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The nature and stability of the interactions between the gp70 and Pr15E/p15E molecules of murine leukemia
virus (MLV) have been disputed extensively. To resolve this controversy, we have performed quantitative
biochemical analyses on gp70-Pr15E complexes formed after independent expression of the amphotropic and
ecotropic Moloney MLV env genes in BHK-21 cells. We found that all cell-associated gp70 molecules are
disulfide linked to Pr15E whereas only a small amount of free gp70 is released by the cells. The complexes were
resistant to treatment with reducing agents in vivo, indicating that the presence and stability of the disulfide
interaction between gp70 and Pr15E are not dependent on the cellular redox state. However, disulfide-bonded
Env complexes were disrupted in lysates of nonalkylated cells in a time-, temperature-, and pH-dependent
fashion. Disruption seemed not to be caused by a cellular factor but is probably due to a thiol-disulfide
exchange reaction occurring within the Env complex after solubilization. The possibility that alkylating agents
induce the formation of the intersubunit disulfide linkage was excluded by showing that disulfide-linked
gp70-Pr15E complexes exist in freshly made lysates of nonalkylated cells and that disruption of the complexes
can be prevented by lowering the pH. Together, these data establish that gp70 and Pr15E form a stable

disulfide-linked complex in vivo.

The envelope (Env) protein of murine leukemia virus
(MLV) mediates binding of the virus particle to a specific
receptor(s) at the surface of uninfected cells and is responsible
for the fusion of the viral and cellular membranes during virus
entry (8). In the virion, the Env protein forms a complex that
consists of a membrane-anchored (TM) and a surface (SU)
molecule. The TM subunit contains an amino-terminal hydro-
phobic peptide that is thought to mediate membrane fusion
(10, 19), whereas the SU subunit bears the receptor binding
function (2, 17).

SU and TM are derived from a precursor polypeptide which
is inserted into the membrane of the endoplasmic reticulum
(ER). The precursor Env protein is proteolytically cleaved into
SU and TM by a cellular enzyme at a late stage during its
transport to the plasma membrane (PM), where virus assembly
takes place (3, 13, 34). In MLV, SU and TM are designated
gp70 and Pr15E, respectively, corresponding to their respective
molecular weights. During or shortly after virus budding,
Pr15E is processed into p15E by the viral protease, which clips
off the so-called R peptide, comprising the carboxy-terminal 16
amino acid residues of the molecule (15, 38, 46).

In early studies, it was found that gp70 and Pr15E present in
MLV-infected cells and in virions form a disulfide-linked com-
plex (27, 40, 44, 45, 51, 56). Although none of these studies
involved a quantitative analysis of the biosynthesis of the Env
protein complex, the fraction of gp70 and Pr1SE/p15E that was
found in the disulfide-bonded form seemed to vary signifi-
cantly. These differences can be due to the virus strain, ex-
perimental variations, inaccurate quantitation, and different
labeling methods used. Importantly, the detection of disulfide-
linked gp70-Pr15E/p1SE complexes in all of the studies was
critically dependent on treatment of infected cells and virus
particles with thiol-active reagents, such as N-ethylmaleimide
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(NEM), 2,2’'-dithiobis(m-nitropyridine) [DTNP], and iodo-
acetamide, prior to solubilization.

Findings by Pinter et al. (41) have cast doubt on whether the
disulfide linkage between gp70 and Pr15SE/p15SE actually exists
in vivo. It was shown that disruption of virus particles with
sodium dodecyl sulfate (SDS) yields only 10% of gp70 in a
disulfide-linked complex with p15SE. However, when the virions
were incubated with Nonidet P-40 (NP-40), before addition of
SDS, up to 39% of gp70 was found to be covalently linked to
p15E. It has therefore been concluded that only a minor frac-
tion of gp70 and p15E is coupled by disulfide bridges in vivo
and that disulfide-linked gp70-p15E complexes are mostly
spontaneously formed after solubilization in NP-40 (41). Pre-
treatment of the virions with NEM or DTNP resulted in a
further increase in the yield of disulfide-bonded Env com-
plexes. This was interpreted as indicating that NEM and
DTNP activate free sulfhydryls in the Env protein, thereby
stimulating the formation of a disulfide linkage between gp70
and p15E (41, 45).

This interpretation has since been changed. Pinter et al. (42)
recently showed that treatment of ecotropic, xenotropic, and
amphotropic MLV particles with NEM prior to solubilization
greatly increases the yield of gp70 engaged in disulfide-linked
Env complexes. To explain this effect, these investigators sug-
gested that gp70 and p15E are linked by a labile disulfide bond,
which can be stabilized by blocking free thiols, present in intact
virions, with NEM. This would prevent thiol-disulfide ex-
change reactions and thereby inhibit the disruption of the
covalent linkage between gp70 and p15E.

A similar theory assumes that the disulfide bond between
gp70 and Pr15E/p1SE isomerizes readily and reversibly in vivo
as well as in cell lysates with a free cysteine thiol group within
the Env protein (14). As a consequence, only a fraction of gp70
and Pr15E/p15E is disulfide linked and the proportion of gp70
and Pr15E/p15E involved in covalently linked complexes de-
pends on the redox conditions of the environment. This model
is based on the claim of Gliniak et al. (14) that incubation of
infected cells with the oxidizing agent diamide increases the
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amount of gp70 that is disulfide bonded to Pr15E. The possi-
bility that gp70 and Pr15E/p15E are held together by nonco-
valent interactions has been supported by studies showing that
free gp70 is present in the medium of infected cells and that
gp70 can be released from virus particles by freeze-thawing
(32, 33, 36).

