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The N terminus of the matrix (M) protein of vesicular stomatitis virus (VSV) and of other rhabdoviruses
contains a highly conserved PPPY sequence (or PY motif) similar to the late (L) domains in the Gag proteins
of some retroviruses. These L domains in retroviral Gag proteins are required for efficient release of virus
particles. In this report, we show that mutations in the PPPY sequence of the VSV M protein reduce virus yield
by blocking a late stage in virus budding. We also observed a delay in the ability of mutant viruses to cause
inhibition of host gene expression compared to wild-type (WT) VSV. The effect of PY mutations on virus
budding appears to be due to a block at a stage just prior to virion release, since electron microscopic
examination of PPPA mutant-infected cells showed a large number of assembled virions at the plasma
membrane trapped in the process of budding. Deletion of the glycoprotein (G) in addition to these mutations
further reduced the virus yield to less than 1% of WT levels, and very few particles were assembled at the cell
surface. This observation suggested that G protein aids in the initial stage of budding, presumably during the
formation of the bud site. Overall, our results confirm that the PPPY sequence of the VSV M protein possesses

L domain activity analogous to that of the retroviral Gag proteins.

The assembly and budding of enveloped negative-strand
RNA viruses is a multistep process occurring at the plasma
membrane of a host cell. Vesicular stomatitis virus (VSV), a
prototype enveloped negative-strand RNA virus belonging to
the family Rhabdoviridae, has long been utilized as a model for
studying various steps in virus assembly and budding. Assem-
bly is initiated when the matrix protein (M) binds to and
condenses the nucleocapsid core into a tightly coiled helical
structure in association with the inner leaflet of the plasma
membrane. During budding, the condensed core becomes en-
veloped in a host-derived membrane highly enriched with the
viral glycoprotein (G) and selectively depleted of most of the
host proteins.

Recent studies have shown that while G protein contributes
to high levels of virus budding, virus assembly and release can
occur in the absence of G protein, but with reduced efficiency
(28, 36, 37, 43). Thus, the condensed ribonucleocapsid core
(RNP) complexed with M protein is sufficient to initiate and
drive rhabdovirus budding. Also, in the absence of other viral
proteins, VSV M protein can cause budding of lipid vesicles
into the surrounding medium (20). In the case of rabies virus,
deletion of M protein dramatically reduced virus yields, more
than 10,000 fold. The AM particles that were produced were
filamentous instead of having the characteristic bullet shape,
confirming the earlier reports of the contribution of M protein
to virus morphology (25, 30, 31).

Besides its role in virus assembly and budding, matrix pro-
tein also mediates most of the cytopathic effects (CPE) attrib-
uted to VSV infection (4, 6, 11, 38). Transient expression of M
protein alone can cause cell rounding by disorganization of
microtubules and intermediate filaments (24). It can also cause
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inhibition of host-directed transcription (4, 5, 32). Recently it
was shown that VSV infection leads to the inactivation of
transcription factor II D (TFIID), resulting in inhibition of
RNA polymerase II-dependent transcription (48). A separate
effect of M protein on host gene expression involves inhibition
of Ran GTPase-mediated nuclear transport, although the ex-
act mechanism of this effect is not known (18). M protein-
induced CPE are genetically separable from the function of M
protein in viral assembly (4), suggesting the existence of sep-
arate domains within M protein that carry out its multiple
functions.

Previous studies have revealed that M protein is present at
the inner surface of the plasma membrane of infected cells (3,
23, 27). Affinity labeling studies suggested that the N-terminal
basic region of M protein was associated with the lipid bilayer
(23). The N terminus of M protein also contains a PPPY
sequence that is conserved among the matrix proteins of many
rhabdoviruses (16, 17). This PPPY sequence closely resembles
the PY motif in the late (L) domain of the Gag protein of Rous
sarcoma virus (RSV), an avian retrovirus. The L domains of
retroviruses are involved in the late stages of virus budding,
specifically the fission event resulting in virus release (45-47).
The L domains identified in the Gag proteins of other retro-
viruses have different amino acid sequences, but they can func-
tionally substitute for the L domain of RSV and allow budding
of chimeric particles (33, 35). The PPPY sequence in the RSV
L domain matches the consensus proline-rich motif required
for interaction with WW domains found in several regulatory
and signal transduction proteins (9, 10, 26, 34). This observa-
tion has led to the suggestion that the PY motif in viral pro-
teins may play a role in recruiting WW-containing cellular
proteins for the purpose of assembly and budding of virus
particles at the host membrane (12, 14).

