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The membrane-binding affinity of the matrix (M) protein of vesicular stomatitis virus (VSV) was examined
by comparing the cellular distribution of wild-type (wt) virus M protein with that of temperature-sensitive (ts)
and deletion mutants probed by indirect fluorescent-antibody staining and fractionation of infected or

plasmid-transfected CVI cells. The M-gene mutant tsO23 caused cytopathic rounding of cells infected at
permissive temperature but not of cells at the nonpermissive temperature; wt VSV also causes rounding, which
prohibits study of M protein distribution by fluorescent-antibody staining. Little or no M protein can be
detected in the plasma membrane of cells infected with tsO23 at the nonpermissive temperature, whereas -20%
of the M protein colocalized with the membrane fraction of cells infected with tsO23 at the permissive
temperature. Cells transfected with a plasmid expressing intact 229-amino-acid wt M protein (M1-229)
exhibited cytopathic cell rounding and actin filament dissolution, whereas cells retained normal polygonal
morphology and actin filaments when transfected with plasmids expressing M proteins truncated to the first
74 N-terminal amino acids (M1-74) or deleted of the first 50 amino acids (M51-229) or amino acids 1 to 50 and
75 to 106 (M51-74/107-229). Truncated proteins M1-74 and M51-229 were readily detectable in the plasma
membrane and cytosol of transfected cells as determined by both fluorescent-antibody staining and cell
fractionation, as was the plasmid-expressed intact wtM protein. However, the expressed doubly deleted protein
M51-74/107-229 could not be detected in plasma membrane by fluorescent-antibody staining or by cell
fractionation, suggesting the presence of two membrane-binding sites spanning the region of amino acids 1 to
50 and amino acids 75 to 106 of the VSV M protein. These in vivo data were confirmed by an in vitro binding
assay in which intact M protein and its deletion mutants were reconstituted in high- or low-ionic-strength
buffers with synthetic membranes in the form of sonicated unilammelar vesicles. The results of these
experiments appear to confirm the presence of two membrane-binding sites on the VSV M protein, one binding
peripherally by electrostatic forces at the highly charged NH2 terminus and the other stably binding membrane
integration of hydrophobic amino acids and located by a hydropathy plot between amino acids 88 and 119.

The matrix (M) protein of vesicular stomatitis virus (VSV) is
the most abundant structural protein of the virus (25), and it
apparently plays the central role in assembly of the virion (22,
26). A major portion of the M protein binds to nascent VSV
ribonucleoprotein (RNP) cores, possibly at the inner surface,
resulting in condensation of RNP cores into tight coils (2, 20).
Binding of M protein also results in down-regulation of
transcription by RNP cores (6). The M protein is quite basic
and has a pl of -9.1 (6), largely because of a plethora of lysines
and arginines at the amino terminus (23). The positively
charged amino terminus of the M protein appears to provide
the site for binding of M protein to RNP cores (10, 24).
The affinity in vivo of M protein for the plasma membrane

was demonstrated conclusively by the recent finding that at
least 10% of all vector-expressed M protein migrates to plasma
membrane, where it is tightly bound (7). Moreover, expression
of M protein alone results in evagination of M-protein vesicles
from the plasma membrane surface (13). Extensive studies of
the membrane-binding capacity of the VSV M protein showed
that wild-type (wt) M protein could bind in vitro to synthetic
lipid vesicles only if the phospholipids contained acidic head-
groups (27, 31). Affinity labeling and protease digestion re-
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vealed the presence of a membrane-binding site of the M
protein at its basic 19 N-terminal amino acids (12). In another
study, it was found that M protein missing the first 43
N-terminal amino acids retained some capacity to bind phos-
pholipid vesicles, suggesting the presence of another mem-
brane-binding site distal to the highly charged N terminus (21).
Chong and Rose (8) very recently found that a truncated
expressed M protein, missing the first 15 N-terminal amino
acids, retained its capacity to associate with plasma membrane
of transfected cells but was less tightly bound than plasma
membrane-associated intact M protein or truncated M protein
devoid of its 14 C-terminal amino acids. The evidence to date
thus suggests the possibility of two membrane-binding sites on
the M protein of VSV.

In an effort to identify more precisely the existence and
location of membrane-binding sites on VSV M protein, we
studied its distribution in CV1 cells infected with wt VSV and
a temperature-sensitive VSV mutant or transfected with dele-
tion mutants of the M gene. We also compared the ionic binding
stabilities on phospholipid vesicles of wt and mutant M proteins.
The data suggest the presence of two distinct membrane-binding
sites with differing affinities on the VSV M protein.

MATERIALS AND METHODS

Viruses and cell culture. The wt Orsay strain of VSV-
Indiana and its group III (M gene) temperature-sensitive
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FIG. 1. Stick model (A) of wt and deletion mutants of the VSV-
Indiana cDNA M gene cloned in vector pTM1 and autoradiographed
electropherogram (B) showing migration of 35S-labeled wt and deleted
M proteins by SDS-PAGE. The numbers in parentheses for the
deletion mutants refer to their amino acid sequences, which are also
indicated by the arrows above the wt M protein showing relevant
amino acid sites for each deleted protein.

mutant tsO23 were obtained from Anne Flamand of the
Universite de Paris-Sud, Orsay, France. Viruses were grown at
31°C on cultures of BHK-21 cells and titrated by plaque assay
on monolayers of L cells at permissive (31°C) and restrictive
(39°C) temperatures (24). The vaccinia virus recombinant
(vTF1-6,2) expressing the T7 bacteriophage DNA-dependent
RNA polymerase was a gift of Bernard Moss of the National
Institutes of Health. VSV infection and plasmid transfection/
vTF1-6,2 coinfection were performed by using CV1 cells grown
to 95% confluence at 37°C in Dulbecco modified Eagle
medium supplemented with 10% tryptose-phosphate broth,
10% fetal bovine serum, and antibiotics.
Complete and deleted M-gene expression vectors. The wt M