The aim of the work presented here was to elucidate the
above-described controversy about the interactions between
gp70 and Pr15E/p15SE. It is important to establish the nature
and stability of these interactions, since structural reorganiza-
tion or even dissociation of the Env protein complex has been
suggested to play a role in the activation of the fusion function
of the Env protein during virus entry (42, 43). Therefore, we
have expressed the amphotropic and ecotropic Moloney MLV
(Mo-MLYV) env genes in BHK-21 cells by using recombinant
Semliki Forest virus (recSFV) vectors. The recSFV expression
system has proven to be particularly useful for the efficient
expression of foreign genes in mammalian cells (28, 31, 49).
Our laboratory has recently developed a method to produce
high-titer stocks of recombinant Mo-MLYV in BHK-21 cells by
coexpression of the env and gag-pol genes and a recombinant
retrovirus genome from separate SFV expression vectors (29).
Here we have expressed the env genes in the absence of other
Mo-MLV components to investigate the intrinsic properties of
the gp70-Pr15E interactions.

MATERIALS AND METHODS

Cells, virus, and antibodies. BHK-21 cells (American Type Culture Collection,
Rockville, Md.) were grown in BHK-21 medium (GIBCO BRL, Life Technol-
ogies, Paisley, United Kingdom) containing 5% fetal calf serum, 10% tryptose
phosphate broth, 20 mM HEPES, and 2 mM glutamine (BHK medium). The
cloning of the ecotropic and amphotropic Mo-MLYV env genes into the SFV-1
expression vector (31) has been described previously (29, 49). recSFV genomes
were packaged into recSFV particles as described previously (31, 50). The titers
of recSFV stocks were determined by indirect immunofluorescence with the
gp70-specific rat monoclonal antibody 83A-25 (9), a kind gift of B. W. Chesebro.
Polyclonal pig antiserum HC185 against MLV was used for immunoprecipitation
of the Env proteins and was purchased from Quality Biotech Inc., Camden, N.J.

Infection and metabolic labeling. Subconfluent monolayers of BHK-21 cells
were washed once with phosphate-buffered saline including Ca®>* and Mg>*
(PBS) and inoculated with recSFV in minimal essential medium (MEM; GIBCO
BRL, Life Technologies) containing 0.2% bovine serum albumin. After a 1-h
incubation at 37°C, the inoculum was replaced with BHK-21 medium. At 5.5 h
after inoculation, the cells were starved for 30 min in Dulbecco’s MEM (DMEM)
lacking L-cysteine (DMEM — cys). Thereafter, the cells were labeled for the
indicated times in DMEM — cys supplemented with 50 to 200 wCi of L-[>>S]cys-
teine (Amersham Corp., Arlington Heights, Ill.). At the end of the labeling, the
cells were either directly solubilized (see below) or washed twice with BHK-21
medium supplemented with 2 mM L-cysteine (chase medium) and further incu-
bated in chase medium. When indicated, the chase medium was collected and
centrifuged for 5 min at 5,000 rpm and 4°C in an Eppendorf 16F24-11 centrifuge.
The cleared media were stored on ice before being used for immunoprecipita-
tion.

Alkylation and solubilization of cells. Routinely, the cells were put on ice and
incubated twice for 1 min with freshly prepared ice-cold PBS containing 20 mM
NEM (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) before being solu-
bilized in NP-40 lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 2 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% NP-40) supplemented with 20
mM NEM. The lysates were cleared by centrifugation for 5 min at 6,000 rpm and
4°C in an Eppendorf 16F24-11 centrifuge and the supernatants were stored on
ice. When indicated, samples were alkylated after lysis of the cells by adding 1
volume of NP-40 lysis buffer containing 40 mM NEM to the lysate. The low-pH
(pH 6.0) NP-40 lysis buffer used in the experiment in Fig. 5C was buffered with
20 mM 2-[N-morpholino]ethanesulfonic acid (Sigma-Aldrich) and 30 mM Tris-
HCL

Immunoprecipitation and gel electrophoresis. For precipitation of the MLV
Env proteins, fractions of cell lysates were diluted with NP-40 lysis buffer to 200
wl. The cleared media were mixed (1:1) with NP-40 lysis buffer. Then 4 pl of
polyclonal anti-MLV serum or 50 pl of monoclonal antibody against gp70 was
added, and the samples were incubated for 30 min on ice. Thereafter, 40 .l of
protein A-Sepharose (Pharmacia P-L Biochemicals Inc.) slurry in NP-40 lysis
buffer (1:1, vol/vol) was added, and the samples were incubated overnight or for
3 h at 4°C to collect the immune complexes. Protein A-Sepharose-bound im-
mune complexes were then washed twice in 0.2% NP-40-10 mM Tris-HCI (pH
7.5)-150 mM NaCl-2 mM EDTA, twice in 0.2% NP-40-10 mM Tris-HCI (pH
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7.5)-0.5 M NaCl-2 mM EDTA, and once in 10 mM Tris-HCI (pH 7.5) and finally
suspended in 80 pl of 62.5 mM Tris-HCI (pH 6.8)-2% SDS-10% glycerol (gel
sample buffer). For reduction of disulfide bonds prior to gel electrophoresis,
dithiothreitol (DTT) was added to the gel sample buffer to a final concentration
of 20 or 50 mM. The samples were heated for 5 min at 95°C before being loaded
on the gel. In case reduced and nonreduced samples were run in the same gel,
the samples were alkylated by adding iodoacetamide (Sigma-Aldrich) to 100
mM. The samples were run in SDS-8 or 12% polyacrylamide gels with the
Mighty Small IT minigel system (Hoefer Scientific Instruments, San Francisco,
Calif.). After electrophoresis, the gels were soaked for 20 to 30 min in sodium
salicylate (160 g/liter), dried, and used for autoradiography. Relative amounts of
radioactivity in protein bands were measured with a FUJIX BAS 2000 TR
phosphorimager (Fuji Photo Film Co.).

