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A biotinylation assay was used to detect the envelope glycoprotein of the simian immunodeficiency virus
(SIV) envelope glycoprotein expressed by a recombinant vaccinia virus on the surface of HeLa T4 cells. The
relationship between the detection of the envelope glycoprotein on the cell surface and its secretion from the
cell was examined. It was found that much more gp120 was released into the culture medium than could be
accounted for by shedding of the biotinylated SIV envelope protein from the cell surface. Treatment with the
ionophore monensin showed that this drug did not block the secretion of gp120 into the culture medium even
though the expression of gp120 on the cell surface was strongly downregulated. Similar results were observed
for the secretion of gp120 in HUT78 cells infected with SIV,,,.251 virus. Brefeldin A, on the other hand,
inhibited both the detection of gp120 on the cell surface and its secretion into the culture medium. On the basis
of these results, we propose that gp120 can be secreted into the culture medium via at least two pathways. One
pathway involves the dissociation of gp120 from membrane-associated gp41-gp120 complexes on the cell
surface. However, the major pathway involves the secretion of gp120 without its transitory appearance on the

cell surface as part of a gp41-gp120 complex.

The envelope glycoproteins of the human immunodeficiency
virus (HIV) and simian immunodeficiency virus (SIV) have
important functions in the binding of the virus to the target cell
and the induction of fusion between the viral and the target cell
membranes (11, 16, 20). The envelope protein is synthesized as
a precursor protein which is cleaved into two subunits by a host
enzyme (10). For viruses with a full-length envelope protein,
the precursor protein is referred to as gp160, and the cleavage
products are the surface protein, gp120, and the transmem-
brane protein, gp41. gp120 has the function of binding to the
CD#4 receptor on target cells (20), whereas gp41 has a hydro-
phobic domain at its amino terminus which is thought to play
an important role in the fusion between the viral and target cell
membranes induced by the envelope glycoprotein (20). In
addition, gp41 has a membrane-spanning domain which an-
chors the envelope glycoprotein complex to the viral or cell
mcmbranes. The gpl20 protein is associated noncovalently
with the gp41 transmembrane protein (12). The transport of
the envelope glycoprotein precursor proceeds via the endo-
plasmic reticulum (ER) and Golgi complex. gpl60 acquires
high-mannose sugars in the ER which are processed in the
Golgi complex to yield a highly glycosylated envelope glyco-
protein with a mixture of high-mannose, hybrid, and complex
carbohydrate structures (7, 13). The cellular site of precursor
cleavage may be cell type dependent and has been reported to
occur in a late Golgi compartment or in the trans-Golgi
network (10, 32). The gp120 and gp41 cleavage products are
transported as a complex to the cell surface, where they can be
incorporated into budding virions.

It has been frequently observed that the gp120 subunit of the
envelope glycoprotein is shed from the cell or virion surface
into the culture medium. This shedding has been presumed to
occur via the dissociation of a fraction of the gp120-gp41l
complexes on the cell or virion surface (19, 27, 31). It has been
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reported that binding of gp120 to a soluble form of its cellular
CD4 receptor induces conformational changes in the envelope
complex and that CD4 binding can also induce shedding of
gp120 (26). Some studies have also presented evidence which
suggests that the gp120-gp41 complex dissociates before reach-
ing the cell surface (12, 18). Such an event could lead to the
direct secretion of gpl20 from the cell without its prior
expression on the cell surface. In this study, we examined
possible pathways for the secretion of the SIV envelope
protein. We directly analyzed the fate of the SIV glycoproteins
detected on the cell surface and their relationship to the SIV
glycoproteins secreted into the culture medium.

MATERIALS AND METHODS

Cells and viruses. HeLa T4, HEp-2, and TK * 143 cells were
maintained in Dulbecco’s minimal essential medium (DMEM)
supplemented with 10% newborn calf serum. HUT78 cells
were maintained in RPMI 1640 medium supplemented with
15% fetal calf serum. A recombinant vaccinia virus expressing
the SIV,,,..239 envelope protein was made by standard meth-
ods (25). This virus was grown and titers were determined on
TK-143 cells.