Recently, it was suggested that the PY motif found in rhab-
dovirus M proteins might function as a late domain and con-
tribute to virus budding (12). Alanine mutagenesis of the VSV
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FIG. 1. Schematic representation of PPXY mutations in the MGF mini-
genome. MGF stands for the M, G, and GFP minigenome. / and ¢ denote the
leader and trailer sequences, respectively. The hepatitis delta virus ribozyme
sequence (HDV) and the T7 terminator sequence (PT) are represented by
hatched boxes. Arrows indicate the direction of transcription for each gene. The
solid box at the 5’ end of the M gene represents the N-terminal region of the
matrix protein including the PPXY motif, which is enlarged below. The num-
bering shows the positions of amino acids with respect to the N terminus of M
protein. Alanine substitutions were made for the proline and tyrosine residues
either singly or in combinations. The name of each mutant is listed on the right.
WT stands for the wild-type sequence of the PY motif in VSV M protein. The
mutants were classified into two groups, P and Y mutants, based on the severity
of their phenotypes.

PY motif drastically reduced the budding function of mutant
proteins in an in vitro budding assay (12). Furthermore, it was
demonstrated that the PY motifs of both VSV and rabies virus
M proteins can interact with WW domains of certain cellular
proteins in in vitro binding assays (17). Together, these studies
suggested that the PY motif may be important in the budding
of virus particles and that this process may involve cellular
proteins.

In this study we have examined the contribution of the PY
motif to VSV assembly and budding by recovering infectious
virus containing point mutations within the PPPY sequence of
M protein. Our results show that mutations in the PPPY motif
reduced, but did not completely abolish, virus budding. Elec-
tron microscopy revealed that the mutants were blocked at a
late stage of budding, apparently during the release of mature
virions from the cell surface. Thus our studies confirm that the
PPPY motif within VSV M protein is functionally similar to
the L domains found in retroviral Gag proteins.

MATERIALS AND METHODS

Plasmids and oligonucleotide-directed mutagenesis. To generate mutations
within the PPPY motif of M protein of VSV (Indiana serotype), we performed
site-directed mutagenesis using an overlap PCR-based strategy. Six different
sense strand, mutagenic oligonucleotides were synthesized containing the appro-
priate nucleotide changes for the indicated amino acid substitutions and also
containing a silent mutation at nucleotide 2326 (G—A) which abolished the Earl
site in the M gene. Each of the mutagenic primers was used in six separate PCRs
together with a common antisense oligonucleotide downstream of the unique
Bgl1I site at nucleotide 2542 (M-2542 primer) to generate PCR products from the
template pBS-MGF. The pBS-MGF plasmid carries a genomic sense RNA of
VSV (Indiana serotype) containing the M, G, and green fluorescent protein
(GFP) genes (previously referred to as pBS-GMF) (41). A schematic represen-
tation of the MGF minigenome is shown in Fig. 1. In a separate reaction, we used
an antisense oligonucleotide that overlapped nucleotides 2320 to 2340 and a
sense oligonucleotide complementary to the T7 terminator region (T7 term-1
primer), which is 180 bp downstream of a unique Rsr1I site (in the leader region),
to amplify the 5’ end of the M gene. This PCR fragment overlapped the 5’ ends
of the mutated PCR fragments. The PCR fragments were gel purified, each
fragment carrying the mutation was used with the overlapping nonmutagenic
fragment as templates, and the entire region was amplified using the M-2542 and
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T7 term-1 primers external to the PCR region. The resulting 500-bp PCR
fragments were gel purified, digested with RsrII and Bg/II, and then used to
replace the corresponding wild-type (WT) region in the pBS-MGF plasmid.
Colonies carrying the correct plasmids were identified following digestion of
miniprep DNA with Earl. The plasmids were then sequenced using the dideoxy
sequencing method to ensure that only the specified mutations were introduced
during the PCR amplification.

Generation of full-length PPXY mutants. Each of the six M genes carrying the
specified mutations was subcloned into a plasmid encoding a modified VSV
antigenome called AM-PLF. This is a full-length VSV ¢cDNA in which the M
coding region was replaced with a polylinker (PL) containing unique restriction
sites (5" AscI-Xhol-Smal-Eagl-AvrIl 3'), while retaining the normal M gene
transcriptional start and stop sequences. In addition, AM-PLF has a non-VSV
reporter gene encoding GFP inserted between the G and L genes. The MGF
mutants were digested with Real located in the 5’ untranslated region of the M
gene and Mlul located in the 5 untranslated region of the G gene. Because Real
is not a unique site, the remainder of the 5’ end of the M gene was obtained by
digesting the WT pVSV FL-2 (+) (22) with Xbal located at the 3’ end of the P
gene and Rcal. The fragments were then gel purified and used in a three-way
ligation to replace the corresponding region of AM-PLF, which was digested with
Xbal and Miul.

