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Mason-Pfizer monkey virus, a D-type retrovirus, has been shown to induce
multinucleate cell (syncytium) formation or cell fusion in several normal primate
cells. A series of experiments has been carried out to examine whether a glyco-
sylated "fusion-inducing" product is responsible for this biological property of
Mason-Pfizer monkey virus. Treatment of rhesus monkey fetal lung cells with
different concentrations oftunicamycin, a potent inhibitor of glycosylation, during
infection with Mason-Pfizer monkey virus had no effect on cell fusion even though
up to 5 ,ig of the drug per ml was tested. Furthermore, no significant effect on the
extent of syncytium formation in rhesus monkey fetal lung cells was observed
when the time of addition or duration of treatment with this inhibitor was varied.
Nevertheless, tunicamycin was very effective in blocking glycosylation in rhesus
cells since virions produced in the presence of this drug completely lacked gp7O
and gp2O, the two structural glycoproteins of Mason-Pfizer monkey virus. These
non-glycosylated virus particles produced in the presence of tunicamycin were

noninfectious as determined by a protein A binding assay and were unable to
induce syncytium formation when assayed on rhesus cells. These results indicate
that glycosylation of the fusion-inducing product is not required for multinucleate
cell formation induced by Mason-Pfizer monkey virus.

Several RNA and DNA viruses are known to
induce multinucleate cell (syncytium) formation
in eucaryotic systems (4-6, 25-27, 40, 41). Two
major types of virus-induced cell fusion or syn-
cytium formation have been described; these
have been named "fusion from without" and
"fusion from within" (2, 20). In the former, the
interaction of the surface proteins of incoming
virus with the cell membrane is sufficient to
induce cell to cell fusion; in the latter, virus
fusion proteins produced during replication of
the virus induce cell membrane fusion. It has
been shown that membrane glycoproteins play
an important role in both types of cell fusion (10,
14, 16, 19, 22, 28, 29). Mason-Pfizer monkey virus
(M-PMV), a D-type retrovirus isolated from a
spontaneous mammary carcinoma (7), has been
shown to induce multinucleate cell formation in
normal human and nonhuman primate cell lines
(1, 4, 9). This property is shared by the other
two D-type viruses, Langur virus and Squirrel
monkey retrovirus (5). The characteristics and
requirements of D-type virus-induced cell fusion
previously reported (4, 5) suggest that the mech-
anism by which multinucleate cell formation is
induced by these viruses is different from that
reported for other syncytium-forming retrovi-
ruses (13, 24) or for the paramyxoviruses (2, 15,

25, 26), in that concentrated virus is unable to
induce rapid multinucleate cell formation. De
novo protein synthesis, but not virus replication,
is apparently required for the induction of cell
fusion by M-PMV (4). By using tunicamycin
(TM), a glucosamine-containing antibiotic
which specifically inhibits glycosylation of pro-
teins in which carbohydrate is linked through
asparagine residues (34-38), we report here that
the "fusion-inducing protein" involved in M-
PMV-mediated cell fusion does not require gly-
cosylation for its activity. Our results show that
the addition of TM, under conditions which
clearly inhibit the synthesis of virion glycopro-
teins and infectious virus production, has no
effect on M-PMV-induced cell fusion. This is in
contrast to Newcastle disease virus- or herpes
simplex virus type 1-induced cell fusion which
can be inhibited by treatment with 2-deoxy-D-
glucose, which although less specific than TM
also inhibits glycosylation (10).

MATERIALS AND METHODS
Virus and cell cultures. Normal rhesus monkey

fetal lung cells (DBS-FRHL-2) were purchased from
Flow Laboratories, Inc., Rockville, Md. MPFS clone
940,3 and MPFS clone 4 (two clones of rhesus foreskin
cells transformed by M-PMV) producing infectious M-
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PMV particles were provided by M. Ahmed and D. L.
Fine. The CMMT cell line (rhesus monkey mammary
tumor cells cocultivated with rhesus monkey embryo
cells), another source of M-PMV, was provided by M.
Ahmed.
DBS-FRHL-2 cells were grown in Dulbecco modi-

fied Eagle medium supplemented with 10% fetal calf
serum and 0.05% sodium bicarbonate. Both MPFS
clone 940C3 and MPFS clone 4 cells were grown in
RPMI 1640 medium containing 5% fetal calf serum,
10% tryptose phosphate broth, and 0.05% sodium bi-
carbonate, whereas CMMT cells were grown in RPMI
1640 medium containing 10% fetal calf serum, 5%
tryptose phosphate broth, and 0.05% sodium bicarbon-
ate. All of the sera used were heat inactivated.
Chemicals and radioisotopes. Reagents for poly-