Vaccinia virus infection and *S radiolabelling. Eighty per-
cent-confluent HeLa T4 cells in 35-mm-diameter dishes were
infected with the recombinant vaccinia virus at a multiplicity of
infection of 2. After a 1-h adsorption period, the inoculum was
replaced with DMEM containing 10% newborn calf serum.
After a 10-h incubation, the cells were starved in cysteine- and
methionine-deficient DMEM for 30 min. The cells were then
pulse-labelled with 80 p.Ci of [**S]cysteine and [**S]methionine
per ml and chased for various periods with DMEM containing
10% newborn calf serum.

Cell surface biotinylation and SDS-PAGE. Cell surface
proteins were identified by a procedure similar to that de-
scribed by Le Bivic et al. (17). At the end of the pulse or the
chase periods, the supernatants were collected. The cells were
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washed three times with ice-cold phosphate-buffered saline
(PBS) containing 0.1 mM CaCl, and 1 mM MgCl, (PBS/CM)
and incubated with 1 ml of a 0.5-mg/ml solution of sulfosuc-
cinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate (NHS-
SS-Biotin; Pierce) in PBS/CM at 4°C for 30 min. In preliminary
experiments using various times and amounts of reagents,
these conditions were found to allow optimal levels of biotiny-
lation of accessible envelope proteins on the cell surface. Free
biotin was blocked by being mixed with DMEM, and the cells
were washed three times with ice-cold PBS/CM. The cells were
then lysed in 150 mM NaCl-50 mM Tris-HCI (pH 7.5)-1%
Triton X-100-1% sodium dodecyl sulfate (SDS)-1 mM EDTA
plus protease inhibitors (0.3 wM aprotinin, 1 uM pepstatin, 1
pg of leupeptin per ml). A total of 250 pl of the supernatant
and 500 wl of the cell lysate samples were immunoprecipitated
for 16 h with SIV-specific antisera from an infected rhesus
monkey and protein A-agarose beads (Pierce). The cell lysate
beads were then washed three times in lysis buffer and divided
into two equal aliquots. One of each of the aliquots was boiled
in 20 pl of 10% SDS for 5 min and diluted with 1 ml of lysis
buffer. The boiled beads were removed by centrifugation for 1
min in a Microfuge, and the supernatant was incubated with
streptavidin-agarose beads (Pierce) for 5 h at 4°C. The beads
were then washed three times with lysis buffer. Proteins were
characterized by SDS-8.5% polyacrylamide gel electrophoresis
(PAGE) and subsequent autoradiography.

Treatment with monensin or brefeldin A. HeLa T4 cells
were infected with the recombinant vaccinia virus as described
above. At 10 h postinfection, the cells were starved in cysteine-
and methionine-deficient DMEM for 30 min in the presence of
various concentrations of monensin or brefeldin A (BFA). The
cells were then pulse-labelled with 80 wCi of [**S]cysteine and
[**S]methionine for 15 min and chased for various periods with
DMEM containing 10% newborn calf serum. Monensin (Sig-
ma) or BFA (Epicenter Technologies) was present during both
the pulse and the chase periods. The cells were then biotiny-
lated and lysed, and SIV-specific proteins in the cell medium,
in the cell lysate, or on the cell surface were recovered by
immunoprecipitation and streptavidin treatment as described
above. Proteins were characterized by SDS-8.5% PAGE and
subsequent autoradiography.

Endo H treatment. Proteins secreted into the culture me-
dium were collected and immunoprecipitated with SIV-specific
antiserum and protein A-agarose beads. The beads were
washed with lysis buffer and treated with or without 5 mU of
endoglycosidase H (Endo H; Boehringer Mannheim) in 100
mM sodium acetate (pH 5.5) for 16 h at 37°C. Proteins were
characterized by SDS-8.5% PAGE and subsequent autora-
diography.

