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To explore the interaction of vesicular stomatitis virus (VSV) proteins with
cellular membranes, we have isolated membranes from infected cells that have
been radioactively pulse-labeled. We have found conditions of isolation that result
in membrane preparations which contain primarily the VSV membrane protein
(M) and glycoprotein (G). Both of these proteins are very firmly attached to
membranes: conditions known to release peripherally associated membrane pro-
teins from membranes (S. Razin, Biochim. Biophys. Acta 265:241-246, 1972; S.
J. Singer, Annu. Rev. Biochem. 43:805-826, 1974; S. J. Singer and G. L. Nicholson,
Science 175:720-731, 1972) are ineffective in detaching either the G or the M
protein. The results of trypsin digestion of these membrane fractions suggest that
the M protein resides primarily on one side, the cytoplasmic side of cellular
membranes, whereas the glycoprotein has been transported to the lumen of the
membrane vesicle. However, we present evidence that the glycoprotein is trans-
membranal and that approximately 3,000 daltons of one end of the molecule is on
the cytoplasmic side of the membrane. We have also found that undenatured
VSV M protein contains a trypsin-resistant core with a molecular weight of
22,000. This region of the M protein is trypsin resistant regardless of its association

with membranes.

Vesicular stomatitis virus (VSV) is an enve-
loped RNA virus composed of an inner ribonu-
cleoprotein core surrounded by a membrane (8,
9, 17). The membrane of virus particles, derived
from plasma membranes of host cells (46), con-
tains two virus-encoded membrane proteins, the
glycoprotein (G) (molecular weight, 69,000),
which forms the spikes of the virion (8, 9), and
the membrane or matrix (M) protein (8, 9, 45)
(molecular weight, 29,000). The ribonucleopro-
tein core is composed of the viral genome, the
nucleocapsid protein (N) (molecular weight,
50,000), the NS protein (molecular weight,
45,000), and the L protein (molecular weight,
190,000) (21, 44).

The immediate precursors of mature VS viri-
ons are regions of infected-cell plasma mem-
branes, which contain these virion components
(46). These modified regions of host cell plasma
membrane bud out to form mature virions (42,
46), the inner side of the cellular membrane
becoming the inner side of the virion membrane
and the external surface of the cell becoming the
external surface of the virion (15; E. J. Patzer
and R. R. Wagner, Abstr. Annu. Meet. Am. Soc.
Microbiol. 1977, S114, p. 298).

How these virion components arrive at the
plasma membrane is not understood in detail.
Proteins that bind to the cytoplasmic side of

membranes may spontaneously assemble with
membranes after their synthesis and after they
have assumed the appropriate conformation
and/or modifications. In contrast, since mem-
branes are thought to be asymmetric, with little
random movement of membrane components
between the two surfaces of the membrane (39,
40), proteins that exist primarily on the external
surface of membranes or that are transmem-
branal require a special mechanism for their
transport across the membrane barrier of the
cell.

The signal sequence hypothesis originally pro-
posed by Blobel and Dobberstein (5) to account
for the transport of secreted proteins across
membranes could, with modifications, also ac-
count for the membrane assembly of transmem-
brane proteins or membrane proteins that exist
primarily on the outer surface of cells. The signal
sequence hypothesis proposes that proteins des-
tined for the external surface of cells are synthe-
sized with an amino terminus, which directs the
transport of the protein across the membrane
barrier of the cell.

The VSV glycoprotein is synthesized on mem-
brane-bound polyribosomes (6, 16, 33) on the
cytoplasmic side of intracellular membranes.
The glycoprotein, however, ends up on the ex-
ternal surface of infected cells (24) and ulti-
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mately on the external surface of virions (14, 32,
35). Thus the VSV glycoprotein must be trans-
ported across cell membranes at some point in
its transit from the rough endoplasmic reticulum
to virions.

In contrast, the VSV M protein, although
membrane associated, is thought to remain
within or on the inner side of viral membranes
(14, 32, 35). Similarly, the ribonucleoprotein
core, which is thought to be assembled free in
the cytoplasm (43), also associates with the inner
or cytoplasmic side of the plasma membrane
and viral membrane (8, 9, 24). These compo-
nents of virions may spontaneously associate
with membrane once they have assumed the
appropriate conformation and/or once the ap-
propriate receptors exist in the cellular mem-
brane.