acrylamide gel electrophoresis were purchased from
Bio-Rad Laboratories, Richmond, Calif. TM was a
generous gift from R. L. Hamill, Lilly Research Lab-
oratories, Indianapolis, Ind. [3H]glucosamine (specific
activity, 8.5 Ci/mmol), 14C-amino acid mixture (spe-
cific activity, 50 mCi/mmol), and Nal"I (specific ac-
tivity, 17 Ci/mg) were obtained from ICN Pharmaceu-
ticals Inc., Irvine, Calif.

Antisera. The preparation and description of spe-
cific antiserum against M-PMV have been published
previously (4). Monospecific antisera against M-PMV
p27 and against Tween-ether-disrupted M-PMV were
obtained from the Division of Cancer Cause and Pre-
vention, National Cancer Institute, Bethesda, Md.
Assay for cefl fusion by M-PMV. The direct

syncytia assay for M-PMV has been described previ-
ously (4). In brief, monolayers of DBS-FRHL-2 cells
in 35-mm dishes were inoculated with 0.25 ml of dif-
ferent dilutions of M-PMV suspension (containing 2
,ug of polybrene per ml) in the presence or absence of
different concentrations of TM. Some dishes were
pretreated with the drug for different time periods as
described in the text. Uninfected cells were inoculated
with the same amount of growth medium containing
polybrene with or without the drug. After 1 h of
adsorption at 37°C the cells were overlaid with growth
medium with or without the drug and incubated for
48 h at 37°C. Cells were then fixed and stained with
May-Grunwald-Giemsa stain (18), and the multinucle-
ate cells were counted.

Harvests from TM-treated cells were assayed in
essentially the same manner to determine whether
fusion-competent virus was produced in the presence
of this drug.
Assay for virus replication by a staphylococ-

cus protein A binding immunoassay. A detailed
description of the staphylococcus protein A binding
immunoassay will be published elsewhere (E. Hunter,
manuscript in preparation); however, a brief outline is
presented below. Semiconfluent monolayers of DBS-
FRHL-2 cells grown in 96-well microtiter plates (Cos-
tar, Cambridge, Mass.) were inoculated with harvests
collected from TM-treated and untreated cultures of
CMMT cells. After 1 h of adsorption, the cells were
washed twice with growth medium and incubated for
8 to 10 days at 37°C. Cells were then washed three
times with 25 mM Tris-buffered saline (pH 7.2) and
fixed with a mixture of 95% ethyl alcohol and 5%
glacial acetic acid at -20°C for 1 h. Fixed cells were

washed three times with Tris-buffered saline contain-
ing 0.1% bovine serum albumin and 0.1% Triton X-100
and incubated with either goat anti-M-PMV or goat
anti-M-PMV p27 antiserum (25 pl to each well) for 1
h at room temperature. Cells were then washed three
times with the same buffer, and 5 x 104 cpm of 1I-
labeled protein A from Staphylococcus aureus (Phar-
macia Fine Chemicals, Uppsala, Sweden) was added
to each well. After 30 to 45 min of incubation at room
temperature, the cells were washed again thoroughly
with the same buffer and dried. The viral antigen-
positive wells that had bound antibody and protein A
were detected by autoradiography for 24 h at -70°C
on Kodak XR-2 film with a Du Pont Cronex Hi-Plus
intensifying screen.

For quantitative purposes, the cells were disrupted
after autoradiography with 1% sodium dodecyl sulfate
and counted in a Tracor Model 1190 gamma counter
(Tracor Analytic Inc., Atlanta, Ga.).

Preparation of radiolabeled virus and poly-
acrylamide gel electrophoresis. To determine the
effect of TM on the virion polypeptide synthesis,
CMMT cells were preincubated for 5 to 6 h in different
concentrations of TM and then labeled with [3H]glu-
cosamine (200 ,uCi/ml) and 14C-amino acid mixture (20
,uCi/ml) for 48 h in complete growth medium contain-
ing the drug. The culture fluids were clarified by low-
speed centrifugation and layered onto a 24 to 48% (wt/
wt) discontinuous sucrose gradient; the band at the 24
to 48% interphase was diluted 1:2 and then recentri-
fuged on a 24 to 48% continuous sucrose gradient as
described previously (4). The virus band from the last
gradient was collected, diluted, and pelleted by cen-
trifugation at 45,000 rpm for 1 h. Purified virion poly-
peptides were separated on 12% discontinuous sodium
dodecyl sulfate-polyacrylamide slab gels as described
previously (17). Radiolabeled polypeptides were local-
ized after Coomassie brilliant blue staining by slicing
each lane into 1-mm-thick sections and counting in a
toluene-Omnifluor scintillation fluid containing 10%
Protosol.
The molecular weights of viral polypeptides were

determined by comparing the migration of these pro-
teins with that of protein standards (Bio-Rad) electro-
phoresed in adjacent wells.