SIV,.,..251 virus infection and radiolabelling. HUT78 cells
were infected with SIV,,,.251 (10* 50% tissue culture infective
doses) and passaged with the addition of fresh cells every 3 to
4 days. At 2 weeks postinfection, 2 X 10° infected cells were
added to 35-mm-diameter dishes and starved with cysteine-
and methionine-deficient RPMI 1640 medium for 25 min. The
cells were then labelled with 200 wCi of [*S]cysteine and
[**S]methionine per ml for 45 min. At the end of the labelling
period, fetal calf serum was added to the cells to a final
concentration of 15%; monensin was added to final concen-
trations of 0, 1, or 10 wM; and the cells were incubated for an
additional 6.5 h. At the end of the incubations, the culture
medium was removed and the cells were biotinylated with
NHS-SS-Biotin as described above. Culture medium, cell
lysate, and cell surface proteins were determined as described
above.
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FIG. 1. Detection of SIV envelope glycoproteins on the cell sur-
face. HeLa T4 cells infected with a recombinant vaccinia virus
expressing the SIV envelope glycoprotein were pulse-labelled (lanes P)
with [**S]cysteine and [**S]methionine for 15 min and chased with cold
cysteine and methionine for 2 or 4 h (lanes 2 and 4, respectively). At
the end of the chase period, the cell surface proteins were biotinylated.
SIV-specific proteins secreted into the culture medium and in the cell
lysate were immunoprecipitated with a polyclonal SIV antiserum.
SIV-specific proteins on the cell surface were detected by precipitating
half of the cell immunoprecipitate with streptavidin-agarose beads as
described in Materials and Methods. Lanes C, vaccinia virus control
samples.

RESULTS

Expression of the SIV envelope glycoprotein on the cell
surface. In order to examine the relationship between the SIV
envelope glycoprotein on the cell surface and its secretion into
the culture medium, we utilized an assay which combines cell
surface biotinylation and immunoprecipitation to differentiate
SIV-specific proteins expressed in the whole cell and on the
cell surface. Briefly, cells infected with a vaccinia virus recom-
binant expressing the SIV envelope protein were radiolabelled
with [**S]cysteine and [**S]methionine and then reacted with
the membrane-impermeable biotinylation reagent NHS-SS-
Biotin. The cells were then lysed and immunoprecipitated with
an SIV-specific polyclonal antibody. The biotinylated SIV
envelope proteins from the cell surface were recovered by
incubating half of the immunoprecipitated sample with
streptavidin-agarose beads.

The results of a pulse-chase analysis of the appearance on
the cell surface of the SIV envelope glycoprotein are shown in
Fig. 1. HeLa T4 cells infected with rVV-SIV,, 23%nv, a
vaccinia virus recombinant expressing the SIV envelope glyco-
protein, were pulsed with [**S|cysteine and [**S]methionine for
15 min and chased with cold cysteine and methionine for 2 or
4 h. At the end of the pulse and each of the chases, the cells
were biotinylated and subsequently treated as described above.
The unprocessed gp160 precursor protein was present in the
cell lysate of the pulse sample (lanes P). The processed gp120
and gp41 cleavage products appeared in the chase samples
(lanes 2 and 4). Secretion of gp120 into the culture medium
was observed in the 2-h chase sample (lanes 2) and increased
significantly in the 4-h chase sample (lanes 4). gp120 was first
detected on the cell surface in the 2-h chase sample, and it
accumulated in the 4-h chase (lanes 2 and 4). A small amount
of gp160 was also observed on the cell surface. We were not
able to detect biotinylated gp41 on the cell surface in these
experiments.