gene used in these studies was a cDNA coding for all 229
amino acids of the M protein; it was obtained from the mRNA
of the VSV-Indiana Orsay strain and was cloned in this
laboratory into a vector designated pYL-OM79 flanked by the
promoter and terminator sequences for bacteriophage T7
RNA polymerase (14). A truncated M gene coding for the first
74 N-terminal amino acids, designated pYL(M1-74), was cre-
ated by digestion of pYL-OM79 with BglII at M-gene nucle-
otide 258 and with KpnI, which cleaves at a vector site
immediately downstream from the M gene; the gap was sealed
with a synthetic oligonucleotide linker, providing an in-frame
stop codon. A truncated M-gene clone in which the first 50
N-terminal amino acids are deleted, designated pYL(M51-
229), was constructed by PCR using an upstream primer
providing an NcoI cleavage site at an internal in-frame ATG
start codon corresponding to M-gene nucleotides 249 to 251; a
downstream primer provided an EcoRI cleavage site. A double
deletion of the M gene, designated pYL(M51-74/107-229), was
also constructed by PCR using an upstream primer providing
an NcoI cleavage site at an internal in-frame ATG start codon
corresponding to M-gene nucleotides 249 to 251 and a down-
stream primer providing an EcoRI cleavage site to delete the
first 50 amino acids and by cleaving at nucleotides 258 and 358
with BglII to delete amino acids 75 to 106.
To provide maximum expression of M proteins in vitro and

in vivo, the PCR products of pYL(M1-74), pYL(M51-229),
and pYL(M51-74/107-229) were excised with NcoI and EcoRI
and inserted between the NcoI and EcoRI sites of the expres-
sion vector pTM1, kindly provided by Bernard Moss (19). The
pTM1 vector contains the T7 bacteriophage polymerase pro-
moter and terminator sequences, as well as the cap-indepen-
dent translation property. Figure 1 shows stick models for the

M-gene deletion plasmids pTM(M1-74), pTM(M51-74/107-
229), and pTM(M51-229), as well as the complete M gene
cloned in pTM1 and designated pTM-OM79 (Fig. 1A). Also
shown by sodium dodecyl sulfate- olyacrylamide gel electro-
phoresis (SDS-PAGE) are the [3 S]methionine-labeled pro-
teins expressed by these four plasmids in a TnT in vitro
coupled transcription-translation system (Fig. 1B). These 35S-
labeled complete and truncated M proteins were purified by
affinity chromatography on a column of Sepharose coupled
with monospecific polyclonal antibody made in rabbits immu-
nized with purified M protein.

Immunofluorescence studies. CV1 cells were grown on glass
coverslips for 2 days prior to infection with wt or ts023 virus
(multiplicity of infection of -5 PFU per cell) or to plasmid
transfection. Infected or transfected cells were incubated for
various periods at temperatures chosen to provide optimal
permissive (31°C) or nonpermissive (39°C) conditions for the
mutant tsO23. For transient expression of mutant or wt M
proteins cloned in plasmids, the CV1 cells were first infected
with the vaccinia virus recombinant vTF1-6,2 expressing the T7
polymerase (multiplicity of infection of 5 PFU per cell) and
then transfected with plasmids containing M-gene mutants
(0.01 mg) in the presence of Lipofectin. After incubation for
various periods, the infected or transfected CV1 cells were
washed in cold phosphate-buffered saline (PBS), fixed for 20
min in 3% formaldehyde, and permeabilized by exposure to
0.4% Triton X-100 for 3 min. Nonspecific staining was blocked
by incubation of the cells for 30 min in 3% bovine serum
albumin in PBS. The infected or transfected cells were then
incubated at room temperature for 40 min with rabbit anti-M
protein serum (immunoglobulin G [IgG]) at a concentration of
0.005 mg/ml in PBS and with rhodamine-phalloidin (to stain
actin filaments). Each coverslip was then flooded with donkey
anti-rabbit IgG conjugated with fluorescein isothiocyanate
(FITC) and incubated for 40 min at room temperature.
Washed coverslips were then mounted in 90% glycerol and
10% PBS in 3,4,5-trihydroxybenzoic acid N-propylester to
prevent photobleaching. Cellular distribution of immunofluo-
rescence was determined with a transmission microscope un-
der an epifluorescent UV light source. Cellular morphology of
the same field was examined by using phase-contrast micro-
graphs under a regular light source.

Fractionation of infected and transfected cells. Subconflu-
ent monolayers of CV1 cells in 60-mm-diameter plates were
first infected with VSV or the T7 polymerase recombinant
vTF1-6,2 by 30 min of adsorption at a multiplicity of infection
of 5 PFU per cell. The vTF1-6,2-infected cells were then
transfected with 10 ,ug of M-gene recombinant plasmid cDNA
assisted by Lipofectin for 2 h at 37°C. After being washed with
PBS, the cells were incubated for 1 h at 37°C in 2 ml of
methionine-free minimum essential medium with 5% fetal
bovine serum and 0.05 mCi of [35S]methionine. The labeling
medium was then replaced with 2 ml of minimum essential
medium containing 5% fetal bovine serum and 5 mM unla-
beled methionine. After further incubation, the 35S-labeled
cells were washed with PBS and harvested by scraping the
monolayers in homogenization buffer (HB; 10 mM Tris-HCl
[pH 7.4], 10% sucrose, 1 mM EDTA, 1 ,ug of aprotinin per ml).
Cells were disrupted by 20 strokes in a tight-fitting Dounce
homogenizer (Thomas; 0.1-nm clearance) cooled by ice, and
the lysates were clarified by centrifugation at 2,000 x g for 5
min at 4°C. The clarified lysates were then layered on a 4.5-ml
10 to 70% continuous sucrose gradient for centrifugation at
100,000 x g for 20 h at 4°C. The fractions were collected from
the bottom, diluted with equal volumes of 2x NET-gel buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Nonidet P-40,
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1 mM EDTA, 0.25% gelatin, 0.02% sodium azide), and
immunoprecipitated with rabbit anti-M protein polyclonal
serum (1:500 dilution of serum). The 35S-labeled immunopre-
cipitated proteins in each fraction were analyzed by SDS-
PAGE and scored by integrated densitometry.