We have characterized the nature of the as-
sociation of VSV membrane proteins to cellular
membranes in order to explore the steps in-
volved in virion morphogenesis. We have found
that the VSV glycoprotein is transported across
intracellular membranes. Furthermore, we pre-
sent evidence that the viral glycoprotein is a
transmembrane protein in intracellular mem-
branes. We have also found that the VSV M
protein is very firmly attached to the cytoplas-
mic side of membranes, perhaps as an integral
membrane protein.

MATERIALS AND METHODS

Cells and virus. Cells used were Chinese hamster
ovary cells. VSV, Indiana serotype, obtained from H.
Lodish, was grown and purified as described previously
(41).

Preparation of infected cell membranes.
Chinese hamster ovary cells (4.0 X 10%) growing at
37°C were infected with purified B particles of VSV at
a multiplicity of 3 PFU/cell as described by Huang et
al. (18), except that 2 ug of actinomycin D per ml
(Merck Sharp & Dohme) was added at the beginning
of infection. At 4.5 h postinfection, cells were harvested
by centrifugation, washed once in modified Eagle me-
dium (minimum essential medium) minus methionine
(supplemented with nonessential amino acids and di-
alyzed fetal calf serum [7.5%]), and resuspended in 2
ml of supplemented Eagle minimum essential medium
minus methionine. [**SJmethionine (1.5 mCi/ml; 520
Ci/mmol; Amersham/Searle) was added to the in-
fected cells, and incubation was continued at 37°C. At
15 min after the addition of the [**S]methionine, the
infected cells were removed and rapidly mixed with 10
ml of frozen 10% sucrose. Cells were harvested by
centrifugation, washed once in 10 ml of cold 10%
sucrose, and disrupted with a tight-fitting Dounce
homogenizer. Nuclei were removed from the cell lysate
by centrifugation, resuspended in 10% sucrose, sheared
with a Dounce homogenizer, and again pelleted by
centrifugation. The resulting supernatant was com-
bined with the cytoplasmic extract. The cytoplasmic
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extract was layered over a preformed discontinuous
sucrose gradient containing a layer of 80% sucrose
(wt/vol) and a layer of 20% sucrose (wt/vol). The
gradients were centrifuged for 18 h in a Beckman
SW27 rotor at 22,000 rpm and 5°C. The membranous
material banding at the interface between the 80 and
20% sucrose layers was collected, made 80% (wt/vol)
with respect to sucrose, placed in the bottom of a
Beckman SW27 centrifuge tube, and overlaid with 65
and 20% sucrose (wt/vol). The gradient was centri-
fuged to equilibrium (22,000 rpm, 18 h, 5°C). Membra-
nous material floating to the interface of the 65 and
20% sucrose layers was collected and frozen in samples
at —70°C.

Tryptic peptide analysis. Trypsin digestion of
individual polypeptides was accomplished as described
previously (33). The resulting tryptic peptides were
resolved by paper electrophoresis at pH 3.5 (29).

Cell-free protein synthesis. VSV proteins were
synthesized in cell-free systems derived from rabbit
reticulocytes (36). Extracts derived from rabbit retic-
ulocytes were prepared as described by Hunt and
Jackson (19). Exogenous RNA-dependent, cell-free
protein synthesis was accomplished in these extracts
by modification of the procedures of Pelham and
Jackson (36). Extracts were digested for 10 min at
20°C with micrococcal nuclease (5 pg/ml; Boehrin-
ger/Mannheim) in the presence of added potassium
acetate (50 mM), Tris-hydrochloride (50 mM, pH 7.8),
and CaCl, (10 mM). Ethyleneglycol-bis(8-aminoethyl
ether)-N,N'-tetraacetic acid (EGTA; final concentra-
tion, 50 mM) was added to terminate the nuclease
digestion. As reported by Pelham and Jackson (36),
such digestion completely abolished background in-
corporation of [**S]methionine by these extracts. Cell-
free protein synthesis reactions (60 pl) contained, per
milliliter: HEPES, 20 pmol, pH 7.8; 8-mercaptoetha-
nol, 6 umol; ATP, 1 pmol; GTP, 0.2 umol; creatine
phosphate, 8 umol; creatine phosphokinase, 4.0 ug; 19
unlabeled amino acids, 0.02 to 0.03 umol; potassium
acetate, 96 pmol; magnesium acetate, 3 umol; extract,
0.2 ml; [*SImethionine (520 Ci/mmol; Amersham/
Searle), 250 uCi; optimal VSV 13-15S mRNA concen-
trations; yeast tRNA (gift from A. Hopper), 150 pg;
and hemin (prepared as described by Hunt and Jack-
son [19]), 5 ug. Reactions were incubated at 25°C for
90 min.