The secretion of gp120 can only partially be accounted for by
dissociation from gp41 on the cell surface. To examine the
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FIG. 2. Release of biotinylated gp120 into the culture medium.
Hela T4 cells infected with a recombinant vaccinia virus expressing
the SIV envelope glycoprotein were pulse-labelled with [**S]cysteine
and [*S]methionine for 15 min and chased with cold cysteine and
methionine for 3 h. The cells were then biotinylated at 4°C for 30 min.
Subsequently, fresh medium was added and the cells were incubated
for an additional 1, 4, or 7 h. SIV-specific proteins present in the cell
lysate and on the cell surface (A) and released into the cell medium (B,
Media) were detected as outlined in Materials and Methods. Addi-
tionally, biotinylated SIV-specific proteins released into the culture
medium from the cell surface were detected by precipitating half of the
immunoprecipitated culture medium with streptavidin-agarose beads
(B, Release). (A) Lanes 1 and 6, samples at end of initial 3-h chase;
lanes 2 and 7, 1 h; lanes 3 and 8, 4 h; lanes 4 and 9, 7 h postbiotiny-
lation; lanes 5 and 10, vaccinia virus control samples. (B) Lanes 1 to 5,
total SIV-specific protein released into the medium; lanes 6 to 10,
biotinylated SIV-specific proteins released into the medium. Individual
lanes correspond to the same time points as in panel A.

relationship between the gp120 detected on the cell surface
and the gp120 secreted into the culture medium, we decided to
monitor the release of biotinylated gp120 from the cell surface
into the culture medium. HeLa T4 cells infected with a
recombinant vaccinia virus expressing the SIV envelope glyco-
protein were pulsed and chased for 3 h as described before.
The cells were then treated with NHS-SS-Biotin for 30 min at
4°C, after which fresh medium was added to the cells. The
biotinylated cells were incubated for an additional 1, 4, or 7 h
at 37°C. We ensured that the cells remained viable after the
biotinylation by staining with trypan blue. SIV-specific proteins
present in the cell lysate, surface, and culture medium fractions
were recovered by immunoprecipitation and streptavidin treat-
ment as described in Materials and Methods. In addition, half
of the immunoprecipitated medium fractions were treated with
streptavidin to recover biotinylated gp120 released into the
culture medium from the cell surface at 1, 4, or 7 h after
biotinylation. As shown in Fig. 2A, the level of biotinylated
gp120 remaining on the cell surface decreased progressively in
samples examined 1, 4, and 7 h after the cells had been
biotinylated (Fig. 2A, lanes 7, 8, and 9). As shown in Fig. 2B,
biotinylated gp120 was released from the cell surface and first
appeared in the culture medium 1 h after biotinylation of the
cells (Fig. 2B, lane 7). The level of biotinylated gp120 in the
culture medium increased slightly in the 4- and 7-h postbioti-
nylation samples (Fig. 2B, lanes 8 and 9). As expected, none of
the gp120 present in the medium at the end of the initial 3-h
chase period (before biotinylation) was precipitated by strepta-
vidin (Fig. 2B, compare lanes 1 and 6). We also examined the
total amount of gp120 released into the culture medium 1, 4,
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and 7 h after the cells were biotinylated and the media were
replaced. As shown in Fig. 2B, the total amount of radiola-
belled gp120 released into the culture medium progressively
increased at 1, 4, and 7 h after biotinylation of the cells (lanes
2, 3, and 4, respectively). Interestingly, the total levels of
radiolabelled gp120 released into the medium were much
greater than the levels of biotinylated gp120 released into the
medium (Fig. 2B, compare lanes 2 and 7, 3 and 8, and 4 and 9).
This finding indicates that the majority of the SIV envelope
protein released into the culture medium had not been ex-
posed on the cell surface and detected by biotinylation. This
finding may be due to an unstable or transient expression of
the envelope protein on the cell surface. However, the slow
kinetics of shedding of biotinylated gp120 into the medium
show that the gp120-gp41 association of the SIV envelope
glycoprotein complex on the cell surface is relatively stable.
These findings suggest that an alternative pathway exists for
the release of gp120 into the culture medium, which does not
require expression of an unstable gp41-gp120 complex on the
cell surface.