Recovery of PPXY mutants. Recoveries of the minigenome mutants were
performed as described previously (40) and monitored by detecting expression of
GFP from the reporter gene. Full-length viruses were recovered from their
c¢DNAs as described previously (22) with the following modifications. Briefly,
BHK cells in 60-mm dishes were infected with vIF7-3 at a multiplicity of
infection (MOI) of 10 for 1 h at 31°C in serum-free Dulbecco’s modified Eagle’s
medium (DMEM) without penicillin and streptomycin. The cells were then
cotransfected with plasmids encoding WT or mutant genomes together with 3, 5,
and 1 ug of plasmids encoding the N, P, and L proteins, respectively, in the
presence of 10 pg of 1-B-p-arabinofuranosylcytosine (araC)/ml. The superna-
tants were harvested 48 h posttransfection (p.i.), filtered through a 0.22-um-
pore-size filter (Millipore-GS) to remove vaccinia virus, and used to obtain
plaque isolates from BHK cells. The mutations were confirmed by direct se-
quencing of reverse transcription-PCR (RT-PCR) amplification products gener-
ated using genomic RNA as the template.

Assembly and budding assay for PPXY mutants. BHK-21 cells in 35-mm
dishes were infected with either WT VSV or the mutant viruses at an MOI of 10
for 1 h. Following the adsorption period, the inoculum was removed, and the
cells were washed three times with serum-free DMEM to remove any unad-
sorbed virus and then incubated with 2 ml of the same medium at 37°C. At 7 h
p.i., the medium was removed and the cells were washed once with methionine-
free DMEM. The cells were then labeled with 50 wCi of [**S]methionine in 1 ml
of labeling medium (9 parts of Met-free DMEM plus 1 part of DMEM plus 5%
fetal bovine serum [FBS]), using protein-labeling mix (Dupont, NEN) at 37°C for
8 h. At 15 h p.i., the supernatants were harvested and clarified by centrifuging at
1,260 X g for 5 min. The virions were then pelleted from the supernatant by
ultracentrifugation through a 20% sucrose cushion (in 50 mM Tris—150 mM
NaCl [pH 7.4]) at 45,000 rpm for 40 min in an AH-650 swinging bucket rotor
(Sorvall). The pellets were resuspended in equal volumes of reducing sample
buffer. One-tenth of each sample was resolved by electrophoresis on a sodium
dodecyl sulfate (SDS)-10% polyacrylamide gel followed by autoradiography.
The amounts of virus released from the WT and mutant infected cells were
determined by quantitation of the amounts of N protein using the Storm 860
PhosphorImager and ImageQuant analytical software (both from Molecular
Dynamics).

Growth kinetics of mutants. BHK cells in 60-mm plates were infected with
either WT VSV or the PPXY mutants at an MOI of 10 by adsorbing for 1 h at
37°C. The inoculum was removed, and following three washes with serum-free
DMEM, the cells were incubated with 4 ml of DMEM plus 5% FBS at 37°C. At
the designated time point, an aliquot of the supernatant was removed and the
amount of infectious virus in the supernatant was determined by a standard
plaque assay on BHK cells.

Host protein shutoff assay. BHK-21 cells in 35-mm dishes were infected with
WT or mutant viruses at an MOI of 10 at 31°C. After 1 h, the inoculum was
removed, and cells were washed twice with medium and incubated with 2 ml of
DMEM plus 5% FBS at 37°C. At each time point, the medium was removed, and
the cells were washed twice with Met-free DMEM and then incubated for an
additional 10 min in the same medium. The cells were labeled for 15 min with 1
ml of methionine-free DMEM containing 50 wCi of [**S]methionine at 37°C.
Following the pulse, the label was removed and cells were lysed with 1 ml of
detergent solution (10 mM Tris [pH 7.4], 66 mM EDTA, 0.4% sodium deoxy-
cholate, 1% Triton X-100, 0.05% sodium azide, and 200 U of aprotinin/ml). Cell
extracts were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) fol-
lowed by autoradiography. The degree of host shutoff was determined by quan-
titating the amount of *>S-labeled host proteins present in a small area of the gel
mostly devoid of viral proteins by using a Storm 860 Phosphorimager (Molecular
Dynamics). The shutoff of host protein synthesis was expressed as the percentage
of the amount of total labeled host proteins in the uninfected sample (MOCK)
detected at given time points in the assay.