Electron microscopy. TM-treated and untreated
cells were fixed and embedded, and thin sections were
stained with uranyl acetate and lead citrate as de-
scribed previously (8). All the preparations were ex-
amined under a Philips EM 301 electron microscope.

RESULTS
TM does not inhibit M-PMV-induced cell

fusion. Our previous studies indicated that de
novo protein synthesis was necessary for M-
PMV-induced cell fusion (4). To determine
whether glycosylation of this fusion-inducing
factor was necessary for its activity, we studied
the effect of TM treatment on M-PMV-induced
cell fusion. The results of these experiments are
summarized in Table 1. Addition of different
concentrations of TM (0.25 to 5.0 ,tg/ml) simul-
taneously with the virus for up to 24 h postin-
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TABLE 1. Effect ofTM on syncytium formation
induced by M-PMV in rhesus cellsa

Expt Time of % Syncytia at TM concn (jig/ml):
treatment

no. (h) 0 0.25 0.5 1.0 2.0 5.0

1 -12-0 100 b - 100 104 95
0-12 100 - - 97 91 81
12-24 100 - - 91 96 88

2 0-12 100 100 106 105 - -
12-24 100 100 103 100 - -

3 0-24 100 - 93 90 89 -

4 0-12 100 - 95 93 87 -
-2-12 100 - 94 96 91 -

a Monolayers of DBS-FRHL-2 ceUs were pre-
treated, treated during infection, or posttreated for
different time periods with different concentrations of
TM as shown in the table. Cells were stained 48 h
postinfection. See details in the text.

b -, Not tested in this experiment.

fection had no significant effect on multinucleate
cell formation, even though the lowest of these
concentrations was capable of inhibiting viral
glycoprotein synthesis in rhesus cells (see be-
low). Since it was possible that preexisting pools
of lipid-sugar precursors might be large enough
to allow sufficient glycosylation for cell fusion to
occur, cells in one experiment were pretreated
with TM for 12 h before infection, at which time
the drug was removed (no reversal ofTM action
was observed within 24 h of removal of the
drug), and in a second experiment cells were
treated from 2 h before to 12 h after virus
addition. In neither case was any effect on cell
fusion observed. Although M-PMV from the
MPFS clone 4 cell line was used in a majority of
the experiments summarized in Table 1, identi-
cal results were obtained with M-PMV from
different sources (MPFS clone 940c3 andCMMT
cell lines).
TM inhibits the production of infectious

and fusion-inducingM-PMV. To confirm that
TM, at the levels used in Table 1, could inhibit
glycosylation of M-PMV-directed glycoprotein
synthesis, experiments were performed to deter-
mine the effect of this drug on the synthesis of
replicating and fusion-inducing virus. Rhesus
monkey (CMMT) cells producing both replicat-
ing and fusion-inducing M-PMV were treated
with different concentrations of TM for 48 h.
The virus harvested from these plates was as-
sayed for replicating virus in a protein A binding
immunoassay and for fusion-inducing virus in a
direct syncytia assay. For the infectious virus
assay, serial dilutions of the harvests were inoc-
ulated onto semiconfluent monolayers of DBS-
FRHL-2 cells grown in a 96-well microtiter plate.

After an adsorption period of 1 h, the cells were
washed thoroughly and incubated for 8 to 10
days at 37°C. At this time the plate was proc-
essed for the protein A binding assay (Fig. 1 and
Table 2). As little as 0.5 yg of TM per ml in-
hibited synthesis of infectious virus by 88%, and
99% inhibition was observed at 1 jLg/ml. Similar
results were obtained when the harvests from
TM-treated CMMT cells were tested in a direct
syncytia assay on DBS-FRHL-2 cells (Table 2);
greater than 95% inhibition of cell fusion was
observed in harvests from cells treated with 0.5
,ug of TM per ml.