In vitro reconstitution ofM proteins with sonicated vesicles.
Complete and deleted VSV M proteins labeled with [35S]me-
thionine were synthesized in vitro from M-gene recombinant
pTM1 plasmids by using the Promega TnT coupled transcrip-
tion-translation kit driven by phage T7 polymerase and trans-
lated in a reticulocyte lysate. The efficiency of [35S]methionine
incorporation into newly translated proteins was 22%, with
background incorporation of 0.2%. All translated M proteins
were purified by affinity chromatography on a column of
Sepharose conjugated with polyclonal antibody specific for M
protein. The sonicated vesicles were prepared as previously
described (29). In short, 500 nmol of dipalmitoylphosphatidyl-
choline (DPPC) was mixed with 500 nmol of dipalmitoylphos-
phatidylglycerol (DPPG); this 1:1 molar ratio of DPPC/DPPG
was dried under nitrogen and lyophilized overnight. The lipid
samples were then suspended in 2 ml of 10 mM Tricine buffer
(pH 7.4) containing no salt, 0.15 M NaCl, or 0.65 M NaCl and
sonicated at 42°C for 3 to 5 min under nitrogen with a
Heat-Systems W-350 sonicator. Multilamellar vesicles were
removed by centrifuging the sonicated lipid samples at 150,000
x g for 3 h. The resulting small unilamellar vesicles (about 25
nmol) were mixed with wt or truncated 35S-labeled M proteins
(150,000 cpm) and were then dialyzed for 24 h against 10 mM
Tricine containing the desired NaCl concentrations. The vesi-
cles reconstituted with M protein were then subjected to
buoyant-density (isopycnic) centrifugation for 16 h at 200,000
x g at 46°C in a 0 to 30% sucrose gradient as previously
described (27). Samples (0.4 ml each) were analyzed for
buoyant density by refractometry, and the gradient distribution
of 35S-M proteins was determined by SDS-PAGE and autora-
diography and integrated by densitometry.

RESULTS

Cellular distribution of tsO23 M protein at permissive and
restrictive temperatures. It has been known for some time that
the VSV M protein lines the inner surface of the virion
envelope and binds to the inner surface of the plasma mem-
brane, as well as the RNP cores, in VSV-infected cells (26).
Chong and Rose (7) have shown that, in the absence of other
VSV proteins, 90% of the plasmid-expressed M protein is
distributed in the cytosol and 10% is associated with the
plasma membranes of transfected cells. It was of interest to
determine whether at nonpermissive temperatures the VSV
M-gene conditional mutant tsO23, which is defective in virion
assembly, synthesizes M protein restricted in binding to plasma
membrane. Because of the cytopathic effect of cell rounding
caused by M protein synthesized in cells infected with wt VSV
or its M-gene mutant tsG33 at permissive temperatures (5),
fluorescent-antibody labeling studies were likely to be of
limited use in determining the distribution of M protein in
infected cells. For this reason, cell fractionation studies were
also performed. It was also of interest to compare the cell
rounding induced by tsO23 with that induced by the different
M-gene mutant tsG33 tested previously (5).

In these experiments, CV1 cells were infected with wt VSV
or tsO23 and incubated for 4 h at 310 (permissive temperature)
or 39°C (restrictive temperature). As described in Materials
and Methods, infected CV1 cells grown on coverslips were
exposed to monospecific rabbit anti-M serum and labeled with
FITC-conjugated donkey anti-rabbit IgG for examination by

fluorescence and phase microscopy. In the second experiment,
semiconfluent monolayers of CV1 cells similarly infected with
tsO23 and labeled with [35S]methionine were incubated at 31
or 39°C for 4 h and disrupted by Dounce homogenization,
clarified, and fractionated by isopycnic centrifugation on a 10
to 70% continuous sucrose gradient, and the distribution of M
protein in each fraction was determined by immunoprecipita-
tion and analyzed by SDS-PAGE and integrated densitometry
after autoradiography.

Figure 2 shows the fluorescent staining and phase micro-
graphs of representative fields of CV1 cells infected at 39°C
with wt VSV and at 31 or 39°C with tsO23. Clearly, the cells
were rounded and shrunken after infection with wt virus at
39°C (Fig. 2A and B) or with ts023 at 31°C (Fig. 2E and F).
The M protein was uniformly distributed and could not be
localized to any region of the cells infected with wt virus (Fig.
2A) or with tsO23 at 31°C (Fig. 2E). In sharp contrast, CV1
cells infected with tsO23 at 39°C retained their large size and
typical polygonal morphology when examined by fluorescence
microscopy (Fig. 2C) or by phase microscopy (Fig. 2D). The
tsO23 M protein appeared to be widely distributed throughout
the cytoplasm of cells infected at 39°C, with no particular
localization to the surface membrane (Fig. 2C). Quite obvi-
ously, the membrane localization, if any, in cells infected with
wt VSV or tsO23 at 31°C cannot be determined because of the
cytopathic effect. Of some interest is the finding that tsO23
causes the same cell rounding at permissive but not nonper-
missive temperatures as does another M-gene mutant, tsG33
(5).

Figure 3 shows the distribution of 35S-labeled M protein
synthesized in CV1 cells infected at 31°C (Fig. 3A) or 39°C
(Fig. 3B) with tsO23 after disruption, fractionation by isopycnic
centrifugation, immunoprecipitation, SDS-PAGE, autoradiog-
raphy, and integrated densitometry. As noted, -75% of the M
protein synthesized at 31°C banded at a mean density of
-1.234 g/cm3 and -25% of the M protein banded at a peak of
-1.130 g/cm3 (Fig. 3A). The radioactivity at high density is
consistent with the presence of free M protein in the cytoplasm
or of M protein in association with nascent RNP cores. The
lower density peak at 1.142 g/cm3 indicates the presence of M
protein associated with plasma membrane, which bands at this
density in such a sucrose gradient (1). By comparison, virtually
all the ts023 M protein synthesized at 39°C banded at a density
of 1.234 g/cm3, except for a trailing decreasing amount of
radioactivity near the top of the gradient (Fig. 3B).
The question arises whether the tsO23 M protein fails to