Transmission electron microscopy. BHK-21 cells were infected with either the
WT or mutant viruses for 8 h at 37°C. Following infection, the cells were
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FIG. 2. Assembly and budding profile of PPXY mutants. BHK-21 cells were
infected with either the WT or mutant viruses at an MOI of 10. Cells were
labeled at 7 h p.i. with [3*S]methionine. At 15 h p.i., viruses were harvested from
the supernatants by centrifugation and analyzed by SDS-PAGE followed by
autoradiography. The positions of the five VSV proteins are indicated on the
right. The mutated residue(s) in the PPPY sequence of each mutant is under-
lined. The percent yield of virus in this experiment is calculated based on the
quantitation of N protein using ImageQuant software (Molecular Dynamics).

harvested and washed three times with phosphate-buffered saline (PBS). They
were then fixed with 2% glutaraldehyde in PBS and postfixed with 1% osmium
tetroxide (29). The fixed cells were dehydrated in a graded series of ethyl alcohol,
stained with uranyl acetate, and embedded in Spurr resin. Ultrathin sections
were cut on a Sorvall MT6000 ultramicrotome, and the sections were stained
with Reynold’s lead citrate before examination within a JEOL 1200 electron
microscope.

Scanning electron microscopy. BHK-21 cells were grown on plastic coverslips
(Thermanox; Nunc) that were placed in six-well culture plates (Costar) and
infected with WT and PPPA mutant viruses at an MOI of 10. At 8 h p.i., cells
were rinsed with PBS, fixed with 5% glutaraldehyde in PBS, and postfixed with
2% osmium tetroxide in PBS. After dehydration in a graded series of ethanols,
the cells were dried out with hexamethyldisilazane, coated with gold in a sputter-
coater, and examined in the scanning mode of a JEOL 1200 EX II TEMscan
electron microscope.
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RESULTS

The PPXY motif is important but not essential for VSV
budding. A recent report by Harty et al. (17) suggested that the
PPPY motif in VSV matrix (M) protein might be important for
virus assembly and release, since mutations in this motif greatly
reduced M-induced vesicle budding. To determine whether the
PPXY motif was essential for the budding of virus particles, we
first made use of a minigenome system (39). The minigenome
used in this study was called MGF and consisted of genes
encoding matrix protein (M) and glycoprotein (G) as well as a
non-VSV reporter gene encoding GFP. Alanine substitutions
were made either singly or in various combinations within the
PPXY motif of the matrix protein (Fig. 1). If the PPXY motif
was absolutely critical for virus budding, then the alanine sub-
stitutions would result in only single cells expressing M, G, and
GFP, but no virus spread would occur. However, we found that
none of the point mutations prevented the release and spread
of infectious minivirus (data not shown).

Recovery and characterization of infectious full-length PPXY
mutants. To obtain a more quantitative evaluation of the effect
of mutations in the PPPY sequence, the mutations were sub-
cloned into a modified full-length VSV ¢cDNA (pVSV-GFP)
that encodes GFP as a reporter gene. This construct will be
referred to as WT in the subsequent experiments. The GFP
gene was cloned between the G and L genes, making L the
sixth gene. All of the PPXY mutants were recovered and could
be passaged in cell culture, which supported our observations
from the minigenome system. To determine the effects of the
mutations on virus replication and budding, we analyzed the
amount of virus released from cells infected with mutant vi-
ruses. Cells were infected with either the WT or the mutants,
and the virus released in the culture media was analyzed by
SDS-PAGE followed by autoradiography (Fig. 2). The mobil-
ities of the five viral proteins were indistinguishable in the WT
and mutant viruses, and all five VSV proteins were present in
the mutant virions in similar proportions to that found in WT
virus. However, the amount of virus released from the mutant
infected cells, except for the PPAY mutant, was only 20% of

AAPA

rVSV(WT)