Cell surface biotinylation. Metabolically labeled env-expressing cells were put
on ice, incubated twice for 1 min with ice-cold PBS containing 20 mM NEM, and
then incubated for 30 min in ice-cold PBS containing 50 pg of NHS-S-S-biotin
(Pierce Chemical Co., Rockford, Ill.) per ml. Thereafter, nonbound biotin was
inactivated and washed away with PBS containing 50 mM NH,CI. Cell lysates
were prepared as described above, and a one-fifth volume of streptavidin-agarose
(Sigma-Aldrich) slurry in NP-40 lysis buffer (1:1 vol/vol) was added to collect the
biotinylated proteins. The samples were incubated on a rocker at 4°C for ap-
proximately 14 h. Streptavidin-agarose beads were then pelleted, washed as
described for the protein A-Sepharose-bound immune complexes, and finally
resuspended in gel sample buffer containing 50 mM DTT. The supernatant was
used for a second round of precipitation with the polyclonal anti-MLV serum.

RESULTS

Amphotropic Mo-MLYV Env protein is processed into a sta-
ble, disulfide-linked gp70-Pr15E complex. Biosynthesis of the
amphotropic Mo-MLV Env protein complex has not been
studied before. We therefore set out to characterize the syn-
thesis and processing of independently expressed amphotropic
Mo-MLV env gene products by pulse-chase analysis. Since
several data have been reported on the ecotropic MLV Env
protein previously (27, 42), we included expression of the eco-
tropic Mo-MLV env gene for comparison. recSFV-infected
BHK-21 cells expressing these proteins were labeled for 10 min
with L-[>°S]cysteine at 6 h postinoculation and chased for var-
ious periods. The cells were treated with the membrane-per-
meable alkylating agent NEM before being solubilized, and a
polyclonal serum against MLV or a monoclonal antibody spe-
cific for gp70 was used to immunoprecipitate the Env protein
from the cell lysates and chase media. Immunoprecipitates
were analyzed by gel electrophoresis under reducing and non-
reducing conditions.

The results for the amphotropic Env protein are shown in
Fig. 1A through C. The major product that could be detected
immediately after the pulse labeling was the precursor Env
protein, with a molecular mass of ~85 kDa (gp85“*"°, Fig.
1A). In addition, two other molecular species (seen as one
band in this gel) that had migrated faster in the gel were
observed. These disappeared rapidly during the chase, suggest-
ing that they were degraded. Because these products virtually
lacked N-linked oligosaccharides as well as inter- or intramo-
lecular disulfide bonds (data not shown), they most probably
represented nontranslocated, cytoplasmic Env polypeptides.
Similar products have been observed previously in MLV in-
fected cells and may result from initiation of translation at an
internal AUG site on the mRNA (3).

After 30 min of chase, two other proteins with molecular
masses of about 70 and 20 kDa started to appear. The increase
in their intensity during the chase corresponded to the de-
crease in the amount of gp85“7"°, indicating that they repre-
sented the Env protein cleavage products gp70 and Pr15E,
respectively. The difference in intensity between gp70 and
Pr15SE reflects the difference in their cysteine contents; the
molecules contain 18 and 4 cysteines, respectively (39). Ap-
proximately half of the Env molecules were cleaved within 2 h
after synthesis. Cleavage of the Env protein indicates that it
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FIG. 1. Pulse-chase analysis of env-expressing cells. BHK-21 cells infected
with recSFV expressing the amphotropic (A through C) or ecotropic (D and E)
Mo-MLV env gene were labeled for 15 min with L-[3S]cysteine at 6 h postin-
oculation and chased for the indicated times. The Env protein was immunopre-
cipitated from the cell lysates and the media by use of the polyclonal anti-MLV
serum (A, B, D, and E). The immunoprecipitates were run in SDS-12% poly-
acrylamide gels under reducing (A and D) and nonreducing (B and E) condi-
tions. The part of the gel in panel A that contains the samples of media was
exposed seven times longer than the part that contains the cell samples. The
putative nontranslocated Env molecules (nontransl.) and disulfide-linked aggre-
gates (aggr.) are indicated. A fraction of the lysate of amphotropic env-express-
ing cells that were chased for 180 min was used for immunoprecipitation with a
monoclonal antibody against gp70 (C). The resulting precipitate was analyzed
under reducing (R) and nonreducing (NR) conditions in an SDS-12% polyacryl-
amide gel.