Polyacrylamide gel electrophoresis. Polypep-
tides were resolved on 10 or 15% polyacrylamide slab
gels (14 by 12 by 0.15 cm) prepared and run as de-
scribed by Laemmli (27). The gels were then fixed and
stained with Coomassie brilliant blue as described by
Clinkscales et al. (10), dried, and subjected to autora-
diography (Kodak, X-ray film X-OMAT). The result-
ing autoradiograms were scanned with an Ortec mi-
crodensitometer.

Preparation of VSV 12-15S mRNA. Preparation
of VSV mRNA has been described previously (34).

Chemical analysis of membranes. Protein con-
tent of membranes was determined by the method of
Lowry et al. (31). The phospholipid phosphate content
of membranes was determined by the method of Ames
and Dubin (3). In calculating the phospholipid concen-
tration, the phosphate concentration was multiplied
by 25 (25).
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RESULTS

Properties of membranes from VSV-in-
fected cells. To visualize newly made VSV
membrane proteins, VSV-infected Chinese ham-
ster ovary cells were radioactively labeled with
[?*SImethionine for 15 min. Membranes were
prepared from cytoplasmic extracts by flotation
in discontinuous sucrose gradients. Figure 1
shows that total cytoplasmic membranes iso-
lated from such pulse-labeled cells contain pri-
marily the VSV glycoprotein and M protein,
small amounts of the VSV N and NS proteins,
and no detectable amounts of L protein.

Polyacrylamide gels of material found in these
membrane preparations also contain radioactive
material with an apparent molecular weight of
140,000. The methionyl tryptic peptide pattern
obtained from this material is identical to that
derived from the VSV glycoprotein (not shown).
It seems most likely that this material represents
aggregates of glycoprotein not disrupted by the
gel sample buffer.

Membrane-associated proteins have been de-
fined as peripherally or integrally associated
with membranes (39, 40). This classification is
based on the ease with which the protein can be
detached from membranes (37, 39, 40). To char-
acterize the nature of the binding of newly made
VSV M and G proteins to infected cell mem-
branes, VSV-infected cell membranes were sub-
jected to various conditions in an attempt to
remove one or both of the VSV proteins. VSV-
infected cell membranes were incubated for 1 h
at 25°C at 2 M KCl, 50 mM EDTA, pH 11, or
pH 3.5 and then reisolated by flotation on dis-
continuous sucrose gradients. Figure 2 shows the
profiles of trichloroacetic acid-precipitable ma-
terial across the sucrose gradients. Any material
that becomes detached from membranes should
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Fi1G. 1. VSV proteins present in infected cell mem-
branes. Membranes were prepared from VSV-in-
fected cells radioactively labeled with [*S]methio-
nine for 15 min as described in the text. A sample of
the membrane preparation was acetone precipitated,
and the precipitate was resuspended in gel sample
buffer (1% sodium dodecyl sulfate, 0.125 M Tris-hy-
drochloride [pH 6.8], 0.7 M B-mercaptoethanol, and
20% glycerol), boiled, and subjected to polyacrylamide
gel electrophoresis on a 10% Laemmli gel (27). The
figure shows a densitometer scan of the autoradi-
ogram of the fixed dried gel. OD, Optical density.
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remain in the bottom of the gradient, whereas
membrane-associated material will float to the
70 to 20% sucrose interface. Neither 2 M KCl, 50
mM EDTA, nor pH 3.5 will detach any VSV
protein from membranes. Incubation of mem-
branes at pH 11 removed some VSV protein
from membranous material. Polyacrylamide gel
analysis of the membrane-associated material
after incubation at high pH reveals that some
detachment of the M protein results. However,
chemical analysis of membranes after incubation
at pH 11 indicates that some membrane disrup-
tion occurs under these conditions (Table 1).
Whereas the phospholipid content of mem-
branes remains unchanged, incubation of mem-
branes at pH 11 decreases the total protein
content of the infected cell membranes by at
least 16% (Table 1).

