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Vesicular stomatitis virus (VSV) modulates protein synthesis in infected cells in a way that allows the
translation of its own 5’-capped mRNA but inhibits the translation of host mRNA. Previous data have shown
that inactivation of elF2« is important for VSV-induced inhibition of host protein synthesis. We tested whether
there is a role for eIF4F in this inhibition. The multisubunit eIF4F complex is involved in the regulation of
protein synthesis via phosphorylation of cap-binding protein eIF4E, a subunit of eIF4F. Translation of host
mRNA is significantly reduced under conditions in which eIF4E is dephosphorylated. To determine whether
VSV infection alters the eIF4F complex, we analyzed eIF4E phosphorylation and the association of eIF4E with
other translation initiation factors, such as eIF4G and the translation inhibitor 4E-BP1. VSV infection of HeLa
cells resulted in the dephosphorylation of eIF4E at serine 209 between 3 and 6 h postinfection. This time course
corresponded well to that of the inhibition of host protein synthesis induced by VSV infection. Cells infected
with a VSV mutant that is delayed in the ability to inhibit host protein synthesis were also delayed in
dephosphorylation of eIF4E. In addition to decreasing eIF4E phosphorylation, VSV infection also resulted in
the dephosphorylation and activation of eIF4E-binding protein 4E-BP1 between 3 and 6 h postinfection.
Analysis of cap-binding complexes showed that VSV infection reduced the association of eIF4E with the eIF4G
scaffolding subunit at the same time as its association with 4E-BP1 increased and that these time courses
correlated with the dephosphorylation of eIF4E. These changes in the eIF4F complex occurred over the same
time period as the onset of viral protein synthesis, suggesting that activation of 4E-BP1 does not inhibit
translation of viral mRNAs. In support of this idea, VSV protein synthesis was not affected by the presence of
rapamycin, a drug that blocks 4E-BP1 phosphorylation. These data show that VSV infection results in
modifications of the eIF4F complex that are correlated with the inhibition of host protein synthesis and that
translation of VSV mRNAs occurs despite lowered concentrations of the active cap-binding eIF4F complex.
This is the first noted modification of both eIF4E and 4E-BP1 phosphorylation levels among viruses that

produce capped mRNA for protein translation.

Many viruses alter the translation apparatus such that they
effectively block translation of host mRNAs and use the host
cell machinery to translate their own mRNAs (16, 27). The
inhibition of host protein synthesis is an important step in the
suppression of the host antiviral response (27), while the con-
tinued translation of viral proteins is important for virus prop-
agation. The prototype rhabdovirus vesicular stomatitis virus
(VSV) is a classic example of a virus that rapidly inhibits
protein synthesis from host mRNA and, at the same time,
promotes protein synthesis from its own mRNA (32, 47).

The inhibition of host protein synthesis in VSV-infected
cells is part of a program of virus-induced changes that result
in the inhibition of host gene expression. In addition to inhib-
iting host protein synthesis, VSV infection also inhibits the
transcription of host mRNAs and their nuclear-cytoplasmic
transport (27, 35, 43, 48). However, the block of host protein
synthesis does not result from these inhibitory effects on the
production of host mRNAs, since the host mRNA pool that
exists prior to infection is not depleted (26). It has been pro-
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posed that the inhibition of host protein synthesis in VSV-
infected cells is a result of competition for ribosomes by an
“overwhelming abundance of viral mRNAs” (16, 26). This
hypothesis was disproved by demonstrating that the inhibition
of host protein synthesis was unaffected by a 10-fold reduction
in viral mRNA levels (40). Furthermore, in cells infected with
mutants of VSV that are defective in the ability to inhibit host
protein synthesis, the synthesis of viral proteins occurs at the
same levels as in cells infected with wild-type (wt) VSV (15, 40,
41).

It is now widely appreciated that the inhibition of host pro-
tein synthesis by VSV is due primarily to inhibition of the
activity of host translation initiation factors (27). Host protein
synthesis in extracts from infected cells can be recovered by
addition of either eIF2 or the eIF4F complex, leading to the
hypothesis that the activity of one or both of these factors is
inhibited during VSV infection (10). Subsequent studies have
shown that VSV infection results in the inhibition of eIF2
activity as a result of the phosphorylation and inactivation of
the eIF2a subunit by protein kinase R (PKR) (1, 2). Since
supplying eIF4F could also restore host protein synthesis, the
studies presented here address whether eIF4F is modified dur-
ing VSV infection.

