-DNJ on CD4-induced gp120 shedding. The

effect of altered N-glycan composition on CD4-induced gp120
shedding was analyzed by using envelope-transfected Cos-1
cells and HIV-1IIIB virions generated in H9 cells.
Cos-1 cells transfected with only envelope plasmid showed

the expected NB-DNJ-mediated increase in cell-associated
gp160 (Fig. 2). Very little cell-associated gp120 was observed in
both untreated and treated cells. Incubation of untreated
Cos-1 cells with increasing concentrations of sCD4 led to an
increase in the amount of gp120 precipitated from the super-
natant. However, incubation of NB-DNJ (2 mM)-treated
Cos-1 cells with sCD4 led to no increase in the amount of
gp120 shed. An identical inhibition of sCD4-induced gp120
shedding was observed at 0.5 mM NB-DNJ (data not shown).
A similar result was observed with gp120-expressing HeLa cells
(data not shown).
In order to investigate whether the presence of noncleaved,

nonsheddable gp160 on the cell surface could adversely affect
the shedding of properly cleaved gp120 by virtue of its incor-
poration into heterooligomers, shedding in cells cotransfected
with both a cleavage-competent and a cleavage-incompetent
envelope plasmid was analyzed. The result showed that co-
transfection of Cos-1 cells with both types of envelope express-
ers had no effect on the amount of gp120 shed after incubation
with sCD4 (data not shown). The envelope glycoprotein ex-
pressed from the cleavage-incompetent envelope plasmid is
expressed on the cell surface (7) and is incorporated in virions
in an uncleaved form (data not shown).
HIV-1IIIB virions generated in H9 cells in the absence of

NB-DNJ were found to shed 52% of virion-associated gp120
after incubation with 50 mg of sCD4 per ml (Table 1). How-
ever, virions generated in the presence of 2 mM NB-DNJ shed
only 7% of virion-associated gp120 under the same conditions.
The generation of virions in the presence of 2 mM NB-DNJ
therefore led to a 7.4-fold reduction in CD4-induced gp120
shedding. sCD4-induced shedding was calculated as follows:
(virion gp120 without sCD4 2 virion gp120 with sCD4)/virion
gp120 without sCD4. The calculations were therefore based on
column-purified virus only, without interference from soluble
non-virus-associated gp120. The antibody used for quantifica-
tion does not recognize gp160 (data not shown), and the over-
all amount of envelope glycoprotein detected in the treated
virion samples was therefore smaller than that detected in

FIG. 1. Effect of NB-DNJ on viral envelope glycoprotein composition (intact
virions). Virus was expressed in HeLa cells in the presence of the indicated
concentrations of NB-DNJ. Immunoprecipitates of HeLa cell lysates (cell ly-
sate), non-virus-associated soluble protein (supernatant), and virus-associated
protein (virion), obtained by using HIV-positive serum, are shown. Identified
viral proteins are indicated with arrows. RT, reverse transcriptase; INT, inte-
grase.

FIG. 2. Effect of NB-DNJ on CD4-induced shedding of Cos-1 cell-expressed
gp120. Virus envelope glycoproteins were expressed in Cos-1 cells in the pres-
ence or absence of 2 mM NB-DNJ. The cells were incubated with the indicated
concentrations of sCD4, and released protein or cell lysates (CL) were immu-
noprecipitated with HIV-positive serum.

VOL. 70, 1996 EFFECT OF NB-DNJ ON HIV ENVELOPE FUNCTION 7155



untreated samples. The data presented are the results of inde-
pendent experiments using two different preparations of virus.
Because of differences in the absolute amounts of gp120 in the
two preparations, the conversion of the values to arbitrary
units was necessary in order to include standard deviations for
the data. The ratio of virion-associated gp120 in the presence
of sCD4 to virion-associated gp120 in the absence of sCD4 was
calculated for each experiment, and the amount of virion-
associated gp120 in the absence of sCD4 was standardized to
100 U.
Effect of NB-DNJ on CD4-induced gp41 exposure. Binding

of CD4 to HIV-associated envelope glycoproteins may induce
the exposure of gp41 in the absence of gp120 shedding (38, 39).
The effect of altered N-glycans on CD4-induced gp41 exposure
was analyzed by FACS analysis of HIV-expressing ACH-2 cells
and a virion capture assay.
ACH-2 cells are derived from a T-cell clone latently infected

with human T-cell lymphotropic virus III/lymphadenopathy-
associated virus (9). Stimulation of these cells with PMA in-
duces the expression of viral proteins and the formation of
virus particles (9). No significant surface expression of viral
envelope glycoproteins (as determined by FACS analysis) or
virus particle formation (as determined by reverse transcrip-
tase activity) was observed in the absence of PMA (data not
shown). Maximal expression of surface envelope glycoproteins
was observed after 20 h of stimulation, and NB-DNJ was found
to have no effect on the time course of expression (data not
shown). Additionally, ACH-2 cells stimulated to express HIV