Proteolytic digestion of infected cell
membranes. Another approach to the charac-
terization of membrane-protein complexes is the
use of proteolytic enzymes. Proteins or portions
of proteins exposed on the surface of membranes
should be susceptible to digestion with proteo-
lytic enzymes, whereas those proteins or por-
tions of proteins embedded within the lipid ma-
trix of membranes or residing inside a sealed
membrane vesicle should be protected from
digestion. To study the trypsin sensitivity of
VSV proteins associated with intracellular mem-
branes, radioactively labeled VSV-infected cell
membranes were digested with trypsin at 25°C.
The trichloroacetic acid-precipitable material
decreased with time for 30 min. Longer incuba-
tion did not result in further digestion. After
digestion was complete, 54% of the radioactivity
was still trichloroacetic acid precipitable. If the
detergent deoxycholate is added at concentra-
tions high enough to disrupt membrane struc-
ture, 90% of the radioactivity present in these
purified membranes becomes trichloroacetic
acid soluble.

To ascertain how much of the trichloroacetic
acid-precipitable material remaining after pro-
teolytic digestion is still associated with mem-
branes, membranes were reisolated by flotation
on discontinuous sucrose gradients after diges-
tion with trypsin. A total of 57% of trichloroa-
cetic acid-precipitable material remaining after
proteolytic digestion still remains associated
with material that will float in a discontinuous
sucrose gradient.

The trypsin-resistant material still associated
with membranes, as well as that released from
membranes, was characterized by polyacryl-
amide gel electrophoresis. The material released
from membranes by trypsin contained primarily
N-sized material (50,000 daltons) and a 22,000-
dalton fragment (Fig. 3, channel C). The mate-
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F1G. 2. Stability of infected cell membrane-protein complexes. VSV-infected cell membranes purified from
cells radioactively labeled for 15 min were untreated (A and G); made 3 M with respect to KCl (B and H);
made 50 mM with respect to EDTA (C and I); made pH 11 with ammonium hydroxide (D and J); made pH 3.5
with HCI (E and K). After incubation at 25°C for 1 h, the membranes were made 80% (wt/vol) with respect to
sucrose (p = 1.300 g/cm® at 20°C), and the membranes were floated in discontinuous sucrose gradients (2 ml
of 80% sucrose; 8 ml of 70% sucrose, p = 1.255 g/cm®; 5 ml of 20% sucrose, p = 1.05), which were centrifuged for
18 h at 22,000 rpm in a Spinco SW27.1 rotor. The gradients were collected from the bottom, and samples were
digested with 0.1 N NaOH and then precipitated with 10% trichloroacetic acid. (A-F) Pattern of trichloroacetic
acid-precipitable counts across sucrose gradients. Material that floated up the gradient was pooled, acetone
precipitated, and subjected to electrophoresis on 10% polyacrylamide gels. (G-K) Densitometer scans of
autoradiographs of the dried gels.
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TABLE 1. Chemical analysis of membranes®

... Phospho-

Treatment Protein (mg)® Pho(sghozlpxd lipi?is/l:)ro.
g) tein
None 551 417 0.757
2M KCl 575 (104) 429 (103) 0.746
50 mM EDTA 522 (95) 429 (103) 0.822
pH 11 460 (83) 410 (98) 0.891
pH 3.5 510 (93) 415 (99) 0.814

2 Membranes were incubated and reisolated as de-
scribed in the legend to Fig. 2. After centrifugation,
the protein content and the phospholipid content were
analyzed as is described in Materials and Methods.

® Numbers in parentheses are percentages.

rial that remains associated with membranes
after digestion with trypsin contains primarily
three large polypeptides with molecular weights
of 22,000, 56,000, and 66,000 (Fig. 3, channels D
and E). There were small amounts of polypep-
tides with molecular weights of 28,000 and 37,000
(Fig. 3).

Figure 4 shows densitometer scans of poly-
acrylamide gels similar to those shown in Fig. 3.
These scans clearly show that the largest pro-
tected fragment is not quite the size of undi-
gested glycoprotein but migrates with an appar-
ent molecular weight of 66,000.

To prove that these polypeptides are pro-
tected from digestion by membranes, the mem-
branes were chloroform-methanol extracted,
and the delipidated proteins were digested with
trypsin. The digested material was resolved by
electrophoresis on a 15% polyacrylamide gel and
found to be very small-molecular-weight mate-
rial, which is electrophoresed off the 15% poly-
acrylamide gel (not shown).