FIG. 3. Comparison of the plaque sizes of WT and PPXY mutants in BHK-21 cells. (A) A standard plaque assay was performed for each virus on BHK-21 cells.
At 13 h p.i., the sizes of 25 individual plaques were determined for each virus. The mean plaque size for each virus is shown. The residue(s) changed in each mutant
is underlined. (B) Fluorescence micrograph of GFP-expressing cells comparing the plaque sizes of WT and the PPPA mutant (magnification, X7.5).
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FIG. 4. Growth kinetics of PPXY mutants in BHK-21 cells. BHK-21 cells
were infected with either the WT or the mutant viruses at an MOI of 10. At
various times p.i., aliquots of supernatant were taken to determine the titer by a
plaque assay on BHK cells. The kinetics for the P and Y mutants were deter-
mined simultaneously under similar conditions, but they were plotted individu-
ally to show the growth difference during early times of infection.
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TABLE 1. Quantification of virions budding from
the plasma membrane

No. of budding virions/
3 wm of membrane®

¢ The number of virions budding from a 3-pm linear section of the cell surface
was counted. Each value is the average number of virions counted from five to
eight individual micrographs, and standard deviations are given. For WT-VSV,
n = 8; for AG-VSV, n = 5; for AAPY, n = 7; and for PPPA, n = 6.

that released from WT-infected cells. In comparison, cells in-
fected with the PPAY mutant released virus at approximately
50% of the WT level. The reduced budding could not be
relieved by growing the viruses at 31°C, indicating that the
mutants were not temperature sensitive (data not shown). The
plaque sizes of all mutants, except PPAY, were also smaller
than that of the WT (Fig. 3A). Plaques formed by the AAPA
mutant were about half the size of WT virus plaques (Fig. 3B)
and never attained the size of WT plaques even after 48 h of
incubation (data not shown). The plaque size of the PPAY
mutant was about 80% that of the WT.

Growth curve of PPXY mutants. We also performed one-
step growth curves for each of the mutants as well as the WT
virus (Fig. 4). The results show that there is a delay in virus
release at early time points for all mutants except PPAY com-
pared to the WT virus. The effect was more pronounced for the
Y (APPA, AAPA, and PPPA) mutants compared to the P
(APPY and AAPY) mutants. The delay was not relieved by
performing the experiment at either a lower temperature
(31°C) or a higher MOI (MOI, 50) (data not shown). The
PPAY mutant, as expected, had growth kinetics similar to that
of the WT virus, which correlates well with the observation that
the third proline residue in this motif is not conserved among
rhabdoviruses and therefore does not contribute significantly
to the function of this motif.

Morphogenesis of the PPPY mutants. The above results
indicated that the ability of the PPPY mutants to produce virus
was affected. There are several possibilities which could ex-
plain the phenotype of these mutants. The mutations could
inhibit (i) the association of M with RNPs, (ii) the association
of RNP-M complexes with the plasma membrane, or (iii) virus
release from the cell surface. To distinguish between these
possibilities, thin-section electron-microscopic analysis was
performed on BHK cells infected with either the WT or the
mutant viruses. Thin sections of cells infected with WT virus or
AG virus (virus lacking G), each of which has an intact PPPY
sequence, had predominantly mature extracellular virions
present (Fig. 5SA and B). However, electron micrographs of
cells infected with the AAPY or the AAPA mutant showed a
larger proportion of virions assembled at the cell surface, ap-
parently in the process of budding (Fig. 5C and D). Quantifi-
cation of the budding virions revealed a threefold increase in
the number of AAPY and AAPA mutant virions that were not
yet released from the plasma membrane (e.g., budding) com-
pared to the WT or the AG virions (Table 1). Therefore, these
mutants were able to condense RNP cores and associate with
the plasma membrane similarly to WT virus, but it appeared
that virus release was inhibited and consequently virions accu-
mulated on the cell surface. This is very clearly seen in the
scanning electron micrographs shown in Fig. 6. Uninfected
BHK cells have microvilli projecting from an otherwise smooth