had been transported to and through the Golgi complex and
the trans-Golgi network (3).

gp70 and Pr15E were not resolved when the immunopre-
cipitates were analyzed under nonreducing conditions (Fig.
1B). Instead, both products migrated as a disulfide-linked com-
plex with an apparent molecular mass of about 100 kDa, which
we refer to as gp70-S-S-Pr15E. That the 100-kDa protein spe-
cies is composed of both gp70 and Pr15E was verified by
immunoprecipitation with a monoclonal antibody against
gp70. This antibody was found to precipitate the 100-kDa spe-
cies in addition to the precursor Env protein, gp85“"?* (Fig.
1C, lane NR). The latter was also observed when the immu-
noprecipitate was reduced with DTT before electrophoresis
(second lane). In contrast, the 100-kDa species was not present
under these conditions. Instead, gp70 and Pr15E could be seen
in the gel, indicating that gp70 was disulfide linked to Pr15E
before reduction. Analysis of the immunoprecipitates under
nonreducing conditions also revealed the presence of aggre-
gates that stayed at the top of the running gel (Fig. 1B). These
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aggregates are disulfide bonded because they disappear after
reduction with DTT (compare Fig. 1A and B). The observation
that the disappearance of this material correlates with an in-
crease in the signal of gp85“"7"*° indicates that the disulfide-
linked aggregates contained predominantly precursor Env
molecules.

To determine whether the Env protein was released from
the cells, we subjected the chase media to immunoprecipita-
tion with the polyclonal anti-MLV serum. Some gp70 was
detected in the 1- to 3-h medium samples after prolonged
exposure of the autoradiographs (Fig. 1A). Quantitative com-
parison of the amount of cell-associated and released gp70
revealed that only 2 to 3% of total gp70 was present in the
medium after the 2- and 3-h chase periods. Since neither
gp85“"P"* nor Pr15E could be detected in the media, it is most
likely that this fraction represents free gp70 that has been shed
or secreted from the cells. From all these results, we conclude
that the majority of the proteolytically processed amphotropic
Env molecules forms stable, disulfide-linked gp70-Pr15E com-
plexes.

The analysis of the ecotropic Env protein is shown in Fig. 1D
and E. The precursor form of this protein has a molecular mass
of ~80 kDa (gp80°“’) and is somewhat less efficiently pro-
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FIG. 2. Cell surface expression of Env molecules. Amphotropic Mo-MLV
env-expressing cells were pulse-labeled and chased as described in the legend to
Fig. 1. After the chase, the cells were put on ice and incubated for 30 min with
NHS-S-S-biotin. The biotin was then inactivated and washed away. The cells
were solubilized in lysis buffer, and the biotinylated proteins (surface) were
collected with streptavidin-agarose. The remaining material (intracellular) was
subjected to immunoprecipitation with the polyclonal anti-MLV serum. The
precipitates were reduced with 50 mM DTT before being subjected to electro-
phoresis in SDS-12% polyacrylamide gels.

cessed into gp70 (which migrated very close to gp80°?) and
Pr15E than is the amphotropic Env precursor (Fig. 1D). When
analyzed under nonreducing conditions (Fig. 1E), ecotropic
gp70 and Pr15E also formed a covalently linked complex. Like
amphotropic gp70, virtually all cell-associated ecotropic gp70
was engaged in a disulfide-linked complex with Pr15E. Approx-
imately 10 to 15% of total ecotropic gp70 was detected in the
medium after the 2- and 3-h chase periods (Fig. 1D).

gp70 and Pr15E are expressed at the cell surface. The ar-
rival of Env protein at the PM was assayed by cell surface
biotinylation. To do this, radiolabeled amphotropic Mo-MLV
env-expressing cells were treated with membrane-impermeable
biotin on ice. Nonbound biotin was then inactivated and
washed away, and the cells were lysed. Biotinylated proteins
were collected from the lysates with streptavidin-agarose. The
remaining, intracellular pool of proteins was subjected to im-
munoprecipitation with the polyclonal antibodies against
MLV.

gp70 and Pr15E were the predominant products to be de-
tected by biotinylation, suggesting that they were present at the
PM (Fig. 2, lanes surface). Because the precursor protein,
gp85“P"° was not biotinylated, we conclude that the biotiny-
lation of gp70 and Pr15E was specific. A significant fraction of
gp70 and Pr1SE was also precipitated with the MLV-specific
antibodies, indicating that not all gp70 and Pr15E molecules
were biotinylated. By comparing the amounts of biotinylated
and nonbiotinylated gp70 and Pr15E, we estimated that at least
30% of the proteolytically processed Env molecules were
present at the cell surface. Similar results were obtained with
the ecotropic Env protein (data not shown).

The covalent linkage between gp70 and Pr15E is resistant to
reducing agents in vivo. To test whether the presence of the
intermolecular disulfide interaction between gp70 and Pr15E
depends on the redox state of the environment, we analyzed
the stability of gp70-S-S-Pr15E under reducing conditions in
vivo. Parallel cultures of amphotropic or ecotropic Mo-MLV
env-expressing cells were therefore labeled and chased for 105
min. Thereafter, the chase media were replaced by fresh media
containing the indicated amounts of DTT, and the incubation
was continued for 15 min at 37°C before the cells were alky-
lated and lysed.