bind to plasma membrane at 39°C because it can be seques-
tered on the perinuclear membrane or cytoskeleton at the
nonpermissive temperature. This is particularly relevant be-
cause of the studies of Ono et al. (21a), who found that the M
protein of the phenotypically similar VSV mutant tsG33 forms
perinuclear aggregates at nonpermissive temperatures but is
diffusely distributed in the cytoplasm at permissive tempera-
tures. Therefore, we analyzed by the same method (21a) the
distribution of M protein in the nuclei, cytoskeletons, and
cytoplasm of CV1 cells infected with tsO23 at 31 and 39°C in
the presence of [35S]methionine. Briefly, tsO23-infected CV1
cells washed at 6 h postinfection at 31 and 39°C were sus-
pended in a HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid) buffer and disrupted by adding 0.5% Triton
X-100 for 30 s. After centrifugation of the disrupted cells at
1,000 x g for 5 min, the soluble supernatant fluid was removed
for analysis. The pelleted material was separated into nuclei
and cytoskeleton by homogenization in lysis buffer containing
1% Tween 20 and 0.5% deoxycholate, and then it was centri-
fuged at 1,000 x g for 5 min. The 35S-labeled M protein in each
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FIG. 2. Indirect fluorescent-antibody staining ofM protein and phase microscopy of CV1 cells infected 4 h previously with wt VSV-Indiana at
39°C (A and B) or with its M-gene mutant ts023 at the nonpermissive temperature of 39°C (C and D) or the permissive temperature of 31°C (E
and F). As described in Materials and Methods, infected CV1 cells were fixed, permeabilized, exposed to rabbit anti-M monospecific polyclonal
antibody, and labeled with FITC-conjugated donkey anti-rabbit IgG. Photomicrographs show cells in the same fields examined by fluorescence
microscopy and phase microscopy at a magnification of x472.

fraction was immunoprecipitated and quantitated by SDS-
PAGE, autoradiography, and integrated densitometry. The
results showed that the distribution of tsO23 M protein syn-
thesized in CV1 cells at the permissive temperature was as

follows: 49% in the cytosol, 20% associated with nuclei, and
31% associated with the cytoskeleton fraction. By comparison,

tsO23 M protein synthesized at the nonpermissive temperature
was distributed in CV1 cells as follows: 30% in the cytosol,
40% in the nuclear fraction, and 30% in the cytoskeletal
compartment (data not shown). These data indicate that the
sequestration of tsO23 M protein in perinuclear or cytoskeletal
fractions is not responsible for its failure to bind to plasma
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FIG. 3. Distribution of M protein in cytoplasm and membrane of

fractionated CV1 cells infected with VSV mutant tsO23 at the
permissive temperature of 31°C (A) or the nonpermissive temperature
of 39°C (B). Cells labeled with [ 'S]methionine were harvested at 4 h
after infection and disrupted by Dounce homogenization. As described
in Materials and Methods, disrupted cells were fractionated by isopyc-
nic centrifugation in a 10 to 70% sucrose gradient. The 35S-labeled M
protein in each of the ten fractions was immunoprecipitated by adding
rabbit anti-M serum in the presence of 0.4% Triton X-100 and
subjected to SDS-PAGE and autoradiography. The relative propor-
tions of 35S-M protein in each fraction were determined by integrated
densitometry, and the buoyant density (p) was determined by refrac-
tometry.

membrane at the nonpermissive temperature, since almost as
much tsO23 M protein was soluble in the cytoplasm and
available for membrane binding at the permissive temperature
as at the nonpermissive temperature.
These data indicate that mutant tsO23 M protein synthe-

sized in cells at the restrictive temperature binds only mini-
mally, if at all, to plasma membrane, suggesting that there is a
conditional defect in membrane association of the mutant M
protein. The distribution of 75% cytoplasmic and 25% mem-
brane-associated tsO23 M protein at the permissive tempera-
ture is not significantly different from the 10% binding to
plasma membrane of vector-expressed wt M protein reported
by Chong and Rose (7).

Cellular distribution of plasmid-expressed complete and
truncated M proteins. It was of interest to determine whether
the intact wt M protein and some of its deletion mutants were
associated with cell membrane in the absence of other intra-
cellular VSV proteins. Therefore, CV1 cells were transfected
with pTM1 recombinants expressing the entire wt M protein or

its deletion mutants depicted in Fig. 1 and coinfected with
vTF1-6,2 vaccinia virus expressing T7 polymerase. In one
experiment, CV1 cells grown on coverslips were fixed at 16 h
posttransfection and exposed to polyclonal rabbit anti-M se-
rum followed by FITC-conjugated donkey anti-rabbit IgG or
by rhodamine-phalloidin to stain actin filaments. The shape of
these same fluorescently labeled cells was also determined by
phase microscopy. In the second series of experiments, plas-
mid-transfected CV1 cells expressing intact M protein or its
deletion mutants were fractionated and the distribution of M
proteins between cytosol and membrane was determined by
equilibrium (isopycnic) centrifugation as described in Materi-
als and Methods.

Figure 4 shows the cellular distribution of intact M protein
and its deletion mutants, the presence of actin filaments, and
the shape of the cells at 16 h after transfection with pTM-
OM79, pTM(M1-74), pTM(M51-229), or pTM(M51-74/107-
229). As indicated in Fig. 4A through C, expression of the
entire wtM protein resulted in marked rounding of transfected
CVI cells, a paucity of actin filaments, and uniform fluorescent
staining of M protein, in a manner quite similar to that
observed for CV1 cells infected with wt VSV or with ts023 at
31°C (Fig. 2). In sharp contrast, CV1 cells transfected with the
three M-gene deletion mutants retained their polygonal shape
and actin filaments as judged by fluorescence and phase
microscopy despite ample expression of FITC-stainable M
protein. The distribution of FITC-stainable M protein and the
presence of actin filaments reactive with rhodamine-phalloidin
are clearly visible in cells transfected with all three deletion
mutants. The M protein truncated to the first 74 amino acids,
expressed in cells transfected with pTM(M1-74), was clearly
found at the cell surface, presumably at the plasma membrane,
as well as in the cytoplasm (Fig. 4D). Similarly, CV1 cells
transfected with pTM(M51-229), in which the first 50 amino
acids were deleted, expressed this truncated M protein, which
is distributed in the cytoplasm and partially in the region of the
surface plasma membrane as well as the nucleus (Fig. 4G). By
comparison, deletion of amino acids 1 to 50 and 75 to 106 in
pTM(M51-74/107-229) resulted in the synthesis of a doubly
deleted M protein detectable only as punctate clusters in the
cytoplasm, and not the surface membrane, of transfected CV1
cells (Fig. 4J). These findings indicate that the entire M protein
is required for causing a cytopathic effect resulting in cell
rounding and dissolution of actin filaments. In addition, two
deletions are required to prevent the association of M protein
with plasma membrane, suggesting the presence of two mem-
brane-binding sites on M protein located in the regions of
amino acids 1 to 50 and 75 to 106.