in the presence or absence of NB-DNJ showed a cell surface
viral envelope glycoprotein composition (Fig. 3) similar to that
of intact virions generated under the same conditions (Fig. 1).
The use of ACH-2 cell surface-expressed viral envelope glyco-
proteins as a model for virion-associated envelope glycopro-
teins was therefore valid.
Incubation of untreated HIV-expressing ACH-2 cells with

increasing concentrations of sCD4 led to a 14.4-fold increase in
the binding of anti-gp41 antibodies to the cells (at 50 mg of
sCD4 per ml) (Fig. 4A). However, ACH-2 cells stimulated in
the presence of 2 mMNB-DNJ showed only a 3.6-fold increase
in anti-gp41 binding upon incubation with sCD4 (Fig. 4B). The
change in viral envelope glycoprotein N-glycan composition
therefore resulted in a fourfold reduction in CD4-induced
gp41 exposure. Identical effects were observed with sCD4 in-
cubations at both 37 and 48C (Fig. 4).
A similar effect of NB-DNJ on the sCD4-induced exposure

of virion-associated gp41 was observed. In the presence of 50
mg of sCD4 per ml, a 123% increase in the number of un-
treated virions captured onto anti-gp41-coated beads was ob-
served (Table 2). However, when virions generated in the pres-
ence of 2 mM NB-DNJ were incubated with sCD4, only a 31%
increase was observed. NB-DNJ treatment therefore resulted
in a 4.0-fold decrease in the exposure of virion-associated gp41.
The values of gp41 exposure were standardized as described
above, by calculating the ratio of virions captured in the pres-
ence of sCD4 to virions captured in the absence of sCD4 and

FIG. 3. Effect of NB-DNJ on viral envelope glycoprotein composition
(ACH-2 cell surface). ACH-2 cells were stimulated with PMA in the presence or
absence of 2 mM NB-DNJ. The cell surface was biotinylated, and cell lysates
were immunoprecipitated with polyclonal anti-gp120 antibodies. The labelled
viral envelope glycoproteins were visualized by using Western blotting, horse-
radish peroxidase-conjugated extravidin, and enhanced chemiluminescence.

FIG. 4. Effect of NB-DNJ on CD4-induced gp41 exposure (ACH-2 cell sur-
face). ACH-2 cells were stimulated with PMA in the absence of NB-DNJ (A) or
in the presence of 2 mM NB-DNJ (B). The cells were then incubated at either
378C (E) or 48C (F) in the presence of the indicated concentrations of sCD4. The
cells were stained for flow cytometry with an anti-gp41 monoclonal antibody.

TABLE 1. Effect of an NB-DNJ-mediated change in virion N-
glycan composition on sCD4-induced virion gp120 shedding

NB-DNJ

Amt of virion-associated gp120
(arbitrary units)a sCD4-induced

shedding (%)
Without sCD4 With sCD4b

Absent 100 48 6 0.6 52
Present 100 93 6 2.4 7

a Values are arbitrary units standardized between two independent experi-
ments in order to accommodate batch variations in gp120 content.
b Values are means 6 standard deviations of two independent experiments.
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then standardizing the number of virions captured in the ab-
sence of sCD4 to 100 U.
Effect of NB-DNJ on CD4-induced increases in V3 loop

exposure. The effect of altered N-glycans on CD4-induced
increases in V3 loop exposure was analyzed by FACS analysis
of HIV-expressing ACH-2 cells.
Incubation of stimulated ACH-2 cells with sCD4 at 48C was

found to induce a 3.8-fold increase in the binding of anti-V3-
loop antibodies to the cell surface (at 50 mg of sCD4 per ml)
(Fig. 5A). At 378C no such induction was seen (Fig. 5A), a
phenomenon which correlated with a decrease in the detection
of bound sCD4 by anti-CD4 antibodies (data not shown).
When the cells were stimulated in the presence of 2 mM
NB-DNJ, only a 1.1-fold increase in the binding of anti-V3-
loop antibodies was observed (Fig. 5B). An NB-DNJ-mediated
change in N-glycan composition therefore resulted in a 25-fold
reduction (275 to 11%) in the CD4-induced increase in V3
loop exposure. Identical results were obtained with two inde-
pendent anti-V3-loop antibodies: ADP3047 (Fig. 1) and
ADP3025 (data not shown).
A 2.1-fold increase in the binding of anti-V3-loop antibodies

to NB-DNJ-treated cells incubated in the absence of sCD4 was
observed. This apparent increase in the background number of
V3 loops on the surfaces of NB-DNJ-treated cells was not
correlated with any differences in the binding of FITC-conju-
gated sCD4 to the two types of cells (data not shown). No
binding of FITC-sCD4 to nonstimulated ACH-2 cells was ob-
served (data not shown).