As shown in Fig. 3A and B, treatment with DTT did not
cause a decrease in the amount of either amphotropic or eco-
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FIG. 3. Disulfide-bonded gp70-Pr15E complexes are resistant to treatment
with reducing agents in vivo. Amphotropic (A) and ecotropic (B) Mo-MLV
env-expressing cells were labeled with L-[**S]cysteine for 15 min and chased for
120 min. After 105 min of chase, the media were replaced with fresh media
containing the indicated amounts of DTT. The chase was continued for 15 min,
and then the cells were alkylated and solubilized. The Env protein was immu-
noprecipitated from the lysates with the polyclonal anti-MLV serum. The im-
munoprecipitates were analyzed under reducing and nonreducing conditions in
SDS-12% polyacrylamide gels. (C) Samples of the immunoprecipitates of the
amphotropic Env protein, derived from cells that had been treated with 0 or 5
mM DTT, were run in an SDS-8% polyacrylamide gel for better separation of
the protein bands. The meaning of the designations gp857¢ and gp85°* is ex-
plained in Results. The samples were run under reducing (R) and nonreducing
(NR) conditions.

tropic gp70-S-S-Pr15E, even when very high concentrations of
the reducing agent had been applied. The same result was
obtained when the cells were treated with up to 160 mM
2-mercaptoethanol (data not shown). This demonstrates that
the intermolecular disulfide linkage between gp70 and Pr15E is
not sensitive to the redox state in vivo. However, an effect of
DTT was seen for the precursor Env molecules. For example,
the precursor amphotropic Env protein that was left after the
chase in the absence of DTT migrated as a smear (referred to
as gp85°F) under nonreducing conditions (Fig. 3C, left lane). In
addition, a fraction of Env was present in disulfide-linked ag-
gregates that were found at the top of the gel. The amount of
these aggregates was decreased when the cells had been incu-
bated with DTT, while the intensity of monomeric precursor
Env molecules (referred to as gp85™”) increased (second lane
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FIG. 4. Alkylation is required to preserve Env protein complexes upon sol-
ubilization. Amphotropic Mo-MLYV env-expressing cells were labeled for 15 min
with L-[>*S]cysteine and chased for 120 min. Before solubilization, the cells were
put on ice and washed [NEM (wash)] twice for 1 min with PBS. When indicated,
the PBS contained 20 mM NEM. Thereafter, the cells were lysed [NEM (lysis)]
in the presence or absence of 20 mM NEM. Immunoprecipitates were analyzed
under reducing (R) and nonreducing (NR) conditions in an SDS-12% polyacryl-
amide gel.

from left). In addition, gp85°* migrated slower when the cells
had been treated with DTT, and most precursor Env now
comigrated with the in vitro reduced protein (right-hand two
lanes), indicating that most of the precursor Env molecules had
been reduced. This effect of DTT in living cells was observed
previously for other viral membrane proteins (4, 37) and
served here as an internal control for the efficacy of the treat-
ment. Similar data were obtained for the ecotropic Env protein
(data not shown).

Preservation of the disulfide linkage between gp70 and
Pr15E during solubilization requires alkylation. So far, we
have analyzed the Env protein that was extracted from cells
that had been alkylated before disruption. To test the effects of
alkylation, we extracted the amphotropic gp70-Pr15E com-
plexes from cells in the absence of NEM. As a control, we
solubilized parallel cultures of env-expressing cells in a proce-
dure in which NEM was included in the wash and/or lysis step.

Figure 4 shows that only a fraction (<50%) of gp70 and
Pr15E was recovered in disulfide-linked complexes if the sam-
ples had not been alkylated. The results with the controls show
that gp70 and Pr15E were quantitatively engaged in the disul-
fide-linked complexes if NEM was included during sample
preparation. Interestingly, the results show that the disulfide
interaction between gp70 and Pr15E was preserved even when
the cells were only briefly exposed to NEM just before lysis.
This was also found when the ecotropic Env protein was used
(data not shown). These data indicate that alkylation is re-
quired to collect amphotropic and ecotropic gp70 and Pr15E
quantitatively in disulfide-linked complexes.

Nonalkylated disulfide-bonded gp70-Pr15E complexes are
disrupted in a time-, temperature-, and pH-dependent fashion.
The observation that less gp70-S-S-Pr15E was found in the
nonalkylated samples than in the alkylated ones implies either
that the formation of disulfide-linked Env complexes is in-
duced by NEM or that NEM prevents disruption of these
complexes. To distinguish between these possibilities, we ana-
lyzed the effect of adding NEM after solubilization of nonal-
kylated cells.

Figure 5A shows that the amount of amphotropic gp70-S-S-
Pr1SE complexes recovered from the lysates decreased when
NEM was added after prolonged incubation of the lysate on ice
and that the amount of free gp70 and Pr15E increased pro-
portionally with the decrease in gp70-S-S-Pr15E. This clearly
indicates that disulfide-bonded Env complexes already existed
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FIG. 5. Disruption of the disulfide linkage between gp70 and Pr15E after cell
lysis depends on temperature and pH. Lysates of metabolically labeled ampho-
tropic Mo-MLV env-expressing cells were prepared in the absence of alkylating
agents, either at pH 7.5 (A and B) or at pH 6.0 (C). The lysates were incubated
for the indicated times on ice (A and C) or at 37°C (B), after which NEM was
added to 20 mM. The Env protein was thereafter immunoprecipitated with the
polyclonal anti-MLV serum. Immunoprecipitates were analyzed in nonreducing
SDS-12% polyacrylamide gels.

in the freshly made lysate but that they are disrupted in time
unless the process of disruption is blocked by NEM.