Monensin downregulation of cell surface expression does
not prevent secretion of gpl20. The results we obtained by
analyzing the release of biotinylated gp120 from the cell
surface suggested that the SIV envelope protein is released
from cells by different transport pathways. To further investi-
gate the transport of the SIV glycoprotein to the cell surface
and its release into the culture medium, we investigated the
effect of monensin treatment. Monensin is a monovalent
ionophore which has been shown to inhibit vesicular transport
and to prevent terminal N-glycosylation and protein process-
ing, which normally occur in the trans-Golgi complex (9).
Treatment of infected cells with monensin has been reported
to affect the transport and processing of the HIV envelope
glycoprotein as well as that of other enveloped viral glycopro-
teins (1, 3, 5, 8, 14, 23, 29, 30). HeLa T4 cells infected with a
recombinant vaccinia virus exEressing the SIV envelope pro-
tein were radiolabelled with [**S]cysteine and [**S]methionine
for 15 min and chased for 3 h in the presence of monensin
concentrations from 0 to 50 wM. At the end of the chases, the
cells were biotinylated and analyzed as described before. As
shown in Fig. 3, at the end of the 3-h chase periods both the
unprocessed gpl60 precursor and the processed gpl20 cleav-
age product were present in each of the cell lysate fractions. At
all concentrations of monensin used, we observed an increase
in electrophoretic mobility of gpl20 compared with gp120
generated in the absence of monensin. This result has also
been observed by other investigators and was shown to be
because of differences in the glycosylation of the envelope
protein in the presence of monensin (5, 23, 30). At the highest
monensin concentration tested, a partial inhibition of precur-
sor cleavage was also observed. Importantly, the cell surface
expression of the processed SIV glycoprotein was markedly
inhibited by monensin concentrations of 2 wM or greater.
Virtually no gpl20 was detected on the cell surface in the
presence of 10 uM monensin, even though the rate of synthesis
of gp120 was unaffected. We also observed no inhibition of
release of gp120 into the medium by monensin concentrations
up to 10 uM. Since monensin blocks protein transport to the
plasma membrane, the continued secretion of gp120 into the
culture medium in the presence of monensin provides further
evidence for an alternate transport pathway available for the
SIV glycoproteins which does not involve their transient
expression on the cell surface. It has previously been reported
that the HIV-1 envelope precursor protein can retard the
transport of CD4 by forming a complex with CD4 in the ER
(4). To determine whether the presence of CD4 has an effect
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FIG. 3. Effects of monensin concentration on transport of the SIV
envelope glycoprotein. HeLa T4 cells infected with a recombinant
vaccinia virus expressing the SIV envelope glycoprotein were pulse-
labelled with [*¥*S]eysteine and [**S]methionine for 15 min and chased
with cold cysteine and methionine for 3 h in the presence of monensin
concentrations ranging from 0 to 50 uM. At the end of the chase
period, the cell surface proteins were biotinylated. SIV-specific pro-
teins secreted into the culture medium and in the cell lysate were
immunoprecipitated with a polyclonal SIV antiserum. SIV-specific
proteins expressed on the cell surface were detected by incubating half
of the cell immunoprecipitate with streptavidin as described in Mate-
rials and Methods. Lanes C, vaccinia virus control samples.

on the transport of the SIV glycoprotein in the presence of
monensin, we have repeated the above cxperiment in the
CD4 cell line HEp-2. Our results showed no major differ-
ences between the transport of the SIV envelope protein in
HeLa T4 cells compared with HEp-2 cells, i.e., expression of
gp120 on the cell surface was inhibited, whereas secretion into
the medium was not (data not shown). This finding indicates
that the presence of CD4 had no detectable effect on the
transport pathways of the SIV glycoprotein.