The eIF4F complex is made up of several proteins, including
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the 7-methyl cap-binding protein eIF4E, its kinase Mnk1, and
the scaffolding protein eIF4G, which binds the components of
the eIF4F complex together (18). eIF4E has been proposed to
be the rate-controlling component of the eIF4F complex, since
it is the least abundant protein of those that make up the
complex in cells like HeLa cells (11). eIF4E is a phosphopro-
tein whose phosphorylation is maintained by Mnk1 (45, 46).
Cells that are rapidly synthesizing protein have an increased
amount of phosphorylated eIF4E (14, 37, 38), while cells that
synthesize less protein, such as those under stress, have largely
dephosphorylated eIF4E (12, 29, 44). This has led to the idea
that the phosphorylated form of eIF4E is important for high
levels of host protein synthesis.

The level of eIF4E phosphorylation and the activity of the
elF4F complex can be regulated by changing the activity of the
Mnk1 kinase (45, 46). Additionally, eIF4E can be regulated by
elF4F assembly and disassembly. The disassembly of elF4E
from the eIF4F complex is carried out by a family of eIF4E-
binding proteins (4E-BPs), such as 4E-BP1 (also known as
PHAST) (25, 34). 4E-BP1 is a phosphoprotein that only binds
to eIF4E once it has been dephosphorylated. 4E-BP1 binding
to eIF4E occurs at a site that overlaps the eIF4G-binding site
(28), and 4E-BP1 binding displaces eIF4E from eIF4G (21).
This displacement disrupts the eIF4F complex and removes
elF4E from Mnkl, resulting in dephosphorylation of eIF4E.

The results presented here show that VSV infection induces
the dephosphorylation of eIF4E and 4E-BP1. Consistent with
these results, there was a reduction in the amount of eIF4E
associated with eIF4G. These changes in the eIF4F complex
occurred over the same time period as the inhibition of host
protein synthesis and the onset of viral protein synthesis. In
addition, VSV protein synthesis was not affected by the pres-
ence of rapamycin, a drug that blocks 4E-BP1 phosphorylation.
These data show that eIF4E dephosphorylation and elF4F
disruption by 4E-BP1 contribute to blocking of host protein
translation but do not block viral protein synthesis.

MATERIALS AND METHODS

Chemicals, unless otherwise stated, were purchased from Fisher Scientific.
Trizol reagent was purchased from Invitrogen. Rapamycin and antibodies
against Mnkl, eIF4E, phospho-eIF4E, and phospho-4E-BP1 were purchased
from Cell Signaling Technologies. Antibodies against e[F4G and actin were
purchased from Santa Cruz Biotechnology, Inc. m’-GTP Sepharose, secondary
antibodies, and [*S]methionine were purchased from Amersham-Pharmacia.
Four to 20% precast gels were purchased from Bio-Rad Laboratories, Inc.
Okadaic acid and microcystin were purchased from Alexis Pharmaceuticals.

Virus infections. HeLa cells were cultured in Dulbecco’s modified Eagle me-
dium (DMEM; Gibco-BRL) containing 10% fetal bovine serum (FBS) and 2
mM glutamine. Cells were grown to 80 to 90% confluency and infected with wt
VSV (Indiana serotype, Orsay strain) or the tsO82 mutant virus in DMEM with
2% FBS at a multiplicity of 20 PFU/cell in a small volume (500 wl per well of a
six-well dish). At 1 h postinfection, the culture volume was doubled by addition
of DMEM plus 2% FBS.

Northern blotting. Infected or mock-infected cells were lysed in six-well dishes
with 1 ml of Trizol reagent (Invitrogen), and RNA was purified in accordance
with the manufacturer’s instructions. Five micrograms of total RNA from each
sample was glyoxylated and separated on a 1% agarose gel. Following acridine
orange staining, to check for loading, RNA was transferred onto nitrocellulose
(GeneScreen Plus; NEN) and probed with an M protein cDNA probe generated
with the Prime-A-Gene labeling system (Promega). Results of the Northern
procedure were determined by phosphorescence imaging and analyzed with
ImageQuant software.

Immunoblotting. Infected or mock-infected cells were lysed in six-well dishes
with 400 wl of EBC buffer (39) containing 1 mM phenylmethylsulfonyl fluoride,
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1 mM benzamidine, 100 nM okadaic acid, and 100 nM microcystin. Lysates were
spun at 10,000 X g for 8 min in a refrigerated centrifuge, and 360 pl of the
supernatant was added to 40 pl of 10X sample buffer for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Equal volumes of ly-
sate were subjected to SDS-12% PAGE. Following electrophoresis, gels were
electroblotted onto nitrocellulose and blocked in Tris-buffered saline (pH 7.5)
plus 5% dry milk. Antibodies were diluted as recommended by the manufactur-
ers. Band intensities were quantitated by scanning and analysis with Quantity
One software (Bio-Rad).