The rate at which the intersubunit disulfide interaction was
disrupted was largely affected by the temperature. We esti-
mated that the disulfide-linked gp70-Pr1SE complexes had a
half-life of about 8 h on ice (Fig. 5A). In contrast, the majority
of gp70-S-S-Pr15E was converted into free gp70 and Pr15E
within 30 min when the lysate was incubated at 37°C (Fig. 5B).

Disruption of the disulfide linkage between gp70 and Pr15E
is probably mediated by a thiol-disulfide exchange reaction.
Such a reaction can, in principle, be quenched by lowering the
pH, since this will lead to protonation of the reactive thiolates
(25, 55). Indeed, we found that the disulfide-bonded gp70-
Pr15E complexes were less labile at pH values below 7.5. Fig-
ure 5C demonstrates that the amount of gp70-S-S-Pr15E did
not decrease when the Env protein was extracted and incu-
bated at pH 6.0, indicating that the intersubunit disulfide link-
age was stable under these conditions. This shows that low pH
can be used as an alternative to alkylating agents to prevent the
disruption of disulfide-linked Env complexes after solubiliza-
tion. Ecotropic gp70-S-S-Pr15E complexes displayed similar
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FIG. 6. Disruption of disulfide linkage between gp70 and Pr15E occurs
through a thiol-disulfide exchange reaction within the Env complex. Four parallel
cultures of BHK-21 cells were infected with recSFV expressing the amphotropic
Mo-MLYV env gene. Two of these were labeled for 15 min with L-[*>S]cysteine
and chased for 120 min, whereas the others were not labeled. At the end of the
chase, all the cultures were put on ice. One culture of labeled cells and one
culture of nonlabeled cells were incubated twice for 1 min with PBS-20 mM
NEM and then washed four times in PBS lacking NEM. The remaining cell
cultures were washed with PBS lacking NEM. Thereafter, all the cultures were
lysed in the absence of NEM. The cell lysates were then incubated for 15 h at 4°C
in the following (1:1) mixtures: lysate of labeled, alkylated cells plus lysis buffer
lacking NEM (lane 1); lysate of labeled, alkylated cells plus lysate of nonlabeled,
nonalkylated cells (lane 2); lysate of labeled, nonalkylated cells plus lysis buffer
lacking NEM (lane 3); and lysate of labeled, nonalkylated cells plus lysate of
nonlabeled, alkylated cells (lane 4). As a control to check the amount of gp70-
S-S-Pr15E at the time of mixing, we diluted lysates of labeled, alkylated cells
(lane 5) and labeled, nonalkylated cells (lane 6) with lysis buffer containing NEM
to block further disruption of the complexes during incubation. The Env protein
was thereafter immunoprecipitated with the polyclonal anti-MLV serum and
analyzed under nonreducing conditions in an SDS-12% polyacrylamide gel.

behavior under the conditions described in the legend to Fig. 5
(data not shown).

Together, these results strengthen and extend our findings
that gp70 and Pr15E are stably linked through disulfide bond-
ing in vivo but that the intersubunit linkage is destabilized
upon solubilization unless thiol-disulfide exchange reactions
are prevented by alkylation or acidification.

Disruption of the gp70-Pr15E intersubunit disulfide linkage
does not involve a soluble cellular factor but is mediated by a
thiol-disulfide exchange reaction within the Env complex. Be-
cause the disruption of the disulfide linkage between gp70 and
Pr15E seems to be induced by solubilization of the cells, we
investigated the possibility that this process is mediated by a
cellular factor that is released upon cell lysis. For instance, it is
known that the cytoplasm maintains a relatively reductive en-
vironment (21); therefore, we reasoned that the intersubunit
disulfide linkage might be simply reduced by cytosolic compo-
nents, such as glutathione and thioredoxin, which are liberated
through the disruption of the PM. Alternatively, disruption of
the intersubunit disulfide linkage may be mediated by a thiol-
disulfide rearrangement occurring within the Env complex it-
self.

To investigate these possibilities, we analyzed the disruption
of disulfide-bonded gp70-Pr15E complexes in a mixture (1:1)
of cell lysates that were prepared in the presence and absence
of NEM. The rationale of this approach was that the (normally
stable) intersubunit disulfide linkage in gp70-Pr15E complexes,
derived from the alkylated sample, would be reduced if the
nonalkylated sample contained a putative reducing factor.
However, if disruption was mediated by a thiol-disulfide ex-
change reaction within the Env protein itself, the complexes
should be stable under these conditions. To monitor the Env
protein complexes of the individual lysates, we prepared and
mixed extracts of both labeled and nonlabeled amphotropic
Mo-MLYV env-expressing cells.