DISCUSSION

The retention of glucosylated N-glycans on the viral enve-
lope glycoproteins is known to inhibit HIV entry at the level of
post-CD4 binding (13). However, the exact mechanism of im-
paired viral entry remains to be established. It has previously
been shown that treatment of HIV-infected cells with a-glu-
cosidase inhibitors leads to a decrease in the intracellular pro-
teolytic maturation of the HIV envelope precursor glycopro-
tein, gp160, into gp41 and gp120 (10, 33, 48). The
incorporation of predominantly nonfusogenic gp160 (5, 11, 17,
27) into virions could account for the inhibition of HIV entry
at the level of post-CD4 binding. No effects of a-glucosidase
inhibitors on the amount of mature gp120 released from HIV-
infected cells have, however, been observed; neither have any
significant amounts of uncleaved gp160 released from the cells
been reported (36, 44, 48). These studies all used crude cell-
free culture supernatants as a source of virus-associated enve-
lope glycoproteins. However, the viral envelope glycoproteins
of the particular viral isolates used for these assays (HIV-1IIIB,
HIV-1HXB2, and HIV-1RF) are known to be relatively unstable,
resulting in spontaneous shedding of gp120 from both infected
cells and released virions (19, 26, 28). It is conceivable that the
presence of such non-virus-associated gp120 may have masked

any effects of the compounds on the envelope composition of
the virus particles present in the samples. We therefore ana-
lyzed the effect of NB-DNJ on the envelope composition of
purified virus particles.
Immunoprecipitation of the purified virions showed that re-

tention of glucosylated N-glycans did perturb the envelope
glycoprotein composition of the virus. A 15% reduction in
overall virion envelope content (gp120 and gp160) and a 26%
reduction in the proteolytic maturation of virion gp160 were
observed. Taken together, these effects resulted in a reduction
of approximately 40% in the overall virion content of poten-
tially functional gp120. As speculated above, the finding that
the majority of the envelope glycoproteins released from the
cells, under the conditions used, were non-virus-associated
gp120 may explain why no effect on viral envelope composition
has previously been observed (36, 44, 48). The small decrease
in proteolytic maturation of virion-associated gp160 relative to
that found for intracellular gp160 may be explained by two
observations. Firstly, only a small fraction of intracellular
gp160 is believed to be converted into gp120, with most of the
remaining gp160 being degraded in the lysosomes and only a
small proportion making it to the surfaces of the cells (41, 49).
Secondly, an inefficient incorporation of uncleaved gp160 into
virions has been described (11). This may also explain the
finding that there was no increase in the amount of virion-
associated gp160 at 0.5 mM NB-DNJ, despite a significant

FIG. 5. Effect of NB-DNJ on CD4-induced V3 loop exposure (ACH-2 cell
surface). ACH-2 cells were stimulated with PMA in the absence of NB-DNJ (A)
or in the presence of 2 mM NB-DNJ (B). The cells were then incubated at either
378C (E) or 48C (F) in the presence of the indicated concentrations of sCD4. The
cells were stained for flow cytometry with an anti-V3-loop monoclonal antibody
(ADP3047).

TABLE 2. Effect of an NB-DNJ-mediated change in virion N-
glycan composition on sCD4-induced gp41 exposure

NB-DNJ

No. of virions captured by anti-gp41
antibody (arbitrary units) sCD4-induced

exposure (%)
Without sCD4a With sCD4b

Absent 100 223 6 31 123
Present 100 131 6 14 31

a Values are arbitrary units standardized between two independent experi-
ments in order to accommodate batch variations in virus content.
b Values are means 6 standard deviations of two independent experiments.

VOL. 70, 1996 EFFECT OF NB-DNJ ON HIV ENVELOPE FUNCTION 7157



reduction in the intracellular maturation of gp160 at this con-
centration.
The reason for the effect of NB-DNJ on gp160 maturation is

unclear. Amino acid changes within the V1/V2 loops may re-
sult in impairment of gp160 maturation (16, 43). The fact that
retention of glucosylated N-glycans affects the conformation of
the V1/V2 loops, as reported recently (14), may contribute to
this effect.
Amino acid changes within the V1/V2 loops may also affect

post-CD4-binding events independently of any effect on gp160
maturation (16, 43, 52–54). We therefore analyzed the effect of
NB-DNJ on the ability of the remaining gp120 to take part in
post-CD4-binding events. Possible markers for these events
include sCD4-induced dissociation of gp120 (31), exposure of
otherwise-cryptic epitopes on gp41 (37), and an increase in the
exposure of V3 loop epitopes (37).
The effect of NB-DNJ on CD4-induced shedding of gp120