To determine the origin of these largest poly-
peptides generated by trypsin digestion of in-
fected cell membranes, each polypeptide was
excised from polyacrylamide gels and further
digested with trypsin, and the resulting tryptic
peptides were resolved by paper electrophoresis
at pH 3.5. Figures 5 and 6 show the pattern of
radioactivity across the paper after electropho-
resis. Tryptic peptides derived from full-sized M
and G proteins were subjected to electrophoresis
in parallel. Figure 5 shows clearly that the
22,000-dalton, membrane-associated tryptic
fragment is derived from the VSV M protein.
This 22,000-dalton fragment is missing at least
two of the methionine-labeled tryptic peptides
normally found in full-sized M protein. The
22,000-dalton fragment released from mem-
branes after trypsin treatment is also derived
from the VSV M protein. This fragment has a
tryptic peptide pattern identical to that shown
for the membrane-associated, 22,000-dalton
fragment (not shown). Figure 6 shows that the
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56,000- and the 66,000-dalton fragments are de-
rived from the VSV glycoprotein. These tryptic
fragments appear to contain overlapping pep-
tides. The 28,000- and 37,000-dalton fragments
are also derived from the VSV G protein (not
shown).

These results suggest that significant portions
of both the VSV G and M proteins are protected
from proteolytic digestion by membranes. Pro-
teins may be protected because they are embed-
ded in the membrane or they are totally, or in
part, inside of membrane vesicles. The proce-
dures of Kriebich and Sabatini (26) provide a
way to distinguish between these possibilities.
They found that material inside vesicles could
be rendered susceptible to proteolytic digestion
if the membrane vesicles were made porous with
very low concentrations of deoxycholate (26).
Therefore, VSV-infected cell membranes were
treated with increasing concentrations of deox-
ycholate (0.025 to 0.07%) in the presence of
trypsin. The resulting material was subjected to
polyacrylamide gel electrophoresis. Figure 7
shows densitometer scans of the resulting auto-
radiograms. At the lowest detergent concentra-
tion the largest polypeptides derived from gly-
coprotein are now susceptible to proteolytic
digestion. Thus, the large glycoprotein frag-
ments obtained after trypsin digestion of mem-
branes appear to be protected from trypsin
digestion because they span the membrane and
protrude into the inside of membrane vesicles.

As membranes are subjected to increasing
amounts of detergent, the fate of the M protein-
derived fragment (22,000 molecular weight) ap-
pears to be different than the glycoprotein-de-
rived fragments. The M protein fragment does
diminish with increasing concentrations of de-
tergent, but not as dramatically as the G-derived
fragments. At the lowest concentrations of de-
tergent the M-derived fragment is reduced by
only 50%, whereas the largest G-sized fragments
are present in less than 10% the amount found
in membranes not treated with detergent.