As shown in Fig. 6 (lanes 1 and 2), equal amounts of gp70-
S-S-Pr15E were observed when the lysate of alkylated cells was

J. VIROL.

incubated alone or together with a lysate of nonalkylated cells.
Neither gp70 nor Pr15E was detected in the gel, indicating that
the radiolabeled Env complexes were stable under both con-
ditions. This suggested that the lysate of the nonalkylated cells
did not contain a factor that could reduce the disulfide linkage
between gp70 and Pr15E. Notably, alkylation of the cells in-
volved only a brief exposure to NEM and extensive washing
thereafter, to minimize the chance that free NEM would end
up in the lysate. However, to exclude the possibility that resid-
ual NEM had prevented the disruption of gp70-S-S-Pr15E in
the mixed sample, e.g., by blocking the putative reducing factor
from the nonalkylated sample, we monitored the disruption of
Env complexes derived from the nonalkylated cells. It was
observed that about half of the Env complexes were dissoci-
ated into free gp70 and Pr15E when a lysate of nonalkylated
cells was incubated alone (lane 3). The same amounts of gp70-
S-S-Pr15E as well as free gp70 and Pr15E were found when
such lysate was mixed and incubated with the lysate of alky-
lated cells (lane 4). This proves that the latter lysate did not
contain free NEM that could interfere with the disruption of
the disulfide-linked complexes. Similar results were obtained
when the ecotropic Env protein was used in this assay (data not
shown).

From the above experiments, we conclude that the disulfide
linkage between gp70 and Pr15E is not reduced after solubili-
zation by a soluble cellular factor. Rather, the Env protein
itself contains a free thiol(s) which can initiate a thiol-disulfide
rearrangement that eliminates the disulfide linkage between
gp70 and Pr15E upon solubilization.

DISCUSSION

The major conclusion of this paper is that the gp70 and
Pr15E subunits of the amphotropic and ecotropic Mo-MLV
Env protein complex are held together by a stable disulfide
linkage. Essentially all gp70 molecules were found to be en-
gaged in disulfide-linked complexes with Pr15E within and at
the surface of the cells. In addition, the covalent interaction
between gp70 and Pr15E has proven to be highly stable under
reductive conditions in vivo. Only under the conditions used
for analysis, i.e., after solubilization of the Env protein, was the
intersubunit gp70-Pr15E disulfide linkage found to be dis-
rupted if disulfide exchange reactions were not blocked by
alkylation or acidification.

In contrast to previous reports (41), we found that the di-
sulfide linkage between gp70 and Pr15E is not spontaneously
formed in nonionic detergents. Instead, the results in Fig. SA
show unambiguously that (nonalkylated) gp70-S-S-Pr15E com-
plexes lose their intersubunit disulfide linkage in an NP-40
lysate. Furthermore, the findings that a substantial fraction of
gp70 and Prl15E remains disulfide linked in the absence of
alkylating agents (Fig. 4) and that disruption of gp70-S-S-
Pr15E can be blocked just by lowering the pH exclude the
possibility that NEM induces the formation of the intersubunit
disulfide linkage. Together, these data resolve the suspicion
that the disulfide linkage between gp70 and Pr15E is formed
artificially. Previous data showing that solubilization of virions
in NP-40 before the addition of SDS increases the yield of
disulfide-linked Env protein complexes (41) should therefore
be put in a new perspective. Although these findings are dif-
ficult to interpret, we can only guess that Env complexes sol-
ubilized in NP-40 assume a conformation that is partially re-
sistant to SDS.

The disulfide linkage between gp70 and Pr15E appeared not
to be affected by the redox potential of the cellular milieu,
because the Env complexes were stable under both normal and
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reducing conditions. This finding contradicts the results of
Gliniak et al. (14), who claimed that incubation of cells with
the oxidizing agent diamide increased the proportion of gp70
that is disulfide bonded to Pr15E. The effect of reducing agents
was not investigated in their study. We could not confirm the
effect of diamide since, in our case, all cell-associated gp70 was
disulfide linked to Pr15E even under normal conditions. How-
ever, we have observed that Env complexes are stable after
solubilization of cells that have been briefly treated with 20
mM diamide instead of NEM (data not shown). In other
words, diamide can replace alkylating agents to prevent the
disruption of the intersubunit disulfide linkage upon cell lysis.
This can be explained by the fact that diamide, when added to
cells in high concentrations, oxidizes not only glutathione but
also thiols present in proteins (26). Thus, diamide probably
inactivates the thiols that attack the disulfide bond(s) between
gp70 and Pr15E after solubilization.

The finding that the presence and stability of the disulfide
linkage between gp70 and Pr15E do not depend on the redox
state invalidates the argument for the model of Gliniak et al.
(14), which assumes that the intersubunit disulfide bond(s)
isomerizes readily and reversibly in vivo. According to this
model, only a fraction of gp70 and Pr15E would be disulfide
linked. In contrast, our quantitation of the radiolabeled Env
products showed that almost all gp70 and Pr15E molecules
form a stable disulfide-linked complex. This was supported by
the fact that only a minor amount of free gp70 could be de-
tected in the medium. We therefore conclude that the disulfide
linkage between gp70 and Pr15E should be regarded as stable.

In this work, we have analyzed Env complexes that contain
unprocessed Pr15SE. In the virion, however, a large fraction of
Pr15E is cleaved into p15E, a process which is believed to be
required for fusion (22, 53). Pinter et al. (42) have demon-
strated that disulfide-linked Env complexes also exist in eco-
tropic and amphotropic MLV particles. Nevertheless, their
data also show that a significant fraction of gp70 is not disulfide
linked to Pr15E/p15E even when the virions had been treated
with alkylating agents before solubilization (Fig. 1 in reference
42). This result clearly differs from our observations that vir-
tually all cell-associated gp70 is involved in stable disulfide-
bonded complexes with Pr1SE. Therefore, it might be that
cleavage of Pr15E destabilizes the intersubunit disulfide link-
age. We are currently investigating this possibility by quanti-
tative biochemical analysis of Env protein complexes in virus
particles.