was analyzed by two independent assays. Both assays showed a
dramatic effect of NB-DNJ on CD4-induced shedding. The
shedding of cell surface-associated gp120 became undetect-
able, and the shedding of virion-associated gp120 was reduced
7.4-fold. The extent of shedding seen in the absence of NB-
DNJ is in accordance with previously published data (4, 30,
31). The effect of NB-DNJ on CD4-induced exposure of cryp-
tic gp41 epitopes was also analyzed by two independent assays.
Both assays showed identical levels of NB-DNJ-mediated in-
hibition of CD4-induced exposure, with the exposure of both
cell surface-associated and virion-associated gp41 being re-
duced fourfold. Identical degrees of CD4-induced exposure of
cell surface-associated gp41 were observed at 4 and 378C. The
fact that gp41 exposure does take place at 48C in the absence
of any gp120 shedding (see below) is in accordance with pre-
viously published data, although differences in the degree of
exposure were observed at the two temperatures (37, 38).
Finally, the effect of NB-DNJ on the CD4-induced increase

in the exposure of V3 loop epitopes was examined. NB-DNJ
was found to severely impair V3 loop exposure, with the CD4-
induced increase in V3 loop epitopes on cell surface-expressed
gp120 being reduced 25-fold. The CD4-induced increases in
the exposure of V3 loop epitopes could be observed only at 48C
because of the dissociation of gp120 at 378C. However, in the
absence of sCD4, an increase in the binding of anti-V3-loop
antibodies to cells stimulated in the presence of NB-DNJ was
observed. This increase in binding may simply represent an
increase in the amount of envelope glycoproteins present on
the cell surface after treatment with NB-DNJ; a similar in-
crease was observed with antibodies directed against other
regions of gp120 (data not shown). No difference in the binding
of FITC-labelled sCD4 to the surface was, however, observed,
and surface labelling of the cells showed no indication of an
increase in envelope glycoprotein expression. This result may
therefore also reflect differences in the presentation of the V3
loops on the surfaces of untreated and treated cells, possibly
involving the organization of individual gp120 molecules within
oligomeric envelope glycoprotein complexes. Finally, the in-
creased binding of anti-V3-loop antibodies to NB-DNJ-treated
cells may be explained by the possibility that the conforma-
tional changes normally induced by sCD4 have already taken
place as a result of the conversion of the gp120-associated
N-glycans. Incubation with sCD4 would therefore not increase
the exposure any further. However, no evidence for an NB-
DNJ-mediated conformational change within the V3 loop has
been observed (14).
Differences in CD4-induced effects on the viral envelope

between primary and laboratory viral isolates of HIV have
previously been correlated with differences in the affinity be-

tween sCD4 and virus- or cell surface-associated gp120 (29,
51). Controversy over this correlation does, however, exist (6,
32, 46), and the fact that the retention of glucosylated N-
glycans has no effect on the affinity of rgp120 for sCD4 (13),
the binding of virus particles to CD4-positive cells (13, 35, 48),
or the binding of sCD4 to HIV-expressing cells (data not
shown) implies that the effect on CD4-induced events observed
in this study may not be explained simply by differences in
sCD4 binding.
Another explanation for the NB-DNJ-mediated impairment

of CD4-induced conformational changes might be the pres-
ence of increasing amounts of gp160 in the viral envelope.
gp160 is nonfusogenic (5, 11, 17, 27) and presumably incapable
of undergoing the CD4-induced conformational changes ob-
served within the mature envelope. The gp160 in the virion
envelope may be present in either homooligomers of gp160 or
heterooligomers with properly cleaved gp120/gp41. The pres-
ence of gp160 in homooligomers would not be expected to
interfere with the function of gp120/gp41 homooligomers. In-
creasing amounts of gp160 homooligomers would, however,
decrease the density of potential functional gp120/gp41 ho-
mooligomers and could therefore contribute to the decrease in
viral infectivity observed in the presence of NB-DNJ. If un-
cleaved gp160 is present in heterooligomers with gp120/gp41,
the presence of one or more gp160 molecules within the oli-
gomeric structure could disrupt CD4-induced conformational
changes within the remaining gp120/gp41 molecules, rendering
them nonfunctional. However, the threshold value for the
number of gp160 molecules required within an oligomer be-
fore CD4-induced conformational changes are affected is not
known. The question remains whether a 26% (1.4-fold) reduc-
tion in gp160 cleavage is sufficient to explain the almost com-
plete block in gp120 shedding, a 4-fold reduction in exposure
of gp41, and a 25-fold reduction in V3 loop exposure. Several
points argue against this. Firstly, no significant increase in
virion-associated gp160 was observed at 0.5 mM NB-DNJ, a
concentration which shows moderate antiviral activity and
completely blocks the shedding of gp120 from transfected
Cos-1 cells. Secondly, cotransfection of Cos-1 cells with both a
cleavage-competent and a cleavage-incompetent envelope gly-
coprotein had no effect on the CD4-induced shedding of gp120
from the surfaces of the cells (data not shown). Thirdly,
expression of HIV envelope glycoproteins in Cos-1 cells by
cotransfection with a tat expresser, which does not prevent
CD4-induced shedding and envelope-mediated syncytium for-
mation, does increase the amount of gp160 found on the sur-
faces of the cells by approximately 50% (7, 11). This level of
surface-associated gp160 is similar to that found in the virus
envelope and on the surfaces of ACH-2 cells in the presence of
2 mM NB-DNJ. In conclusion, it is likely that the effect of
NB-DNJ on CD4-induced conformational changes may not be
fully explained by the observed reduction in gp160 cleavage.
The results therefore show that the retention of glucosylated
N-glycans independently affects the capacity of the remaining
gp120 to undergo conformational changes after CD4 binding.
To further test this conclusion, CD4-induced conforma-