SIV glycoproteins released into the culture medium have
differing Endo H sensitivities in the presence of monensin. To
directly test whether the SIV envelope glycoprotein had been
exposed to a different set of sugar-modifying enzymes in the
presence of monensin, we treated SIV glycoproteins secreted
from cells in the presence or absence of 10 uM monensin with
Endo H. Endo H removes N-linked oligosaccharide side chains
from high-mannosc glycoproteins, but it does not digest com-
plex oligosaccharide side chains. As such, the resistance to
detection with Endo H serves as a marker for transport to the
Golgi complex. HeLa T4 cells infected with a recombinant
vaccinia virus expressing the SIV glycoprotein were pulsed with
[**S]cysteine and [**S]methionine for 20 min and then chased
with cold cysteine and methionine for 3 h in the presence or
absence of 10 uM monensin. The SIV glycoproteins that were
released into the culture medium were then digested with
Endo H. As shown in Fig. 4, there is a striking increasc in Endo
H scnsitivity of gp120 secreted into the culture medium in the
presence of moncnsin (Fig. 4, compare lanes 3 and 5). This
result indicated that the gp120 released into the medium in the
presence of monensin had not undergone normal oligosaccha-
ride processing. It is interesting that the addition of these
complex oligosaccharides is not required for the secretion of
gp120 from the cell. In the absence of monensin, the suscep-
tibility of the SIV envelope glycoproteins detected on the cell
surface is similar to the Endo H susceptibility of the SIV
envelope glycoprotein released into the medium (Fig. 4, com-
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FIG. 4. Endo H treatment of SIV envelope glycoproteins secreted
into the culture medium or expressed on the cell surface in the
presence or absence of monensin. HeLa T4 cells infected with a
recombinant vaccinia virus expressing the SIV envelope glycoprotein
were pulse-chased with [*S]eysteine and [**S]methionine as outlined
in the legend to Fig. 1. Media, SIV-specific proteins secrcted into the
culture medium in the absence (lanes 2 and 3) or presence of 10 uM
monensin (lanes 4 and 5) before (lanes 2 and 4) and after (lanes 3 and
5) treatment with Endo H. Surface, SIV-specific proteins expressed on
the cell surface (in the absence of monensin) before (lane 7) and after
(lane 8) treatment with Endo H. Lanes | and 6, vaccinia virus control
samples.

pare lanes 3 and 8). When we trcated gp120 secreted into the
medium or expressed on the cell surface with ncuraminidasc
(in the absence of monensin), we observed a slight increase in
clectrophoretic mobility for both secreted and cell surface-
expressed gpl120 (data not shown). Since the addition of sialic
acid occurs in the trans-Golgi complex or the TGN, this finding
suggests that secreted as well as membrane-associated enve-
lope proteins are transported via the trans-Golgi complex.

BFA prevents release of SIV glycoproteins into the cell
medium. BFA is a macrocyclic lactone which causes recycling
of Golgi cisternae to the ER and completely blocks membranc
traffic out of the ER (15). BFA has been shown to inhibit both
the processing and the sccretion of the HIV-1 envelope
glycoprotein (24). In this study we used BFA to determinc
whether the observed secretion of the SIV envelope protein
into the culturc medium is prevented by this inhibitor. HeLa
T4 cells infected with a vaccinia virus expressing the SIV
envelope glycoprotein were pulse-labelled for 20 min with
[**S]cysteine and [**S]methionine. The cells were then chased
with cold cysteine and methionine for 3 h and 30 min in the
presence of BFA concentrations ranging from 0 to 10 pg/ml.
The cells were then biotinylated and treated as described
above. As shown in Fig. 5, gp120 was detected on the cell
surface only at the lowest BFA concentration (0.01 wg/ml).
The inhibition of appearance of gp120 in the culture medium
paralleled its detection on the cell surface. gpl120 was not
detected in the medium or on the cell surface at BFA
concentrations higher than 0.01 pg/ml. At these higher BFA
concentrations, the processing of the gpl60 precursor was
largely inhibited. This is not surprising, as the cellular protease
responsible for the cleavage of the envelope precursor protein
resides in a post-ER compartment (10). These results indicate
that transport from the ER to the Golgi complex is a require-
ment for the release of the SIV glycoprotein into the culture
medium.

An alternate pathway for the secretion of the SIV envelope
protein also exists in cells infected with SIV. In order to
investigate whether an alternate pathway for the secretion of
the SIV envelope glycoprotein can also be demonstrated in
cells infected with live SIV, we analyzed the appearance of
gpl20 on the cell surface and in the culture medium of
SIV,,...251-infected HUT78 cells in the presence or absence of
monensin. We radiolabelled SIV . 251-infected HUT78 cells
with [**S]cysteine and [**S]mcthionine for 7 h and 15 min in
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FIG. 5. Expression of the SIV envelope glycoprotein in the pres-
ence of BFA. HeLa T4 cells infected with a recombinant vaccinia virus
ex?ressing the SIV envelope glycoprotein were pulse-labelled with
[**S]cysteine and [**S]methionine for 15 min and chased with cold
cysteine and methionine for 3 h and 30 min in the presence of BFA at
concentrations ranging from 0 to 10 pg/ml. At the end of the chase
period, the cell surface proteins were biotinylated. SIV-specific pro-
teins secreted into the media and in the cell lysate were immunopre-
cipitated with a polyclonal SIV antiserum. SIV-specific proteins ex-
pressed on the cell surface were detected by precipitating half of the
cell immunoprecipitate with streptavidin-agarose beads as described in
Materials and Methods. Lanes C, vaccinia virus control samples.