Figure 5 provides additional data concerning the membrane
and cytosol distribution of 35S-labeled M protein expressed in
CV1 cells transfected with pTM-OM79 (expressing the entire
wt M protein), pTM(M1-74), the double-deletion mutant
pTM(M51-74/107-229), and pTM(M51-229), as determined by
cell fractionation, equilibrium density centrifugation, and SDS-
PAGE. As noted, -90% of the wt M protein expressed by
pTM-OM79 banded at a mean density of -1.131 g/cm3,
equivalent to the density expected for membrane (Fig. 5A).
Much lower yields of M protein truncated to the first 74
N-terminal amino acids were recoverable from pTM(M1-74)-
transfected CV1 cells, but cell fractionation revealed that
-70% of this protein was present in cytosol at a mean density
of 1.211 g/cm3 and -30% was present in a putative membrane
fraction at a density of 1.119 g/cm3 (Fig. SB). The doubly
deleted M protein expressed by pTM(51-74/107-229) ex-
pressed in CV1 cells fractionated by isopycnic centrifugation
banded entirely at a mean density of 1.234 g/cm3, i.e., at a

p= g/cm3 X N en
*- *; .r
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FIG. 4. Indirect immunofluorescent-antibody staining ofM protein, actin filament labeling, and phase microscopy of CV1 cells transfected with
plasmids expressing the entire VSV M gene, pTM-0M79 (A through C), or plasmids expressing deleted M genes, pTM(Ml-74) (D through F),
pTM(M51-229) (G through I), or pTM(M51-74/107-229) (J through L). As described in Materials and Methods, CV1 cells were infected with T7
polymerase-expressing vTF1-6,2 and transfected with recombinant M-gene plasmids in the presence of Lipofectin. After incubation at 370C for 16
h after transfection, cells were fixed, permeabilized with 0.4% Triton X-100, exposed to rabbit anti-M serum, and stained with FITC-conjugated
donkey anti-rabbit IgG and rhodamine-phalloidin. The photomicrographs show representative fields of the same cells examined for distribution
of M protein by fluorescein labeling (A, D, G, and J), for actin filaments by rhodamine fluorescence (B, E, H, and K), or for shape by phase
microscopy (C, F, I, and L). Magnification, X458.
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FIG. 5. Distribution of M protein between the cytoplasm and

plasma membrane of CV1 cells transfected with pTM-OM79 express-
ing the entire M protein (A), pTM(Ml-74) expressing M protein
truncated to the first 74 amino acids (B), pTM(M51-74/107-229)
expressing M protein deleted of amino acids 1 to 50 and 75 to 106 (C),
or pTM(M51-229) expressing M protein deleted of the first 50 amino
acids (D). As described in Materials and Methods, CV1 cells previ-
ously infected with vTF1-6,2 were transfected with each plasmid,
labeled with [35S]methionine, and disrupted by Dounce homogeniza-
tion after incubation for 16 h. After removal of debris and nuclei by
low-speed centrifugation, the disrupted cells were fractionated by
isopycnic centrifugation on a 10 to 70% sucrose gradient. The 35S-
labeled M protein in each of the 10 gradient fractions was immuno-
precipitated with rabbit anti-M serum and analyzed by SDS-PAGE.
Autoradiographs of M proteins (shown above bar graphs) were then
integrated by densitometry, and buoyant density (p) was determined by
refractometry. The results are plotted as the percentage of 35S-M
protein in each gradient fraction.

density expected for cytosol devoid of membrane; virtually
none of the M protein missing amino acids 1 to 50 and 75 to
106 could be detected at a density expected for plasma
membrane (Fig. SC). In marked contrast, when CV1 cells were
fractionated by equilibrium density centrifugation after trans-
fection with pTM(MS1-2229) expressing M protein from which
only the first 50 amino acids were deleted, -80% of the
truncated M protein banded at a mean density of -1.119 g/cm3
in presumptive association with cell plasma membrane (Fig.
SD).
These findings by cell fractionation appear to confirm the

data obtained by fluorescent-antibody staining, indicating the
presence of membrane-binding sites on M protein in the
region of the first 74 amino acids as well as a region distal to
amino acid 51. The failure of the M protein expressed by
pTM(MS1-74/107-229) to bind to low-density cell fractions
indicates the presence of two membrane-binding sites on M
protein located between amino acids 1 to 50 and between
amino acids 75 to 106.

It is incumbent upon us to comment on why M protein
expressed by pTM-OM79 and by pTM(MS1-229) should be
found so abundantly at isopycnic densities consistent with that
of membranes, whereas the M protein expressed during infec-

tion with wt VSV or ts023 at the permissive temperature is
localized in isopycnic fractionated cells more abundantly at the
density of cytosol than at that of membrane (Fig. 3). A partial
explanation may be that M protein synthesized during VSV
infection is predominantly associated with nucleocapsids,
which band at high densities. However, only 10% of the M
protein expressed in HeLa cells by a recombinant plasmid was
found to colocalize with plasma membrane at the 65%-10%
interface of a discontinuous isopycnic sucrose gradient,
whereas -90% of the expressed M protein was found at the
80%-65% sucrose interface thought to be in a cytosolic frac-
tion (7). A possible explanation for this discrepancy is that
expression of the M-gene construct in HeLa cells was for 6 h
(7), whereas in our studies the M-gene constructs were ex-

pressed for 16 h, ostensibly providing a longer time for M
proteins to migrate from the cytosol to the plasma membrane.
When we repeated this experiment by the method of Chong
and Rose (7, 8), using isopycnic flotation centrifugation in a

discontinuous 80%-65%-10% sucrose gradient for fraction-
ation of cells transfected with pTM-OM79, we found that 21%
of the expressed M protein colocalized at the 65%-10%
sucrose interface (presumably with plasma membrane) and
79% was at the 80%-65% (presumably cytosolic) sucrose
interface (data not shown). The same experiment with CV1
cells transfected with pTM(M51-229) revealed that only 38%
of the truncated M protein colocalized with cytosol at the
80%-65% sucrose interface, whereas 62% of the truncated M
protein was found in the presumptive membrane-associated
fraction at the 65%-10% sucrose interface (data not shown).
The question arises as to the reliability of cell fractionation by
continuous sucrose isopycnic gradient centrifugation com-

pared with that of a discontinuous sucrose gradient in which
buoyant density cannot be measured. Regardless, the doubly
deleted M protein expressed by pTM(M51-74/107-229) is
clearly not membrane associated (Fig. 5C).