tional changes within rgp120 were probed by ELISA with two
monoclonal antibodies (17b and 48d) known to detect such
events (47). The results showed that the retention of glucosy-
lated N-glycans had no effect on CD4-induced changes in the
binding of these antibodies (data not shown). Both antibodies
did, however, show a 20% reduction in the overall binding to
rgp120(1) compared with the binding to rgp120(2). These
data indicate that the small sCD4-induced changes in the bind-
ing of these antibodies to rgp120 may not be used as a marker
for sCD4-induced conformational changes within an oligo-
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meric envelope complex that result in the shedding of gp120
and the exposure of gp41. In relation to the effect of NB-DNJ
on the conformation of the V1/V2 loops (14), previously pub-
lished data have shown that some amino acid changes within
the V2 loop, which reduce the binding of 17b to rgp120, have
no effect on sCD4-induced increases in the recognition of
rgp120 by this antibody (47).
Controversy about the relationship between CD4-induced

conformational changes and HIV entry exists (46, 50). CD4-
induced shedding of gp120 is unlikely to be required for HIV
entry, and it is a poor marker for the ability of different viral
isolates to enter CD4-positive cells (1, 29, 46). However, the
interaction between CD4 and viral envelope glycoproteins may
result in the formation of an activated complex, accelerating
viral entry (2, 3, 8, 18, 42). No attempts to correlate preshed-
ding events, such as V3 loop and gp41 exposure, with HIV
entry have been made, but it seems likely that the critical event
for HIV entry is the exposure of gp41 in the correct context,
i.e., close to the host cell plasma membrane. The failure of a
virus to undergo gp41 exposure is therefore much more likely
to be a valid marker for its ability to enter the host cell.
However, despite its poor reliability in predicting the ability of
genetically different viral isolates to enter CD4-positive cells,
the use of CD4-induced shedding as a marker for gp120 func-
tion after a change in N-glycan composition is likely to be valid
because of the identical amino acid background. We therefore

believe that the effect of a retention of glucosylated N-glycans
on the sCD4-induced V3 loop exposure, gp41 exposure, and
gp120 shedding described in this paper may help explain NB-
DNJ-mediated inhibition of HIV entry.
In conclusion, this study has demonstrated that NB-DNJ-

mediated retention of glucosylated N-glycans on the HIV en-
velope glycoproteins severely affects both the composition and
the function of the viral envelope (Fig. 6). Firstly, NB-DNJ
treatment increases the amount of gp160 found in the virus
particles. Secondly, it impairs the ability of the remaining
gp120 to undergo conformational changes after CD4 binding.
The relative contributions of the two effects are unknown.
Some inhibition of post-CD4-binding events, such as gp120
shedding, is observed at antiviral concentrations of NB-DNJ
(0.5 mM) that do not affect gp160 incorporation. At this con-
centration a 1-log reduction in viral replication is observed
(data not shown). At 2 mM NB-DNJ, a concentration at which
both post-CD4-binding events and gp160 incorporation are
affected, a 3-log reduction in viral replication is observed (data
not shown). Both effects are therefore likely to contribute to
NB-DNJ-mediated inhibition of HIV entry at the level of post-
CD4 binding.

ACKNOWLEDGMENTS

We thank Joseph Sodroski and Jie Cao for helpful discussions,
Searle/Monsanto for NB-DNJ, and Colin Beesley for photography.
P. B. Fischer is funded by a Carlsberg-Wellcome Traveling Research

Fellowship and supported by E. Danielsens Fond, Leo Nielsens Legat,
Jacob Madsens Fond, Beckett Fonden, Wedell-Wedellsborgs Fond,
Hørslev-Fonden, L. F. Foghts Fond, and Krista and Viggo Petersens
Fond. The antiviral program at the Glycobiology Institute is supported
by the Searle/Monsanto Company. The HIV laboratory at the Sir
William Dunn School of Pathology is funded by the Medical Research
Council AIDS Directed Program.

REFERENCES
1. Allan, J. S. 1991. Receptor-mediated activation of immunodeficiency viruses
in viral fusion. Science 252:1322–1323.

2. Allan, J. S. 1993. Receptor-mediated activation of the viral envelope and
viral entry. AIDS 7:S43–S50.

3. Allan, J. S., J. Strauss, and D. W. Buck. 1990. Enhancement of SIV infection
with soluble receptor molecules. Science 247:1084–1088.