the presence of 0, 1, or 10 uM monensin. At the end of the
incubations, the cells were biotinylated with NHS-SS-Biotin,
and SIV-specific proteins present in the cell lysate, surface, and
culture medium fractions were recovered by immunoprecipi-
tation and streptavidin treatment as described above (Fig. 6).
Treatment with monensin caused an increase in the electro-
phoretic mobility of gp120 and a partial inhibition of precursor
cleavage, as found with the vaccinia virus-expressed glycopro-
teins. In the absence of monensin, gp120 and gpl60 were
readily apparent on the cell surface and gp120 was secreted
into the culture medium. The expression of gp160 on the cell
surface was not prevented by monensin. Importantly, at both
monensin concentrations used, a strong downregulation of
gp120 expressed on the cell surface was observed while appre-
ciable amounts of gp120 were still released into the culture
medium. This finding indicates that an alternative pathway for
the secretion of the SIV envelope glycoprotein also occurs in
SIV-infected T cells.

DISCUSSION

We have demonstrated that the SIV envelope protein can be
detected on the cell surface by a biotinylation assay and that
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FIG. 6. Expression of the SIV envelope glycoprotein in HUT78
cells infected with SIV,,,.251. HUT78 cells infected with SIV 251
were radiolabelled with [35S]cysteine and [**S]methionine for 7 h and
15 min in the presence of 0, 1, or 10 pM monensin as described in
Materials and Methods. At the end of the chase period, the cell surface
proteins were biotinylated. SIV-specific proteins present in the cell
lysate, surface, and culture medium fractions were recovered by
immunoprecipitation and streptavidin treatment as described above.
Lanes C, uninfected cell controls.
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the surface-expressed gp120 shows considerable stability with
only a low level of shedding into the culture medium over time.
In addition, we have found that a much larger fraction of gp120
is continuously secreted into the culture medium without being
detected on the cell surface. Other investigators have also
suggested that more than a single population of freely secreted
or virion-associated HIV-1 gp120 exists. Earl et al. (6) have
reported that radiolabelled HIV-1 envelope protein expressed
in BSC-1 cells was efficiently shed for about 4 h postlabelling.
After that, little additional shedding occurred over the next 20
h, even though the envelope protein continued to be present in
the cell lysates. Helseth and coworkers (12) have examined
HIV-1 envelope mutant proteins which exhibit a decreased
association between the gp120 and gp41 subunits. They have
reported that the levels of cell-associated gp41l of several
mutants were decreased compared with those of the wild-type
envelope, suggesting the possibility of a dissociation of the
gp120-gp41 complex before reaching the cell surface. Unusu-
ally high levels of secretion of gp120 were reported with an
HIV-1 envelope protein with a mutated glycosylation site in
gp41, which suggests possible early dissociation of gp120 and
gp41 (18). In a previous study, our laboratory has observed that
virtually all of the envelope protein of an HIV-2 variant, ST#2,
is secreted into the culture medium (21). McKeating and
coworkers (19) have examined the shedding of gp120 from the
virions of various HIV-1 strains and reported that the SF-2
virus isolate exhibited a high level of gp120 shedding but that
the residual gp120 population left on virions was more resis-
tant to shedding. These results point to the presence of a
heterogeneous population of envelope proteins in cells and on
the surface of virions.