Cap-binding protein enrichment assays. For isolation of the cap-binding pro-
tein eIF4E and its associated proteins, cells were lysed in 500 wl of EBC buffer
containing 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 100 nM
okadaic acid, and 100 nM microcystin. Lysates were spun at 10,000 X g for 8 min,
and 400pl of supernatant was incubated with a 30-ul bed volume of m’-GTP
Sepharose with shaking for 1 h. Beads were spun for 3 min at 300 X g. The
supernatant was removed, and beads were washed once with 1 ml of TENS buffer
(39) and three times with 1 ml of TSE buffer (20 mM Tris [pH 7.5], 150 mM
NaCl, 1 mM EDTA). Following the last wash, the supernatant was removed and
25 ul of 2X SDS-PAGE sample buffer was added.

Metabolic labeling. HeLa cells were mock infected or infected with VSV and
then labeled with [**S]methionine for 10 min at 1, 2, 3, 4, and 6 h postinfection
as previously described (24). Following labeling, cells were washed three times
with phosphate buffered saline and lysed in 400 .l of radioimmunoprecipitation
assay buffer (39) for 10 min at 4°C. Lysates were spun at 10,000 X g for 8 min.
Three hundred sixty microliters of supernatant was added to 40 wl of 10X
SDS-PAGE sample buffer, and 10 pl was subjected to SDS-12% PAGE. Gels
were stained with Coomassie blue to determine their protein content and then
analyzed by phosphorescence imaging (Molecular Dynamics, Inc.). Quantitation
of phosphorescence intensities was done with ImageQuant software.

RESULTS

VSV infection results in the dephosphorylation of eIF4E
concurrent with inhibition of host protein synthesis. VSV in-
fection results in changes in the host protein synthetic machin-
ery so that viral mRNAs are translated and host protein syn-
thesis is inhibited. Figure 1A shows the changes in protein
synthesis in HeLa cells at early times postinfection with VSV.
Cells were pulse-labeled with [**S]methionine and analyzed by
SDS-PAGE and phosphorescence imaging. The synthesis of
host proteins was apparent as a ladder of dark bands in the
mock-infected control lane and from 1 to 3 h postinfection with
VSV. Between 3 and 6 h postinfection, there was rapid inhi-
bition of host protein synthesis. This inhibition can be seen
most clearly in regions of the gel devoid of viral proteins.
Synthesis of five VSV proteins, L, G, N, P, and M, began in
approximately the same time frame as the inhibition of protein
synthesis, and these became the predominant translation prod-
ucts at 6 h postinfection.

We were interested in determining whether the protein syn-
thesis inhibition resulting from VSV infection was a specific
inhibition of host mRNA translation or whether it represented
a global inhibition of protein synthesis that VSV overcomes by
overproduction of viral mRNA during this time period. VSV
mRNAs were analyzed by Northern blot assays, and their lev-
els were correlated with the rates of viral protein synthesis.
Northern analysis of viral M mRNA production (Fig. 1B)
showed that there was a steadily increasing amount of M
mRNA in VSV-infected HeLa cells between 3 and 6 h postin-
fection. A comparison of M mRNA levels and M protein
translation (Fig. 1C) showed that both mRNA production and
protein translation followed the same time course, supporting
the hypothesis that viral mRNAs are translated during the time
of inhibition of host mRNA translation.

Previous data have demonstrated that two initiation factors,



VoL. 76, 2002 VSV ALTERS elF4F TRANSLATION INITIATION COMPLEX 10179
A Time Postinfection (h)
A Time Postinfection (h) M 1 2 3 4 6
M 1 2 3 4 6
<L S -elF4E-P
(Ser 209)
—— <G
s & - = w» == -|FAE

——— < N/P

B Time Postinfection (h)
M 1 2 3 4 6

-M mRNA

(@)

w19 100
lg _ .%
£ 5801 80 @ ~
- s = g
¥ g
[&]
@ TSeo L60 > @
c % » =
'S 3 < B
o o @
B S -405 8
o s ©
© X201 F20%= O
s g€
I
04 . 0
0

2 4
Time Postinfection (h)