Trypsin sensitivity of the VSV M protein.
To test the trypsin sensitivity of VSV proteins
that are free of membranes but are in an unde-
natured state, VSV proteins were synthesized in
a cell-free, protein-synthesizing system which is
reportedly devoid of membranes. VSV M, N,
NS, and G proteins were synthesized in a cell-
free system derived from rabbit reticulocytes
directed by VSV mRNA (Fig. 8A). These ex-
tracts are reported to be deficient in membra-
nous material (30). The products of the cell-free
reaction were digested with trypsin, and the
resulting digest was resolved on polyacrylamide
gels. The VSV proteins were digested to very
small-molecular-weight material except for a
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Fi1G. 3. Polyacrylamide gel analysis of membrane-associated and released, trypsin-resistant material.
VSV-infected cell membranes prepared from cells radioactively labeled for 15 min were digested with trypsin
(50 pg/ml at 25°C) for 1 h. TLCK (N-a-tosyl-L-lysine chloromethyl ketone) (150 ug/ml, Sigma) was added, and
membranes were made 80% with respect to sucrose, placed in a Spinco SW27.1 tube, overlaid with 2 ml of 65%
sucrose (p = 1.240 g/cm?), 2 ml of 60% sucrose (p = 1.225 g/cm®), 4 ml of 45% sucrose (p = 1.180 g/cm?®), 2 ml of
40% sucrose (p = 1.155 g/cm?®), and 2 ml of 30% sucrose (p = 1.090 g/cm®), and centrifuged for 18 h at 22,000
rpm (5°C). Untreated membranes were reisolated in parallel with trypsin-treated membranes. Material
remaining in the bottom of the gradients (80% sucrose layer) as well as membranous material was acetone
precipitated and subjected to polyacrylamide gel electrophoresis on 10% polyacrylamide gels. After trypsin
digestion, most of the membrane-associated material floated to the interface of the 40 and 30% sucrose layers,
but some membrane material was found in the 65, 60, and 45% sucrose layers. The figure shows an
autoradiogram of the fixed, dried gel. Lanes A and B show undigested membrane material: (A) material in
heavy density membranes (membranes that floated into the 60% sucrose layer); (B) material in light density
membranes (membranes that floated into the 40% sucrose layer). Lanes C through E show trypsin-digested
material: (C) material released from membranes (material remaining in the 80% sucrose); (D) membrane-
associated material (material found in the 65, 60, and 45% sucrose layers); (E) membrane-associated material
(material that floated into the 40 and 30% sucrose layers).
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FiG. 4. Densitometer scan of autoradiograms of
10% polyacrylamide gel containing trypsin-resistant
material associated with VSV-infected cell mem-
branes. Membranes prepared from VSV-infected cells
radioactively labeled for 15 min were digested with
trypsin as described in the legend to Fig. 3. Mem-
brane-associated material was subjected to poly-
acrylamide gel electrophoresis on 10% gels as de-
scribed in the legend to Fig. 2. (A) No trypsin; (B)
plus trypsin.

22,000-dalton fragment (Fig. 8B).

After electrophoresis on polyacrylamide gels,
this polypeptide was further digested with tryp-
sin, and the resulting tryptic peptides were re-
solved by ionophoresis at pH 3.5. The pattern of
tryptic peptides obtained from this 22,000-dalton
polypeptide is identical to the pattern obtained
from the M-derived fragment found in infected
cell membranes (not shown).

The 22,000-dalton, trypsin-resistant core de-
rived from the M protein becomes susceptible to
further digestion by trypsin only in the presence
of 0.5% sodium dodecyl sulfate (Fig. 8C) or 0.5%
deoxycholate or after denaturation upon chlo-
roform-methanol extraction (not shown). Triton
X-100 will not render this fragment susceptible
to digestion. Thus, the VSV M protein synthe-
sized in a reticulocyte cell-free reaction is in a
conformation such that a 22,000-dalton core is
resistant to digestion with trypsin.

ASSEMBLY OF VIRAL MEMBRANES

DISCUSSION

To explore the interactions of newly made
VSV proteins with intracellular membranes, we
have pulse-labeled infected cells for 15 min with
[3S]methionine. The vast majority of the gly-
coprotein synthesized during this time interval
is present in intracellular compartments of in-
fected cells. An estimate of the time required to
incorporate G into virions is 20 min (4, 20, 23).
Furthermore, it has been shown that the glyco-
protein requires at least 15 min just to begin to
be detected at the surface of infected cells (4,
24), and, in fact, we have shown that much of
the glycoprotein synthesized during the 15-min
labeling period is associated with membranes
with a density characteristic of rough endoplas-
mic reticulum (Fig. 3, channel A).

In contrast, the VSV M protein can be de-
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F1G. 5. Tryptic peptide analysis of material pres-
ent in membranes after proteolytic digestion. Individ-
ual polypeptides were excised from polyacrylamide
gels similar to those shown in Fig. 3 and 4 and
digested with trypsin as has been previously de-
scribed (33), and the resulting methionyl tryptic pep-
tides were resolved by paper electrophoresis at pH 3.5
(29). Samples shown together were coelectrophoresed.
After electrophoresis the paper was cut into 1-cm
strips, and radioactivity present in each strip was
determined by liquid scintillation counting. (A and
C) Patterns obtained from intact glycoprotein and M
protein, respectively; (B) pattern obtained from the
22,000-dalton tryptic fragment.
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F1G. 6. Tryptic peptide analysis of material pres-
ent in membranes after proteolytic digestion. See
legend to Fig. 5. (A) 56,000-dalton tryptic fragment;
(B) 65,000-dalton tryptic fragment; (C) intact glyco-
protein.
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Fic. 7. Trypsin sensitivity of VSV M and G pro-
teins in membranes treated with low concentrations
of deoxycholate. Membranes prepared from VSV-in-
fected cells radioactively labeled for 15 min were
digested with trypsin as described in the legend to
Fig. 3, except that various concentrations of deoxy-
cholate (DOC) were added with the trypsin. After
digestion, polypeptide material associated with mem-
branes was subjected to electrophoresis on 15% poly-
acrylamide gels. (A) 0% DOC; (B) 0.025% DOC; (C)
0.050% DOC; (D) 0.075% DOC.