Similar effects ofTM on virus infectivity have
been observed with Rous sarcoma virus and
have been correlated to a lack of glycosylated
proteins (30, 33). To show directly that the effect
of TM on the production of infectious or fusion-
inducing virus was at the level of glycoprotein
synthesis rather than virus assembly, the follow-
ing experiments were performed.
M-PMV particle formation occurs in TM-

treated cells. To examine whether the forma-
tion of virus particles occurs in the presence of
TM, rhesus monkey cells (CMMT), producing
M-PMV virus were treated with 0, 0.5, and 1 jig
of TM per ml for 2 to 4 days. TM-treated and
untreated cells were then processed for electron
microscopic observation as described above (Fig.
2). The presence of both mature and budding
particles can be observed in thin sections of both
drug-treated and untreated cells (Fig. 2A and
B), indicating that TM does not inhibit the

TM
(ug/mI )

0

0.5

1.0

VIRUS DILUTION

-1 -2 -3 -4-5 C

FIG. 1. Confluent monolayers ofCMMT cells pro-
ducing infectious M-PMVparticles were treated with
0, 0.5, and 1.0 ug ofTMper ml for 48 h, at which time
the culture fluids were harvested. Serial dilutions
(100,ul) of these harvests were inoculated onto mono-
layers of DBS-FRHL-2 cells grown in a 96-well mi-
crotiter plate. Duplicate cells were inoculated at each
dilution. Cells were assayed for infection by replicat-
ing M-PMV in a protein A binding immunoassay as
described in the text. C represents uninfected, control
wells.

J. VIROL.
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TABLE 2. Infectivity ofM-PMV released from TM-
treated cells as assayed by syncytium formation or
replication in the "25I-protein A binding assay

Concen- Syncytium formation Replication
tration of pof..1tunicamy- No. of % Inhibi- protein A % Inhi-
cin (,ug/ syncytia/

mI) cm2 tion bound bitionml) cm ~~~~~~well'
0 916 0 1,058 0
0.5 36 96 130 88
1.0 NTC NT 15 99

aConfluent monolayers of CMMT cells were
treated with the concentrations of TM shown in the
table, and the harvests collected were assayed for
fusion-inducing and replicative M-PMV as described
in the text.

b Counts per minute (cpm) bound per well at a 10-2
dilution of virus harvest.

c NT, Not tested.

formation of M-PMV virus particles.
M-PMV particles produced in the pres-

ence of TM lack envelope glycoproteins.
The observation of virus particles in thin sec-
tions of TM-treated CMMT cells was confirmed
in experiments in which the cells were labeled
for 48 h with 14C-amino acids and [3H]glucosa-
mine in the presence of the drug, since a peak of
radioactive virus was observed at the character-
istic density for M-PMV. However, a compari-
son of the structural polypeptides of these par-
ticles with those of virions produced from un-
treated cells revealed that the prominent peaks
of "4C-amino acid and [3H]glucosamine label
seen at the positions of gp7O and gp2O in un-
treated virions were absent in the TM particles
(Fig. 3). Not only are the [3H]glucosamine-la-
beled peaks missing from the TM-treated virion
profile, but also no residual or new "4C-amino
acid-labeled peaks can be observed-indicating
that the viral glycoproteins or their non-glyco-
sylated counterparts are completely absent from
these virions. The profile of the major non-gly-
cosylated polypeptides p27, p14, p12, and plO,
on the other hand, appears to be the same in
virions from both treated and untreated cul-
tures, although a reduction in the total amount
of 14C-amino acids incorporated was observed in
the presence of TM. This is consistent with the
reduction in protein synthesis seen in TM-
treated cells (-55%). Thus, virus glycoprotein
synthesis is specifically inhibited at concentra-
tions of TM that have no effect on the process
of M-PMV-induced cell fusion.

DISCUSSION
Glycosylated polypeptides of a variety of en-

veloped viruses play a major role in the attach-
ment to and penetration of the host cell by the

virus. In some instances, for example, with the
paramyxoviruses, the interaction between a gly-
cosylated protein and the cell membrane can
result in cell-to-cell fusion and the formation of
multinucleate cells or syncytia. The role of the
carbohydrate in this process is unclear, but with
both the paramyxovirus Newcastle disease virus
and the herpesvirus herpes simplex virus type 1
the ability to induce cell fusion from within can
be abrogated when glycosylation is blocked (10).
The mechanisms involved in M-PMV-induced