Disruption of the disulfide interaction between gp70 and
Pr15E after cell lysis seems to be an intrinsic property of the
Env complex, because this process appears not to involve a
cellular factor. We therefore think that the disulfide linkage
between gp70 and Pr15E rearranges with a free thiol within the
Env protein itself after solubilization. Rearrangement of the
intersubunit disulfide linkage has been proposed previously,
although in a different context (14, 42). The reaction would in
principle be possible, because the Env polypeptide contains an
odd number of cysteines in its ectodomain, which implies that
at least one of the sulfhydryls in the gp70-Pr15E complex is
unoxidized. Why such a disulfide rearrangement would be in-
duced upon solubilization of the Env protein is not known.
Perhaps the Env protein complex undergoes conformational
changes in the presence of detergents which make this reaction
favorable.

Based on the analysis of tryptic fragments of the Friend
MLYV Env protein, Pinter et al. (42) recently proposed that the
cysteine(s) of a CWLC sequence at the carboxy terminus of
gp70 is involved in disulfide bonding with p15E. Interestingly,
this peptide, which is highly conserved in the Env protein of
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MLYV and other type C and D retroviruses (23, 47), resembles
the active site of cellular enzymes engaged in thiol-disulfide
exchange reactions (7). Our results are consistent with a model
in which the CWLC peptide is involved in the rearrangement
of the disulfide linkage between gp70 and Pr15E after solubi-
lization. It has also been hypothesized that the CWLC se-
quence facilitates functional disulfide isomerization reactions
necessary for the folding and activity of the Env protein in vivo
(42).

The formation of disulfide bonds in the Env protein plays an
important role in the establishment of its three-dimensional,
functional structure (11, 12, 16, 32, 33, 52). Most, if not all, of
the disulfide bonds in the Env molecule are settled co- and
posttranslationally in the ER (14). It is likely that the disulfide
linkage between gp70 and Pr15E has already been made in the
precursor polypeptide before this polypeptide is transported to
the cell surface and cleaved. This strategy ensures that the
structural and functional integrity of the Env protein is main-
tained upon its cleavage despite the possibility that the cleav-
age changes the protein structure. Accordingly, the majority of
the proteolytically processed Env molecules forms a stable
disulfide-bonded complex. Nevertheless, a small amount of
gp70 is not linked to Pr15E but is released from the cells. A
fraction of the disulfide-linked Env complexes may be dis-
rupted in vivo, e.g., through disulfide rearrangement, which
would result in shedding of gp70. However, it is also possible
that free gp70 is formed by cleavage of incorrectly oxidized
Env precursor molecules that have not established the disulfide
linkage between the gp70 and Pr15E domains. In this case,
gp70 and Pr15E may not form a complex, and as a result, gp70
is released from cells as an ordinary secretory protein. Incor-
rectly oxidized and therefore possibly incompletely folded Env
molecules are probably recognized and retained by the ER
quality control system (20). Nevertheless, there are examples
of misfolded or partially assembled membrane proteins that
can escape from the ER and can be found at the cell surface
(1). Indeed, it has been shown that abnormally folded glyco-
sylation mutants of the MLV Env protein are transported to
the plasma membrane (23, 30). Interestingly, several of these
mutant Env proteins produced elevated levels of gp70, which
was freely released from the cells (30).

It should be noted that free gp70 may accumulate in the
medium to high concentrations during long-term incubation of
virus-producing cells. This could be the reason why it was
previously thought that gp70 and Pr15E are linked nonco-
valently (36). Comparing the amounts of free gp70 and gp70
present in virus-associated Env complexes could easily raise
the suggestion that the disulfide-bonded gp70-Pr15E/p1SE
complexes are unstable, whereas this is not necessarily true.
Soluble gp70 molecules may compete with virus particles in
binding to the receptor (24, 35) and therefore may cause a
potential problem for large-scale production of high-titer
stocks of, for instance, recombinant retrovirus vectors used in
gene therapy.

Recently, it has been shown that fragments corresponding to
the core of the ectodomain of retroviral TM molecules (6, 11,
54) form a structure that resembles the low-pH-induced con-
formation of the influenza virus hemagglutinin protein (5). It is
not yet known whether the retroviral TM molecules exhibit
such a conformation throughout their lifetime or whether they
assume an alternative conformation before membrane fusion
takes place during virus entry. It is possible that the membrane
fusion peptide is buried within the SU-TM complex, thus being
protected from premature interactions, and exposed only after
conformational changes which may be induced upon receptor
binding (18, 43, 48). Further characterization of the fusion
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mechanism of retroviral Env proteins thus requires determi-
nation of the structure of Env in its prefusion state. Many
retroviral Env proteins consist of a noncovalently linked
SU-TM complex, whose integrity is difficult to maintain during
purification. However, as we have shown here, the cell-associ-
ated MLV Env complex is stable in vivo and can be extracted
without disruption; therefore, it represents an interesting can-
didate for X-ray crystallographic analysis.
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