4. Bergeron, L., and J. Sodroski. 1992. Dissociation of unintegrated viral DNA
accumulation from single-cell lysis induced by human immunodeficiency
virus type 1. J. Virol. 66:5777–5787.

5. Bosch, V., and M. Pawlita. 1990. Mutational analysis of the human immu-
nodeficiency virus type 1 env gene product proteolytic cleavage site. J. Virol.
64:2337–2344.

6. Brighty, D. W., M. Rosenberg, I. S. Chen, and M. Ivey Hoyle. 1991. Envelope
proteins from clinical isolates of human immunodeficiency virus type 1 that
are refractory to neutralization by soluble CD4 possess high affinity for the
CD4 receptor. Proc. Natl. Acad. Sci. USA 88:7802–7805.

7. Cao, J. Unpublished data.
8. Clapham, P. R., A. McKnight, and R. A. Weiss. 1992. Human immunodefi-
ciency virus type 2 infection and fusion of CD4-negative human cell lines:
induction and enhancement by soluble CD4. J. Virol. 66:3531–3537.

9. Clouse, K. A., D. Powell, I. Washington, G. Poli, K. Strebel, W. Farrar, P.
Barstad, J. Kovacs, A. S. Fauci, and T. M. Folks. 1989. Monokine regulation
of human immunodeficiency virus-1 expression in a chronically infected
human T cell clone. J. Immunol. 142:431–438.

10. Dedera, D., N. vander Heyden, and L. Ratner. 1990. Attenuation of HIV-1
infectivity by an inhibitor of oligosaccharide processing. AIDS Res. Hum.
Retroviruses 6:785–794.

11. Dubay, J. W., S. R. Dubay, H.-J. Shin, and E. Hunter. 1995. Analysis of the
cleavage site of the human immunodeficiency virus type 1 glycoprotein:
requirement of precursor cleavage for glycoprotein incorporation. J. Virol.
69:4675–4682.

12. Elbein, A. D. 1987. Inhibitors of the biosynthesis and processing of N-linked
oligosaccharide chains. Annu. Rev. Biochem. 56:497–534.

13. Fischer, P. B., M. Collin, G. B. Karlsson, W. James, T. D. Butters, S. J.
Davis, S. Gordon, R. A. Dwek, and F. M. Platt. 1995. The a-glucosidase
inhibitor N-butyldeoxynojirimycin inhibits human immunodeficiency virus
entry at the level of post-CD4 binding. J. Virol. 69:5791–5797.

14. Fischer, P. B., G. B. Karlsson, T. D. Butters, R. A. Dwek, and F. M. Platt.

FIG. 6. Proposed model for the mechanism of action of NB-DNJ as an
inhibitor of HIV replication. The generation of virus particles in the presence of
NB-DNJ results in an altered conformation of the V1/V2 loops, a decrease in the
proteolytic maturation of virion-associated gp160, and an impairment of the
ability of the remaining gp120 to undergo CD4-induced conformational changes.
The envelope glycoproteins shown represent oligomers.

VOL. 70, 1996 EFFECT OF NB-DNJ ON HIV ENVELOPE FUNCTION 7159



1996. N-Butyldeoxynojirimycin-mediated inhibition of human immunodefi-
ciency virus entry correlates with changes in antibody recognition of the
V1/V2 region of gp120. J. Virol. 70:7143–7152.

15. Fleet, G. W., A. Karpas, R. A. Dwek, L. E. Fellows, A. S. Tyms, S. Petursson,
S. K. Namgoong, N. G. Ramsden, P. W. Smith, J. C. Son, F. Wilson, D. R.
Witty, G. S. Jacob, and T. W. Rademacher. 1988. Inhibition of HIV repli-
cation by amino-sugar derivatives. FEBS Lett. 237:128–132.

16. Freed, E. O., and M. A. Martin. 1994. Evidence for a functional interaction
between the V1/V2 and C4 domains of human immunodeficiency virus type
1 envelope glycoprotein gp120. J. Virol. 68:2503–2512.

17. Freed, E. O., D. J. Myers, and R. Risser. 1989. Mutational analysis of the
cleavage sequence of the human immunodeficiency virus type 1 envelope
glycoprotein precursor gp160. J. Virol. 63:4670–4675.

18. Fu, Y.-K., T. K. Hart, Z. L. Jonak, and P. J. Bugelski. 1993. Physicochemical
dissociation of CD4-mediated syncytium formation and shedding of human
immunodeficiency virus type 1 gp120. J. Virol. 67:3818–3825.

19. Gelderblom, H. R., H. Reupke, and G. Pauli. 1985. Loss of envelope antigens
of HTLV-III/LAV, a factor in AIDS pathogenesis? Lancet ii:1016–1017.

20. Gruters, R. A., J. J. Neefjes, M. Tersmette, R. E. de Goede, A. Tulp, H. G.
Huisman, F. Miedema, and H. L. Ploegh. 1987. Interference with HIV-
induced syncytium formation and viral infectivity by inhibitors of trimming
glucosidase. Nature (London) 330:74–77.