Vesicle binding affinity of intact and deleted M proteins.
The preceding experiments suggest the presence of two in vivo
membrane-binding sites on the M protein of VSV, one located
within the first 50 amino acids and the other between amino
acids 75 and 106. The existence of a similar N-terminal
membrane-binding site on M protein was recently demon-
strated by Chong and Rose (8), who also demonstrated that
stability of membrane binding under high-salt conditions was

attributable to the C-terminal region of the M protein. Earlier
studies from our laboratory had revealed that wt VSV M
protein binds in vitro to synthetic phospholipid vesicles only if
they contain acidic headgroups that recognize the basic M
protein (27, 31). It seemed logical therefore to determine
whether the two putative membrane-binding sites on M pro-
tein contribute to its binding affinity for acidic phospholipids,
as well as whether ionic and/or hydrophobic bonds contributed
to the two putative binding sites.

In these experiments unilamellar vesicles containing equal
concentrations of DPPC and DPPG (DPPC/DPPG vesicles)
were prepared by sonication and purified to homogeneity as

previously described (27, 29). M proteins labeled with [35S]me-
thionine were prepared in vitro with the TnT coupled tran-
scription-translation system by using as templates the T7
polymerase-driven plasmids pTM-OM79, expressing the entire
wt M protein, and pTM(M1-74), pTM(M51-229), and pTM
(M51-74/107-229), each of which expresses the relevant trun-
cated M protein (Fig. 1; see Materials and Methods). Soni-
cated DPPC/DPPG unilamellar vesicles were incubated with
35S-labeled entire or truncated M proteins in buffers contain-
ing no salt, 0.15 M NaCl, or 0.65 M NaCl. As described in
Materials and Methods, the interacting vesicles and M proteins
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FIG. 6. Salt-dependent affinity for in vitro binding ofM protein and

its deletion mutants to sonicated unilamellar phospholipid vesicles and
hydropathy plot of wt VSV M protein. Complete M protein containing
all 229 amino acids (M1-229) and deletion mutants of M protein
truncated to the first 74 amino acids (M1-74), deleted of the first 50
amino acids (M51-229), or deleted of amino acids 1 to 50 and 75 to 106
(M51-74/107-229) were synthesized in vitro and labeled with [35S]
methionine in the TnT coupled transcription-translation system.
Unilamellar vesicles were prepared by sonication of equimolar con-
centrations of DPPC and DPPG. Mixtures of liposomes and 35S-
labeled complete or truncated M proteins were reacted at 42°C for 24
h during dialysis against Tricine buffer with no salt or 0.15 or 0.65 M
NaCl. Vesicles banded by buoyant-density centrifugation in a contin-
uous 0 to 30% sucrose gradient were tested for their concentrations of
bound 35S-M protein by SDS-PAGE, autoradiography, and integrated
densitometry. The percentage of M protein bound to vesicles at each
salt concentration was calculated from the total 35S-protein throughout
the gradient. The inset shows the hydropathy index of wt VSV-Indiana
M protein calculated by moving segments of 20 amino acid residues
according to the values assigned by Kyte and Doolittle (11).

were subjected to isopycnic centrifugation in a 0 to 30%
continuous sucrose gradient and the percentage of 35S-M
protein banding with lipid vesicles was measured by SDS-
PAGE, autoradiography, and integrated densitometry.

Figure 6 shows bar graphs of the percentages of 35S-M
protein associated with DPPC/DPPG vesicles after interaction
in buffer containing no NaCl or 0.15 or 0.65 M NaCl followed
by isopycnic centrifugation. Also shown in Fig. 6 for reference
is a hydropathy plot of the entire wt M protein. As indicated,
in a reaction mixture containing no salt, 60% of the whole M
protein bound to DPPC/DPPG vesicles, compared with 37% of
the M protein truncated to the first 74 amino acids, 40% of the
M protein extending from amino acid 51 to 229, and only 11%
of the double-deletion M51-74/107-229 protein; 10 to 12% of
the binding can be assumed to represent background nonspe-
cific binding of M protein. We interpret this last result as
indicating that there was essentially no binding of the mutant
M protein deleted in two regions (from amino acids 1 to 50 and
75 to 106) to DPPC/DPPG vesicles; these data appear to
support the preceding studies indicating the complete loss of
membrane binding in vivo of this doubly deleted mutant M
protein. When the wt and truncated M proteins were recon-
stituted with DPPC/DPPG vesicles at physiological salt con-
centrations (0.15 M NaCl), their binding affinities decreased

slightly: there was a 10% decrease for the complete M protein
(M1-229), an 8% decrease for truncated protein M1-74, and an
insignificant 2% decrease for truncated protein M5 1-229.
Increasing the salt concentration in the vesicle-M protein
binding medium to 0.65 M NaCl resulted in decreased binding
of the entire M protein (M1-229), from 50 to 60% to 29%, and
of the M protein truncated to the first 74 amino acids (M1-74),
from 29 to 37% to 10%, essentially to the background level for
this procedure. In contrast, the binding reaction performed at
0.65 M NaCl reduced the binding to vesicles of the M protein
from which the first 50 amino acids were deleted (M51-229)
from a level of 38 to 40% to 35%, an insignificant decline in
binding affinity at a high salt concentration. Quite similar
binding affinities were observed when 14C-labeled wt and
mutant M proteins were interacted with sonicated 3H-DPPC/
DPPG unilammelar vesicles in the presence of no NaCl or
0.15 or 0.65 M NaCl before isopycnic centrifugation. All but
the double mutant 14C-M51-74/107-229 colocalized with 3H-
DPPC/DPPG vesicles at low salt concentrations, and 14C-M1-74
showed no affinity for binding to 3H-DPPC/DPPG vesicles in
the presence of 0.65 M NaCl (data not shown).
These data indicate that the M protein truncated to the first

74 amino acids (M1-74) binds to DPPC/DPPG vesicles by ionic
bonds, whereas the M protein in which only the first 50 amino
acids are deleted (M51-229) appears to bind DPPC/DPPG
vesicles by nonionic bonds, since it is not significantly impeded
in binding in the presence of 0.65 M NaCl. In the case of the
entire M protein (M1-229), both ionic and nonionic binding
appear to be operative, with the greater binding force appar-
ently being nonionic in character. This finding is consistent
with the study reported by Chong and Rose (8), who found that
membrane-prebound M protein lacking the first 15 amino
acids was only slightly more dissociable by high salt concentra-
tions than was the membrane-prebound intact M protein,
indicating the presence of a carboxy-distal nonionic mem-
brane-binding site.