FIG. 5. Electron micrographs showing morphologies of PPXY mutants. BHK-21 cells infected with WT or mutant viruses were fixed at 8 h p.i., and thin sections
of cells were examined under the electron microscope to determine the stage(s) at which morphogenesis of PPXY mutants was blocked. (A) WT; (B) AG-GFP; (C)
AAPY; (D and E) PPPA; (F) AG-AAPA. Magnifications: X 15,000 for panels A through D; X18,000 for panel F. Panel E) is an enlargement of panel D. Arrows in
panel E point to the budding virions attached to the plasma membrane of the infected cell.
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FIG. 6. Scanning electron micrographs of WT virus and the PPPA mutant. BHK-21 cells on plastic coverslips were infected with either WT virus or the PPPA mutant at an MOI of 10. At 8 h p.i., cells were fixed
and processed as described in Materials and Methods. (A and D) Uninfected cells; (B and E) WT infected cells; (C and F) PPPA mutant-infected cells. Magnifications: X4,000 for panels A through C; X12,000 for panels
D through F.
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cell surface (Fig. 6A and D). Cells infected with WT virus
showed only a few virions budding from the cell (Fig. 6B and
E). On the other hand, the entire surface of the cell infected
with the PPPA mutant was covered with virions presumably
trapped in the process of budding (Fig. 6C and F). Thus, the
PPPY sequence appears to be involved in the late budding step
of virus morphogenesis, most likely the pinching off of mature
virions from the cell surface which is analogous to the L do-
main activity in the retroviral Gag proteins.

Effects of the PPXY mutations in the absence of glycopro-
tein. Because the mutations in the PPPY sequence did not
completely abolish virus budding, the residual budding activity
could be attributed to another region(s) in M or to spontane-
ous release of virus accumulated at the cell surface over time.
Alternatively, G protein may affect virus release either by act-
ing in concert with the PPXY motif of M protein or by acting
alone. To assess the role of G protein in the budding process,
we recovered an AAPA mutant that lacked G protein (AG-
AAPA) and performed a similar analysis of virus assembly and
release. If G contributes to virus release, then in AG-AAPA
infected cells, all virions would be trapped at the cell surface in
the process of budding and very few, if any, would be released
into the medium. As shown in Fig. 7, AG-AAPA was severely
affected in its ability to produce virus; less than 1% of virus was
released compared to WT-VSV, even though the mutant in-
fected cells synthesized WT levels of viral proteins (data not
shown). However, thin-section electron microscopy indicated
that in the absence of G protein, fewer particles were assem-
bled at the surface, and of those that did, most were not
released (Fig. SF). Thus, G protein does not account for the
low levels of virions released from the PPXY mutants; instead,
it appears that G protein is involved in an early stage of virus
budding prior to the step of virion release.

Inhibition of host protein synthesis by PPXY mutants. In
addition to its role in the assembly and budding of virus, matrix
protein has been shown to cause cell rounding and inhibition
of host gene expression. However, relatively little is known
about the regions of M protein involved in these CPE. There-
fore, we wanted to determine whether the mutations in the
PPXY motif would have any effect on viral cytopathogenesis.
Examination of cells by phase-contrast microscopy indicated
that the extent as well as the kinetics of cell rounding in BHK
cells was unaltered during infection by mutants (data not
shown). We also examined whether there was any difference in
the ability of the mutants to inhibit host cell gene expression.
BHK cells were infected with either the WT virus or mutant
viruses and then pulse-labeled with [*>S]methionine at several
times p.i. The crude cell lysates were then analyzed by SDS-
PAGE as described previously (21). We found that the kinetics
of host shutoff was delayed at early times p.i. compared to that
for WT virus (Fig. 8). WT virus caused rapid inhibition of host
gene expression, with >90% inhibition seen by 6 h p.i. In
contrast, this level of inhibition was not seen until approxi-
mately 8 h p.i. with the mutants, and the delayed host shutoff
effect was not relieved by using a higher MOI (MOI, 50) (Fig.
8, inset panel C).

DISCUSSION

Recently it was shown that the N-terminal 74 amino acids of
VSV M protein containing the PPPY sequence could function-
ally replace the L domain in the Gag protein of RSV (12).
Deletion or point mutations in this motif drastically reduced
the budding activity of the M-Gag chimeras in a transient
expression system. Based on these results, it was suggested that
the PPPY motif might be the putative L domain of VSV M
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FIG. 7. Assembly phenotype of AAPA mutant in the absence of glycopro-
tein. Virions released from cells infected with either AG-GFP or AG-PPPA were
compared to those released from WT-infected cells. Virions were prepared and
analyzed on SDS-polyacrylamide gels as described for Fig. 2. (A) WT; (B)
AG-GFP; (C) AG-PPPA; (D and E) longer exposures of panels B and C.