cell fusion are unclear. Nevertheless, previous
work in this laboratory indicated that fusion was
not the result of an interaction between the
virion glycoproteins and the cell membrane (4)
(i.e., not fusion from without), but rather that
de novo protein synthesis during the first 12 h
postinfection was necessary for multinucleate
cell formation to occur (fusion from within) (4).
In other retrovirus systems, murine leukemia
virion RNA has been found on polysomes
shortly after infection (31), and the major gag
gene translation product (pr76) of avian myelo-
blastosis virus can be detected in chicken cells
within 3 h postinfection with the virus (11). The
fact that the gag gene product of both murine
leukemia virus and avian myeloblastosis virus
could be glycosylated (3, 21, 32) raised the pos-
sibility that such a product might mediate M-
PMV-induced cell fusion. To examine this pos-
sibility we employed tunicamycin, a glycosa-
mine-containing antibiotic produced by Strep-
tomyces lysosuperficus (36) and which has been
used to determine the biological role of the
carbohydrate moiety of several glycoproteins.
TM specifically inhibited the formation of the
N-acetylglucosamine-lipid intermediate which is
the first step in the transfer of carbohydrates to
the asparagine of newly synthesized protein (39).
The experiments reported here show conclu-
sively that glycosylation of the putative fusion-
inducing protein was not necessary for its activ-
ity. M-PMV-induced fusion thus differs from
that of Newcastle disease virus and herpes sim-
plex virus type 1 in which glycosylation is nec-
essary for fusion to occur. The experiments do
not, however, rule out the possibility that a
glycosylated protein is involved in M-PMV-in-
duced fusion since the unglycosylated G protein
of vesicular stomatitis virus, for example, is still
active in mediating viral entry into a cell, and
we may be observing a similar situation here.
Experiments designed to identify M-PMV-spec-
ified proteins that are synthesized shortly after
infection may provide answers to this question.
The conditions used to block protein glyco-

sylation in these experiments were clearly ade-
quate since at very low concentrations of TM,
(0.5 ,g/ml) infectious virus production was in-
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FIG. 2. Electron microscopic observation of virionspresent in the thin sections of TM-treated and untreated
CMMT cells. (A) Cells were treated with 0.5 pg ofTMper ml. Both mature and budding particles (arrow) can
be observed. (B) Thin section of the same cell line without drug treatment, also showing mature particles
(x 75,000).

hibited almost 90%, and the titer of virus capable
of inducing fusion was reduced by 20-fold. As in
the case of Rous sarcoma virus, mature M-PMV
virus particles which lack any detectable glyco-

proteins are produced in the presence of TM.
Thus, although the viral glycoproteins gp7O and
gp2O do not mediate cell fusion, they are re-
quired, presumably to allow attachment of the

J. VIROL.
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FIG. 3. Synthesis of M-PMV-glycosylated and
non-glycosylated proteins in the presence or absence
of0.5 pg ofTMper ml, as analyzed bypolyacrylamide
slab gel electrophoresis. (A) Polypeptide profile ofthe
virions released from untreated CMMT cells. (B)
Polypeptide pattern of the same cell line in the pres-
ence of 0.5 pg of TM per ml. Virions synthesized in
the presence of the drug lacked gp70 and gp2O.

virus and penetration of the genomic RNA, for
fusion to occur.

Particle fornation in the presence ofTM oc-
curs with several viruses, i.e., influenza virus
(23), vesicular stomatitis virus (12), and Rous
sarcoma virus (30, 33) but is blocked with others,
i.e., Semliki forest and fowl plague virus (30). M-
PMV is a D-type retrovirus, and during repli-
cation it assembles an intracytoplasmic A-par-
ticle which is enveloped during budding from
the plasma membrane. The results presented
here demonstrate that migration of the A-par-
ticle to the outer plasma membrane is not de-
pendent on the presence of a normally glycosyl-
ated envelope protein. The production of non-

infectious glycoprotein-free virus particles by
TM-treated cells cannot, however, be inter-
preted to mean that virion glycoproteins play no
role in virus budding and release, since the non-

glycosylated glycoproteins could reach the
plasma membrane and be degraded rapidly
there. In recent studies with Rous sarcoma virus,

EFFECT OF TM ON M-PMV CELL FUSION 775

in which similar particles are formed, we have
found that the non-glycosylated env gene prod-

.18 uct can still migrate to the plasma membrane
and may thus still play some role in virus assem-

'16 bly (E. Hunter, unpublished observation).

Whether this is also the case for M-PMV re-
*14 mains to be determined.
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