It is well known that the N-terminal region of VSV M
protein is highly charged and rich in basic lysine and arginine
residues (23, 24), thus explaining its binding affinity for vesicles
containing phospholipids with acidic headgroups (27, 31).
Figure 6 (inset) shows a hydropathy plot, created according to
the method of Kyte and Doolittle (11), indicating the regions
of the wt VSV M protein possessing significant stretches of
hydrophobic amino acids. As indicated, the region between
amino acids 88 and 119 can be considered to be hydrophobic.
This could explain why the deletion of amino acids 75 to 106 in
this region (along with amino acids 1 to 50) results in a loss of
capacity to bind cell membrane and lipid vesicles. This could
also explain why binding at this region is not prevented by high
salt concentrations as is binding at the other putative binding
site spanning the first 50 amino acids, which quite obviously
binds to membranes through electrostatic forces. The other
hydrophobic region at the extreme C-terminal end (amino
acids 202 to 208) of the M protein apparently is not likely to
play a role in stable membrane association; deletion of 14
C-terminal amino acids did not disrupt binding of this trun-
cated M protein (8), and it would not be expected to do so.

Finally, we set out to determine the levels of binding stability
of the complete M protein and the truncated M proteins
complexed with vesicles. In these experiments pTM-OM79,
pTM(M1-74), and pTM(M51-229) were expressed in the TnT
coupled transcription-translation system, and proteins M1-229,
M1-74, and M51-229, respectively, were heavily labeled with
[35S]methionine. After purification, these 35S-labeled M pro-
teins were incubated with DPPC/DPPG vesicles in the salt-free
Tricine buffer described in Materials and Methods. These
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vesicles, complexed with whole M protein or with the two
truncated M proteins, were dialyzed overnight against Tricine
buffer without salt or with 0.65 M NaCl. The vesicles were then
purified by isopycnic centrifugation banding, and the levels of
5S-M protein associated with vesicles exposed to no NaCl or

0.65 M NaCl were compared by radioactivity determined by
scintillation spectrometry. The results revealed that, after
exposure to 0.65 M NaCl, 83% of the whole M protein and
78% of the M protein truncated to amino acids 51 to 229
remained associated with vesicles, respectively. By comparison,
only 12% of the M protein truncated to amino acids 1 to 74
remained associated with vesicles exposed to 0.65 M NaCl
(data not shown). These results are quite consistent with the
effect of salt on the binding of M protein and its truncations to
vesicles (Fig. 6). These data further support the hypothesis that
the N-terminal region of M protein binds to membrane
electrostatically and that the C-terminal region, possibly amino
acids 75 to 106, binds to membrane more stably by hydropho-
bic bonds.

DISCUSSION

It is generally assumed that the VSV M protein is essential
for virion assembly in serving as the bridge that joins the RNP
to the G-protein-containing plasma membrane. M protein
appears to be associated with RNP cores, as judged by electron
microscopic immunogold labeling (2, 20), as well as by chem-
ical cross-linking studies (9, 17). The M protein also appears to
line the inner surface of the virion membrane in close proxim-
ity to the integral membrane G protein (9), the C-terminal
region of which has been considered to be a docking site for
the M protein-RNP complex (15). However, plasmid-ex-
pressed M protein, in the absence of other viral proteins, is
transported to and binds to plasma membrane (3, 7), and it is
capable on its own of causing evagination of plasma mem-

brane, resulting in budded vesicles (13). Intact M protein and
truncated M proteins interact with and bind to isolated plasma
membranes (8) and to phospholipid vesicles (21, 27). In a

reconstitution system the M protein shows considerable affinity
for binding RNP cores (28). The exact RNP-binding site(s) on

VSV M protein is not known, but studies with ts mutants and
revertants, as well as studies using protease protection of M
protein complexed with RNP cores, indicated that three-
dimensional structures markedly influence the stability of
endogenous M protein bound to RNP cores isolated from
virions (10). Recent studies revealed that plasma membrane-
associated intact M protein binds to RNP cores in a reconsti-
tution assay, but truncated M protein missing the first 14
N-terminal amino acids does not bind RNP cores, suggesting
that the RNP-binding site is located at the N terminus of M
protein (8). In unpublished studies using M proteins expressed
by the constructs described in this paper, it was found that
RNP cores free of endogenous M protein were able to bind M
proteins truncated to the first 74 amino acids (M1-74) and
missing the first 50 amino acids (M51-229) but that they could
bind these somewhat less efficiently than they could bind
complete M protein (M1-229), indicating the possible exis-
tence of two sites on M protein capable of binding RNP cores

(30).
Evidence that the M protein binds to membranes and lies in

close proximity to the VSV virion envelope was obtained with
protein-phospholipid cross-linking reagents (32). Similar cross-

linking studies revealed that a membrane-binding site on the
virion M protein was localized to its first 19 N-terminal amino
acids (12). In vitro reconstitution studies revealed that soluble
M protein binds to sonicated unilamellar phospholipid vesicles

but that it does so far more efficiently if the vesicles contain
negatively charged phospholipids; binding of M protein to
vesicles with acidic phospholipids was markedly reduced by
derivatization of lysine residues or by the presence of 0.5 M
NaCl, indicating the occurrence of primarily electrostatic
binding to the lysine-rich N terminus of the M protein (31).
However, subsequent studies showed that removal of the first
43 N-terminal amino acids by trypsin resulted in a truncated M
protein that retained vesicle-binding activity but at consider-
ably reduced efficiency (21), suggesting the presence of two
independent membrane-binding sites on the VSV M protein.
About 90% of the plasmid-expressed M protein in transfected
cells was distributed in cytosol, and 10% was tightly bound to
plasma membrane, not dissociable except by detergents (7).
Expression in transfected cells of a truncated M protein
lacking the first 19 amino acids also migrated to plasma
membrane, but this protein was less tightly bound than was
intact M protein; removal of the carboxy-terminal 14 amino
acids has no effect on membrane or nucleocapsid binding of
this truncated M protein (8).
The studies reported here confirm the theory that intracel-