protein, functioning in a similar fashion to the L domains of
retroviral Gag proteins. In this report we have analyzed the
effects of mutations in the PPPY sequence found in the N
terminus of VSV M protein on virus assembly and budding. All
PPPY mutants synthesized WT levels of all viral proteins in the
infected cells (Fig. 8). They also appeared to condense RNP
cores normally, since the virions had the characteristic bullet-
shaped morphology, similar to that of WT particles. The viri-
ons assembled at the plasma membrane, indicating that there
was no defect in the association of condensed RNPs with the
plasma membrane. However, the final stage of budding, i.e.,
the release of particles from the cell surface, was inefficient in
these mutants. Transmission electron microscopy of mutant-
infected cells showed a large number of virions at the cell
surface apparently trapped in the process of budding com-
pared to the WT virus. This is more dramatically seen in the
scanning electron micrographs, wherein the entire surface of
the mutant-infected cell is covered with such trapped virion
particles. Based on these micrographs, it appears that VSV
budding is not restricted to a specific region on the cell surface,
at least under the experimental conditions used here.

Of all the mutants generated, the PPAY mutant gave the
least severe phenotype; this mutant showed growth kinetics
similar to that of the WT and gave virus yields about 50% of
WT levels. This was not surprising, since the third proline
residue is the least conserved in this motif among all the rhab-
doviruses compared to date (17). While low levels of virions
were obtained for all the other mutants (approximately 15 to
20% of WT levels), we found a more pronounced lag during
early times of virus infection for mutants with tyrosine substi-
tutions, either singly or in conjunction with the first or second
proline (Y mutants). These results suggest that the tyrosine
residue is particularly important for the function of this motif.
A similar delay in the kinetics of budding was observed for the
RSV AD2 mutants lacking the PPPYV sequence (45). A more
severe phenotype was observed for the PY mutants of Mason-
Pfizer monkey virus (M-PMV), wherein no virus particles were
detected in the culture medium of cells infected with a tyrosine
mutant (47). The differences in the severity of the phenotypes
of the Y mutants in VSV and M-PMYV indicate that the mech-
anism of budding for rhabdoviruses, though similar in many
ways to those of retroviruses, has its own unique features.
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FIG. 8. Kinetics of host protein synthesis shutoff by the AAPA mutant. Cells were infected with either WT virus or the AAPA mutant (MUT) virus at an MOI of
10. At the times indicated, the cells were pulse-labeled for 15 min with [>*S]methionine and lysed in detergent buffer. A portion of the cell lysate was analyzed by
SDS-PAGE followed by autoradiography. Labeled uninfected cells (MOCK) served as a control. (B) The amount of **S-labeled host proteins in each lane was
determined by quantitating a representative area on the gel (indicated by the asterisk in panel A) with a STORM Phosphorimager and ImageQuant software (Molecular
Dynamics). The amount of host proteins in the uninfected cells (control) was considered to be 100%. The extent of host shutoff was expressed as a percentage of the
amount of host proteins in the control. The extent of host shutoff caused by the AAPA mutant at an MOI of 50 is shown in the inset (C).

Although disrupting the motif caused most of the virus par-
ticles to be trapped at the cell surface, it did not completely
block the release of virus (20% of virus was still released from
the cell). This leaky phenotype has been observed for some late
domain mutants in RSV (except Y mutants) and M-PMV. The
leakiness may be due to a spontaneous release of some parti-
cles from the cell surface. Alternatively, the amount of budding
observed could also be attributed to redundant signals in M
protein, as suggested earlier (17).

The AG-AAPA mutant, which lacks the glycoprotein in ad-
dition to having a mutated PPPY sequence, showed a drasti-
cally reduced virus yield, releasing less than 1% of WT levels.
The electron micrographs of AG-AAPA mutant-infected cells
showed very few particles at the plasma membrane; most of
these seemed to be trapped in the process of pinching off from
the cell surface (Fig. 5F). On the other hand, a AG-VSV virus
that has an intact PPXY motif was rapidly released into the
extracellular milieu, similarly to the WT virus (Fig. 5A and B).
Thus it appears that in the absence of G protein, few virus
particles are able to assemble at the cell surface, and when the
absence of G protein is combined with the AAPA mutations,
those particles that do assemble are not released. Based on
these observations, we propose that G protein does not influ-
ence virion release per se but instead is involved at an earlier
step in budding. The recent observation that a very short do-
main in the membrane proximal “stem” region of the ectodo-
main of VSV-G protein can confer efficient virus assembly and
budding suggests that only a portion of G is sufficient for this
event (36). Therefore, it will be interesting to determine if the
stem region can rescue the AG-AAPA mutant and restore its
phenotype to that of the AAPA mutant.