tected in virions within 2 to 5 min of its synthesis
(4, 20, 22, 23). Even so, it is unlikely that much
of the membrane-associated M protein synthe-
sized in the 15-min pulse is in the form of con-

J. VIROL.

taminating virions. First, our membrane prepa-
rations appear to have little virion contamina-
tion since there is little N protein present even
in labeling periods of up to 1 h (unpublished
observations). Second, the M protein present in
these membrane preparations is susceptible to
trypsin. There is no population of M protein
molecules that remain undigested, as they
should were they inside complete virions (14, 32,
35, 38). Some of the M protein synthesized dur-
ing the 15-min labeling period is likely to be
present in plasma membranes. However, much
of the M protein is located in membranes with
a density of rough endoplasmic reticulum (Fig.
3, channel A).

Membrane association of the VSV glyco-
protein. Virion-associated glycoprotein is likely
to be an integral membrane protein. Upon diges-
tion of intact virions with proteolytic enzymes,
it has been shown that there is a fragment of the
glycoprotein that is embedded in the membrane
of the virion (35, 38).

We have characterized the membrane protein
association of newly made glycoprotein. First,
the intracellular glycoprotein appears to be very
firmly bound to intracellular membranes: no
treatment of the membrane that does not dis-
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Fi1G. 8. Trypsin digestion of VSV proteins synthe-
sized in a cell-free protein-synthesizing system. VSV
proteins synthesized in reticulocyte cell extracts di-
rected by VSV 13-15S RNA were digested with trypsin
(50 pg/ml) at 25°C for 1 h, diluted with gel sample
buffer (27), and subjected to electrophoresis on 15%
polyacrylamide gels. (A) VSV proteins; (B) VSV pro-
teins + trypsin; (C) VSV proteins + trypsin + 1%
sodium dodecyl sulfate. OD, Optical density.
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rupt membranes will release the glycoprotein
from membranous material, which will float up
in a sucrose gradient. One percent sodium do-
decyl sulfate will release the glycoprotein (un-
published observations).

To further characterize glycoprotein mem-
brane interaction, we subjected these mem-
branes to trypsin. Proteins or portions of pro-
teins that are exposed on the surface of mem-
branes should be susceptible to proteolytic
digestion, whereas proteins or portions of pro-
teins that are embedded in the membrane bi-
layer or are inside a sealed vesicle should be
resistant to digestion. Membrane fractions iso-
lated from intracellular membranes are usually
in the form of vesicles (1, 2, 5, 26). These vesicles
may be inside-out vesicles with the cytoplasmic
side of the membrane on the outer surface of the
vesicle or outside-out vesicles with the cytoplas-
mic side inside the vesicle. Membranes with the
cytoplasmic side out will have ribosomes on the
outside of the vesicle, whereas vesicles with the
reverse orientation will have ribosomes inside
the vesicle. We have found that our membrane
preparations are in a conformation such that
upon incubation in high salt and puromycin,
conditions known to release ribosomes from
membranes (2), 85% of the ribosomes associated
with these vesicles are released from the mem-
branes (unpublished observations). Therefore,
the vast majority of our membranes are present
as cytoplasmic side out or unsealed vesicles.

Upon trypsin digestion of membranes pre-
pared from VSV-infected cells, we have found
that the majority of the glycoprotein is found in
fragments with molecular weights of 66,000 and
56,000. The proportion of glycoprotein found in
these large fragments varied with the membrane
preparation. In some preparations 90% of the
glycoprotein was present in these fragments,
whereas other preparations yielded as low as
50% of the glycoprotein in these large fragments.
This variability probably reflects the concentra-
tion of sealed membrane vesicles in the prepa-
ration.