21. Helseth, E., M. Kowalski, D. Gabuzda, U. Olshevsky, W. Haseltine, and J.
Sodroski. 1990. Rapid complementation assays measuring replicative poten-
tial of human immunodeficiency virus type 1 envelope glycoprotein mutants.
J. Virol. 64:2416–2420.

22. Karlsson, G. B., T. D. Butters, R. A. Dwek, and F. M. Platt. 1993. Effects of
the imino sugar N-butyldeoxynojirimycin on the N-glycosylation of recom-
binant gp120. J. Biol. Chem. 268:570–576.

23. Karlsson, G. B., F. Gao, J. Robinson, B. Hahn, and J. Sodroski. 1996.
Increased envelope spike density and stability are not required for the
neutralization resistance of primary human immunodeficiency viruses. J. Vi-
rol. 70:6136–6142.

24. Karpas, A., G. W. Fleet, R. A. Dwek, S. Petursson, S. K. Namgoong, N. G.
Ramsden, G. S. Jacob, and T. W. Rademacher. 1988. Amino sugar deriva-
tives as potential anti-human immunodeficiency virus agents. Proc. Natl.
Acad. Sci. USA 85:9229–9233.

25. Kornfeld, R., and S. Kornfeld. 1985. Assembly of asparagine-linked oligo-
saccharides. Annu. Rev. Biochem. 54:631–664.

26. Layne, S. P., M. J. Merges, J. L. Spouge, M. Dembo, and P. L. Nara. 1991.
Blocking of human immunodeficiency virus infection depends on cell density
and viral stock age. J. Virol. 65:3293–3300.

27. McCune, J. M., L. B. Rabin, M. B. Feinberg, M. Lieberman, J. C. Kosek,
G. R. Reyes, and I. L. Weissman. 1988. Endoproteolytic cleavage of gp160 is
required for the activation of human immunodeficiency virus. Cell 53:55–67.

28. McKeating, J. A., A. McKnight, and J. P. Moore. 1991. Differential loss of
envelope glycoprotein gp120 from virions of human immunodeficiency virus
type 1 isolates: effects on infectivity and neutralization. J. Virol. 65:852–860.

29. Moore, J. P., J. A. McKeating, Y. Huang, A. Ashkenazi, and D. D. Ho. 1992.
Virions of primary human immunodeficiency virus type 1 isolates resistant to
soluble CD4 (sCD4) neutralization differ in sCD4 binding and glycoprotein
gp120 retention from sCD4-sensitive isolates. J. Virol. 66:235–243.

30. Moore, J. P., J. A. McKeating, W. A. Norton, and Q. J. Sattentau. 1991.
Direct measurement of soluble CD4 binding to human immunodeficiency
virus type 1 virions: gp120 dissociation and its implications for virus-cell
binding and fusion reactions and their neutralization by soluble CD4. J. Vi-
rol. 65:1133–1140.

31. Moore, J. P., J. A. McKeating, R. A. Weiss, and Q. J. Sattentau. 1990.
Dissociation of gp120 from HIV-1 virions induced by soluble CD4. Science
250:1139–1142.

32. Orloff, S. L., M. S. Kennedy, A. A. Belperron, P. J. Maddon, and J. S.
McDougal. 1993. Two mechanisms of soluble CD4 (sCD4)-mediated inhibi-
tion of human immunodeficiency virus type 1 (HIV-1) infectivity and their
relation to primary HIV-1 isolates with reduced sensitivity to sCD4. J. Virol.
67:1461–1471.

33. Pal, R., G. M. Hoke, and M. G. Sarngadharan. 1989. Role of oligosaccha-
rides in the processing and maturation of envelope glycoproteins of human
immunodeficiency virus type 1. Proc. Natl. Acad. Sci. USA 86:3384–3388.

34. Platt, F. M., G. B. Karlsson, and G. S. Jacob. 1992. Modulation of cell-
surface transferrin receptor by the imino sugar N-butyldeoxynojirimycin.
Eur. J. Biochem. 208:187–193.

35. Ratner, L., and N. Vander Heyden. 1993. Mechanism of action of N-butyl

deoxynojirimycin in inhibiting HIV-1 infection and activity in combination
with nucleoside analogs. AIDS Res. Hum. Retroviruses 9:291–297.

36. Ratner, L., N. Vander Heyden, and D. Dedera. 1991. Inhibition of HIV and
SIV infectivity by blockade of alpha-glucosidase activity. Virology 181:180–
192.

37. Sattentau, Q. J., and J. P. Moore. 1991. Conformational changes induced in
the human immunodeficiency virus envelope glycoprotein by soluble CD4
binding. J. Exp. Med. 174:407–415.

38. Sattentau, Q. J., J. P. Moore, F. Vignaux, F. Traincard, and P. Poignard.
1993. Conformational changes induced in the envelope glycoproteins of the
human and simian immunodeficiency viruses by soluble receptor binding.
J. Virol. 67:7383–7393.