The polyproline sequence containing the core consensus of
XPPXY was first identified as the main ligand for the WW
domain, a protein interaction module found in a variety of
cytoskeletal and regulatory proteins (2, 7, 8, 10, 19, 42). Sub-

sequently, the identification of a conserved PPXY motif in
several retroviruses (45, 47), and recently in the matrix pro-
teins of rhabdoviruses (17), has led to a working hypothesis
that the PPXY motif, or its functional analogues in the L
domain of viruses, serves to bind cellular proteins containing
WW domains, thereby recruiting them to the site of virus
budding (12, 14). It was reported previously that amino acids
17 to 33 in VSV M protein, which includes the PY motif,
mediate interaction with WW domains of specific cellular pro-
teins, and point mutations in this motif significantly decreased
this binding as measured in an in vitro far-Western blotting
assay (17). Since the PPPY mutants have a leaky phenotype, it
appears that there might be an alternative way of recruiting
these cellular proteins to the budding site. Another possibility
is that the mutations in the PPPY sequence did not completely
abrogate binding to WW domains, but affected the affinity of
binding. This possibility is supported by the data obtained from
the solution structure of the WW domain of Yap65 complexed
with a synthetic polyproline peptide containing the core motif
PPXY (26). The mutants did not have an altered two-dimen-
sional structure, but the binding affinities changed depending
on the residue altered, with the tyrosine substitution having the
most severe binding defect. Reduced binding affinity could
therefore lead to recruitment of fewer molecules of host pro-
teins, thus accounting for the low level of virus release in these
mutants.

Our experiments also revealed that the disruption of the
PPPY sequence affected the kinetics of host shutoff in the
infected cells. The tyrosine mutants showed a delay in the
inhibition of host gene expression, which was not relieved by
infection at a higher multiplicity (Fig. 8C). This defect could
reflect a general impairment of M protein function because of
incorrect conformation caused by replacement of an aromatic
residue (tyrosine) with a nonaromatic hydrophobic residue
(alanine). However, cell rounding was unaffected, suggesting
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that it may not be the conformational change which is affecting
the host shutoff ability. An alternative explanation could be
that a specific interaction(s) between the M protein and the
host factors resulting in the host shutoff might have been af-
fected. The ability of M protein to inhibit RNA polymerase
(RNAP) II-dependent transcription has been well recognized
(1, 4, 13, 18, 32). It was also shown that M protein inhibits
nuclear import of transcription factors in VSV-infected cells
(18). This effect is separate from the inhibition of host tran-
scription by inactivation of TFIID, since the levels of TFIID in
the nuclear extracts of infected cells remain unchanged (48).
The inhibition of TFIID activity is proposed to be an indirect
effect of M protein, since nuclear extracts from VSV-infected
cells as well as purified M protein failed to cause a reproduc-
ible inhibition of TFIID activity (48). It has been demonstrated
that the function of M protein in viral assembly is genetically
separable from its role in the inhibition of host-directed ex-
pression (5). This suggests that there might be different do-
mains within M protein which mediate these different func-
tions. Although the activity of viral assembly has been largely
associated with N-terminal sequences of the protein, the do-
mains involved in viral cytopathogenesis have not yet been
identified. The effect of PY mutations on the inhibition of host
gene expression suggests that this motif might be involved in
this activity of the protein. Sequence analysis shows that the
RNAP II C-terminal domain (CTD) contains several PY mo-
tifs with a consensus “XSPXY”. It has been shown that the
CTD of mammalian RNAP II binds efficiently to the YAP WW
domains as well as to mNEDD4-WW2, the mammalian homo-
logue of the ubiquitin ligase Rsp5 in a far-Western assay (15).
Interestingly, the WW domains from YAP and Nedd4 also
interacted strongly and specifically with the PY motifs of both
VSV and rabies virus M proteins (17). This coincidental ob-
servation suggests that VSV M protein may indirectly associate
with the CTD of RNAP II via one or more of these WW-
containing proteins. Alternatively, the PPPY sequence in M
protein may disrupt the interaction between the RNAP II CTD
and YAP or Yap-like proteins, thereby interfering in one or
more signaling pathways. The mutations in the PY motif may
therefore affect such an action of M protein. However, the
effect was not very drastic, suggesting again that there might be
more than one region of M protein involved in its cytopathic
role. The implication of such a potential association between
M protein and RNAP II for the inhibition of host gene expres-
sion needs to be addressed in order to enhance our under-
standing of how M protein contributes to the different CPE
during VSV infection.
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