No full-sized glycoprotein was detected after
digestion. Fragments this large are not likely to
be protected from digestion, not because they
are embedded in the membrane bilayer but
rather because they are inside a sealed vesicle.
Kriebich and Sabatini (26) have shown that
material inside membrane vesicles may be ren-
dered susceptible to proteolytic digestion if the
membrane vesicles are made porous with very
low concentrations of deoxycholate. We have
found that at low concentrations of deoxycholate
trypsin digests the glycoprotein to very small-
molecular-weight material. These results are
consistent with the idea that newly made gly-
coprotein is, in fact, transported across the mem-
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brane of the cell, from the cytoplasmic side of
the membrane into the lumen of the endoplas-
mic reticulum.

It is significant that no full-sized glycoprotein
is found after trypsin digestion of membranes
but that the largest protected fragment obtained
is approximately 3,000 daltons smaller than in-
tact glycoprotein. This result suggests that intra-
cellular glycoprotein is transmembranal and
that a small portion of one end of the glycopro-
tein extrudes from the cytoplasmic side of the
membrane and is, therefore, susceptible to tryp-
sin. This portion of the glycoprotein could, in
fact, be a site of interaction between the glyco-
protein and other VSV proteins.

The finding that there are also smaller glyco-
protein-derived fragments resulting from trypsin
treatment of membranes may reflect varying
degrees of penetration of the membrane vesicle
by nascent glycoprotein. The fact that these
fragments contain overlapping tryptic peptides
supports this idea. This finding is currently un-
der investigation.

The finding that the VSV glycoprotein is a
transmembranal protein in intracellular mem-
branes is interesting in light of the report of
Brown and Riedel (7) that there are no trans-
membranal structures in the budding structure
found on the surfaces of VSV-infected cells. Per-
haps final stages in the morphogenesis of VSV
include a minor cleavage of the glycoprotein
such that virion-associated glycoprotein as-
sumes a different conformation with respect to
the virion membrane.

Membrane association of VSV M protein.
The sequence of events involved in the assembly
of VSV M protein into virions is obscure. M
protein can be found both membrane associated
and soluble in infected cell extracts (11, 12, 23).
It has been reported that newly made M protein
exists in a soluble state briefly and then accu-
mulates in membranes (13).

How M protein binds to membranes in in-
fected cells and in virions is unclear. Results
presented above show that M protein found in
intracellular membranes is bound very firmly to
intracellular membranes. No condition that did
not disrupt cell membranes removed the M pro-
tein from membranes. Repeated washing of the
membrane in the absence of ions and washes in
high salt, EDTA, or low pH had little effect on
the membrane association of this protein. Incu-
bation at high pH removed some M protein from
membranes, but only when some membrane dis-
ruption had occurred. These results suggest, al-
though they certainly do not prove, that mem-
brane-associated M protein binds to membranes
as an integral membrane protein. The extent to
which the M protein might penetrate the mem-
brane bilayer is as yet undefined.
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Upon trypsin digestion of infected cell mem-
branes, M protein was digested to a 22,000-dal-
ton trypsin fragment. However, protection of
this large fragment from trypsin may be due not
to its association with membranes but rather to
its conformation in an undenatured state. This
conclusion is indicated by the fact that M pro-
tein synthesized in rabbit reticulocyte cell ex-
tracts, extracts reportedly devoid of membrane
(30), also contains a 22,000-dalton, trypsin-re-
sistant core. Alternatively, reticulocyte extracts
may, in fact, contain membranous material or
lipid which associates with the M protein,
thereby protecting the 22,000-dalton core from
digestion. This core becomes susceptible to tryp-
sin digestion upon chloroform-methanol extrac-
tion or exposure to high concentration of deox-
ycholate or sodium dodecyl sulfate, conditions
that remove lipid as well as alter protein confor-
mation.

In summary, we have isolated membranes
from VSV-infected cells that have been radio-
actively pulse-labeled. We have found conditions
of isolation which result in membrane prepara-
tions that contain primarily the VSV M and G
proteins. We have found that both these proteins
are very firmly attached to membranes. The
results of proteolytic digestion of these mem-
brane fractions suggest that the M protein re-
sides primarily on one side, the cytoplasmic side
of cellular membranes, whereas G protein has
been transported to the lumen of the membrane
vesicle. However, we have presented evidence
that the G protein in intracellular membranes is
transmembranal and that approximately 3,000
daltons of one end of the molecule is on the
cytoplasmic side of the membrane.
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