39. Sattentau, Q. J., S. Zolla-Pazner, and P. Poignard. 1995. Epitope exposure
on functional, oligomeric HIV-1 gp41 molecules. Virology 206:713–717.

40. Saunier, B., R. D. Kilker, J. S. Tkacz, A. Quaroni, and A. Herscovics. 1982.
Inhibition of N-linked complex oligosaccharide formation by 1-deoxynojiri-
mycin, an inhibitor of processing glucosidases. J. Biol. Chem. 257:14155–
14161.

41. Stein, B. S., and E. G. Engleman. 1990. Intracellular processing of the gp160
HIV-1 envelope precursor. J. Biol. Chem. 265:2640–2649.

42. Sullivan, N., Y. Sun, J. Li, W. Hofmann, and J. Sodroski. 1995. Replicative
function and neutralization sensitivity of envelope glycoproteins from pri-
mary and T-cell line-passaged human immunodeficiency virus type 1 isolates.
J. Virol. 69:4413–4422.

43. Sullivan, N., M. Thali, C. Furman, D. D. Ho, and J. Sodroski. 1993. Effect of
amino acid changes in the V1/V2 region of the human immunodeficiency
virus type 1 gp120 glycoprotein on subunit association, syncytium formation,
and recognition by a neutralizing antibody. J. Virol. 67:3674–3679.

44. Taylor, D. L., M. S. Kang, T. M. Brennan, C. G. Bridges, P. S. Sunkara, and
A. S. Tyms. 1994. Inhibition of a-glucosidase I of the glycoprotein-processing
enzymes by 6-O-butanoyl castanospermine (MDL 28,574) and its conse-
quences in human immunodeficiency virus-infected T cells. Antimicrob.
Agents Chemother. 38:1780–1787.

45. Thali, M., A. Bukovsky, E. Kondo, B. Rosenwirth, C. Walsh, J. Sodroski, and
H. G. Gottlinger. 1994. Functional association of cyclophillin A with HIV-1
virions. Nature (London) 372:363–365.

46. Thali, M., C. Furman, E. Helseth, H. Repke, and J. Sodroski. 1992. Lack of
correlation between soluble CD4-induced shedding of the human immuno-
deficiency virus type 1 exterior envelope glycoprotein and subsequent mem-
brane fusion events. J. Virol. 66:5516–5524.

47. Thali, M., J. P. Moore, C. Furman, M. Charles, D. D. Ho, J. Robinson, and
J. Sodroski. 1993. Characterization of conserved human immunodeficiency
virus type 1 gp120 neutralization epitopes exposed upon gp120-CD4 binding.
J. Virol. 67:3978–3988.

48. Walker, B. D., M. Kowalski, W. C. Goh, K. Kozarsky, M. Krieger, C. Rosen,
L. Rohrschneider, W. A. Haseltine, and J. Sodroski. 1987. Inhibition of
human immunodeficiency virus syncytium formation and virus replication by
castanospermine. Proc. Natl. Acad. Sci. USA 84:8120–8124.

49. Willey, R. L., J. S. Bonifacino, B. J. Potts, M. A. Martin, and R. D. Klausner.
1988. Biosynthesis, cleavage, and degradation of the human immunodefi-
ciency virus 1 envelope glycoprotein gp160. Proc. Natl. Acad. Sci. USA
85:9580–9584.

50. Willey, R. L., M. A. Martin, and K. W. C. Peden. 1994. Increase in soluble
CD4 binding to and CD4-induced dissociation of gp120 from virions corre-
lates with infectivity of human immunodeficiency virus type 1. J. Virol.
68:1029–1039.

51. Willey, R. L., T. S. Theodore, and M. A. Martin. 1994. Amino acid substi-
tutions in the human immunodeficiency virus type 1 gp120 V3 loop that
change viral tropism also alter physical and functional properties of the
virion envelope. J. Virol. 68:4409–4419.

52. Wyatt, R., J. Moore, M. Accola, E. Desjardin, J. Robinson, and J. Sodroski.
1995. Involvement of the V1/V2 variable loop structure in the exposure of
human immunodeficiency virus type 1 gp120 epitopes induced by receptor
binding. J. Virol. 69:5723–5733.

53. Wyatt, R., N. Sullivan, M. Thali, H. Repke, D. Ho, J. Robinson, M. Posner,
and J. Sodroski. 1993. Functional and immunologic characterization of hu-
man immunodeficiency virus type 1 envelope glycoproteins containing dele-
tions of the major variable regions. J. Virol. 67:4557–4565.

54. Yoshiyama, H., H. Mo, J. P. Moore, and D. D. Ho. 1994. Characterization of
mutants of human immunodeficiency virus type 1 that have escaped neutral-
ization by a monoclonal antibody to the gp120 V2 loop. J. Virol. 68:974–978.

7160 FISCHER ET AL. J. VIROL.