lularly synthesized wt M protein migrates to and binds to
plasma membrane of cells infected with wt VSV or transfected
with a recombinant plasmid expressing only wt M protein.
Transfecting deletion mutants revealed that expressed M
proteins truncated to the first 74 amino acids or to amino acids
51 to 229 bind to plasma membrane as determined by indirect
fluorescent-antibody staining or by cell fractionation. Most
importantly, deletion of amino acids 1 to 50 and 75 to 106
results in an expressed M protein that remains in the cytosol
and cannot be detected in plasma membrane either by fluo-
rescent-antibody staining or by cell fractionation. These results
collectively indicate the presence of two membrane-binding
sites on wt M protein, one at the N terminus in the neighbor-
hood of amino acids 1 to 50 and a second between amino acids
75 and 106. These in vivo studies were confirmed by in vitro
experiments in which the entire M protein and its three
deletion mutants were tested for their capacity to bind soni-
cated phospholipid vesicles. The double-deletion mutant
(M51-74/107-229) showed only background binding to vesicles
even in the absence of salt or in a 0.15 M NaCl buffer. The
vesicle binding exhibited by the two single-deletion mutants
(M1-74 and M51-229) was somewhat less than that exhibited
by the complete M protein (M1-229) at physiological salt
concentrations. The M protein truncated to the first 74 amino
acids (M1-74) did not bind to vesicles beyond the background
level in a reaction buffer containing 0.65 M NaCl, whereas the
M protein deleted of the first 50 amino acids (M51-229)
showed no significant decline in its capacity to bind vesicles at
high salt concentrations. Moreover, after prebinding to vesicles
in a low-salt environment, truncated protein M1-74 was readily
dissociated from vesicles by exposure to 0.65 M NaCl, whereas
truncated protein M51-229 remained stably associated with
vesicles exposed to 0.65 M NaCl. These data appear to confirm
the presence of two membrane-binding sites on VSV M
protein. (i) The N-terminal site, rich in charged amino acids,
appears to bind to cellular or vesicle membranes by electro-
static forces. (ii) The region on M protein spanning amino
acids 75 to 106 is rich in hydrophobic amino acids and is stably
bound to cellular or vesicle membranes in an integrative
manner. Quite clearly, the loss of membrane-binding activity of
the double-deletion mutant could be due to a conformational
change and to aberrant folding of the M protein, folding which
was more extensive than that which occurred in the case of
each of the single deletions alone.
The M protein synthesized at the nonpermissive tempera-

J. VIROL.



MAPPING VSV M PROTEIN FUNCTIONS 7395

ture in cells infected with the VSV mutant tsO23 was also not
detectable, or barely detectable, in plasma membrane either by
fluorescent-antibody staining or by cell fractionation. This
mutant has amino acid substitutions at residues 21, 111, and
227 (18). On the basis of studies with spontaneous revertants,
the major mutation resulting in markedly reduced assembly
and yield of infectious progeny at the nonpermissive temper-
ature is a leucine--phenylalanine substitution at amino acid
111 (18); supporting this conclusion was the finding that
expression of mutant M protein with a Phe-*Leu reversion at
residue 111 complements growth of ts023 at the nonpermis-
sive temperature (14). Studies with similar M-gene mutants
and revertants led Kaptur et al. (10) to conclude that the
temperature-sensitive phenotype affected the RNP-binding
affinity of M protein because of altered conformation. It seems
entirely likely that the reduced binding to plasma membrane of
the tsO23 mutant M protein in experiments reported here is
also due to altered conformation.
Another property of the VSV M protein is its capacity to

cause a cytopathic effect evidenced by cell rounding, probably
due to dissolution of actin filaments, in cells infected with wt
VSV or its mutant tsG33 at permissive temperatures (5).
Another, probably unrelated, effect of M protein is the inhibi-
tion of cell-directed transcription of target genes (4) when the
M protein is transported to the nucleus (16). Cells infected
with the VSV M-gene mutant tsG33 at the restrictive temper-
ature do not exhibit the cytopathic effect of cell rounding (5).
We have obtained, as reported here, identical results with the
VSV M-gene mutant ts023, which causes cell rounding and
actin filament dissolution at permissive temperatures but not at
nonpermissive temperatures. It seems entirely likely that the
cell-rounding effect also depends on correct conformation of
the M protein only at permissive temperatures. We found that
expression of wt M protein by pTM-OM79 also results in cell
rounding and actin filament dissolution, whereas none of the
three deletion mutant M proteins caused cell rounding or actin
filament dissolution. It seems likely that altered conformation
of ts023 mutant M protein produced at the nonpermissive
temperature or caused by deletion mutants compromises its
capacity to produce this cytopathic effect in infected or trans-
fected cells. It is tempting to speculate that the same confor-
mation of wt, but not mutant, M protein is responsible for both
the affinity for membrane binding and the cell-rounding cyto-
pathic effect. Conceivably, intracellularly synthesized M pro-
tein in the correct conformation binds to the inner surface of
the plasma membrane, resulting in detachment of actin fila-
ments and subsequent loss of normal polygonal cell morphol-
ogy.
The data presented here, and those presented previously by

us and others, suggest a possible model testable by future
experimentation. In cells infected with wt VSV, most of the M
protein attaches to and tightly coils newly synthesized RNP
cores, which eventually migrate and bind to virus-converted
plasma membrane. The remainder of the M protein migrates
independently and binds to plasma membrane by a route
different from that of G protein (7). The M protein, alone or
complexed with RNP cores, binds to the inner surface of the
plasma membrane by electrostatic forces generated by the
positively charged N terminus of the M protein and the
negatively charged headgroup of phosphatidylserine (27). This
electrostatic binding possibly results in a conformational
change that exposes the hydrophobic domain of M protein in
the region of amino acids 88 to 119, which then could partition
into the lipid bilayer, forming a stable complex not dissociable
by high-ionic-strength buffers. The stable M protein-plasma
membrane complex conceivably detaches the ends of actin

filaments, resulting in the loss of the characteristic polygonal
shape and in the subsequent rounding of the cell. The final
steps of envelopment of RNP-M protein cores by the G-
protein-containing plasma membrane and budding of the
progeny virions are beyond the scope of this paper.
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