The results we obtained by studying the release of biotiny-
lated SIV glycoproteins suggested that the SIV envelope
protein is exported from the cell by a mechanism which does
not involve shedding from the cell surface. We further ad-
dressed this possibility by the use of the ionophore monensin.
Monensin inhibits the transport of many proteins at the level of
the medial- to trans-Golgi complex. It can block protein
transport along a number of pathways depending on both the
cell type and the protein involved (9). It has previously been
observed that monensin has differential effects on distinct
pathways of transport to the cell surface and secretion of
glycoproteins. For instance, monensin blocked the secretion of
acetylcholinesterase from chicken embryo skeletal muscle
cells, even though the transport of the acetylcholine receptor
to the cell surface was not inhibited (28). Monensin also
blocked transport of the vesicular stomatitis virus G protein to
the basolateral surface of MDCK cells without preventing the
transport of the influenza virus HA glycoprotein to the apical
surface of the same cell type (1). Bosch and Schwarz (3) have
studied the effects of monensin on the transport of the Rous
sarcoma virus glycoprotein in chicken embryo fibroblasts and
have reported that treatment with monensin prevents the
processing of high-mannose-type oligosaccharides to complex-
type oligosaccharides, resulting in the formation of a 75-kDa
envelope glycoprotein instead of the normal 85-kDa glycopro-
tein. Interestingly, this 75-kDa envelope protein was incorpo-
rated into released virions. Since the addition of complex-type
oligosaccharides occurs in the Golgi complex, Bosch and
Schwarz suggested that an alternative transport pathway to the
cell surface exists for the Rous sarcoma virus glycoprotein.
Several other studies have shown that monensin inhibits the
transport to the cell surface of certain other viral glycoproteins
(8, 9, 14, 29). Effects of monensin on the processing and
transport of the HIV envelope protein have been studied by
several investigators (5, 23, 30). Monensin appears to prevent
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the cleavage of the HIV-1 envelope precursor protein and
cause changes in glycosylation resulting in glycoproteins with
faster electrophoretic mobilities and reduced or abolished
incorporation of sialic acid, fucose, and galactose residues. Our
results indicate that monensin exhibits differential effects on
the cell surface expression and the secretion of the SIV
envelope glycoprotein both in SIV-infected cells and in cells
infected with a vaccinia virus recombinant expressing the SIV
envelope protein. The inhibition of transport of the SIV
envelope protein by monensin appears to be limited to those
glycoproteins which are stably expressed on the cell surface.
This finding suggests the presence of another, monensin-
insensitive pathway for the secretion of SIV envelope glyco-
proteins. One likely explanation for this finding would be the
dissociation of the gp120-gp41 complex inside the cell, before
reaching the cell surface, and the secretion of the dissociated
gp120 by a process which is resistant to monensin.

The present results also indicate that the alternate pathways
for transport of the SIV envelope glycoprotein diverge after
the cleavage of the gp160 precursor. This cleavage has been
reported to be accomplished by furin, an enzyme which resides
in the trans-Golgi network (10). In other studies it was
concluded that envelope cleavage occurs in the medial Golgi
cisternae (32). Our laboratory has recently shown that sulfa-
tion of the HIV and SIV glycoproteins, a modification which
occurs in the trans-Golgi network, is not required for envelope
glycoprotein secretion (2). The results obtained here with
BFA, a compound which blocks transport of proteins from the
ER to the Golgi complex (15), demonstrate that inhibition of
transport of the SIV envelope glycoprotein at this level blocks
both secretion of gp120 and its expression on the cell surface.
Cell-type-specific factors can also affect the transport of lenti-
viral glycoproteins. An example of a cell which shows apparent
differences in the secretion of the envelope glycoprotein is the
monocyte. Orenstein and coworkers have reported that HIV-
1-infected monocytes have very few virions budding from the
cell surface and that most particles are observed budding into
cytoplasmic vacuoles (22).

The results presented here further indicate that the levels of
gp120 released in the culture medium should not be used as a
measure of the expression of the envelope complex on the cell
surface. To evaluate the expression of the envelope glycopro-
tein on the cell surface, direct detection methods, such as
biotinylation or fluorescence-activated cell sorter analysis,
should be employed.
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