FIG. 1. Viral and host protein synthesis following VSV infection.
(A) HeLa cells were mock infected (M) or infected with VSV for the
indicated times and then labeled with [**S]methionine for 10 min.
Protein lysates (10 wl) were electrophoresed on a 12% gel, a phospho-
rescence image of which is shown. Viral proteins are indicated to the
right of the image. (B) Total RNA was prepared from HeLa cells mock
infected (M) or infected with VSV for the indicated times. RNA was
separated on a 1% gel and transferred to nitrocellulose, and viral
mRNA was detected with a **P-labeled probe against the M protein
mRNA. A phosphorescence image of a representative gel is shown.
(C) Quantification of viral protein synthesis inhibition (closed trian-
gles) and M protein mRNA (open triangles). The rate of viral protein
synthesis was determined from experiments like that shown in panel A
by quantitation of the radioactivity in the viral L and G bands and the
N/P and M bands. The amount of mRNA present was determined by
densitometry of M protein mRNA in Northern blots like that in panel
B. The data shown are means * standard deviations of three separate
experiments
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FIG. 2. (A) Extracts from mock- and VSV-infected cells were re-
solved by SDS-PAGE, transferred to nitrocellulose, and analyzed by
Western blotting with antibodies against eIF4E, eIF4E-P phosphory-
lated at serine 209 [eIF4E-P (Ser 209)], or the VSV M protein. Shown
is a single blot reprobed with the three different antibodies. M, mock
infection. (B) Quantification of host protein synthesis inhibition
(closed squares) and eIF4E phosphorylation (closed circles). The rate
of host protein synthesis was determined from experiments like that
shown in Fig. 1 by quantitation of the radioactivity between the viral L
and G bands, between the P and M bands, and in the region below the
M band. The levels of eIF4E phosphorylation were determined by
densitometry of phospho-eIF4E-specific Western blots and quanti-
tated as a ratio to total eIF4E. The data shown are means * standard
deviations of three experiments.

elF2a and the multisubunit eIF4F complex, are important for
the control of translation in VSV-infected cells (10). The in-
activation of eIF2a has been shown to be due to phosphory-
lation by PKR (1, 2). To test for modification of the eIF4F
complex, we determined whether phosphorylation of cap-bind-
ing protein eIF4E was changed in VSV-infected cells over the
time period in which host protein synthesis is inhibited. Phos-
phorylation of eIF4E was assayed in VSV-infected cells and
mock-infected controls by Western blot analysis with an anti-
body specific for eIF4E phosphorylated at serine 209, as shown
in Fig. 2A. There was a decrease in eIF4E phosphorylation in
VSV-infected cells beginning at 3 h postinfection, so that by 6 h
postinfection, the phosphorylated form of eIF4E was barely
detectable. This decrease was not due to an effect on levels of
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FIG. 3. VSV infection does not decrease the levels of eIF4G or
phosphorylated Mnk1. Extracts from HeLa cells that were mock in-
fected (M) or infected with VSV for the indicated time were separated
on a 6% gel (for eIF4G) or a 12% gel and then analyzed by Western
blotting with antibodies against eIF4G, Mnk1 phosphorylated at Thr
197 and Thr 202, and eIF4E.

total eIF4E, as shown by Western blot analysis with an anti-
body that reacts with both the phosphorylated and dephospho-
rylated forms of eIF4E. The phosphorylation of eIF4E was
inversely correlated with the translation of VSV mRNAs, as
shown by the accumulation of the viral M protein (Fig. 2A,
anti-VSV M-protein Western blot). These data indicated that
viral protein synthesis occurred despite the dephosphorylation
of eIF4E.

Figure 2B shows a quantitative comparison of the inhibition
of host protein synthesis and the dephosphorylation of eIF4AE
from three independent experiments. The rate of host protein
synthesis was determined from experiments like that shown in
Fig. 1A by quantitation of the sum of the radioactivity between
the viral L and G bands, between the P and M bands, and in
the region below the M band. The levels of eIF4E phosphor-
ylation were determined by densitometry of phospho-eIF4E-
specific Western blots and normalized to the total eIF4E.
There was a close correlation between the onset of host protein
synthesis inhibition and the dephosphorylation of eIF4E, and
both eIF4E dephosphorylation and inhibition of host protein
synthesis were almost complete by 6 h postinfection. These
data are consistent with a role for eIF4E dephosphorylation in
the inhibition of host protein synthesis by VSV.

VSV does not alter the concentration of eIF4F protein com-
plex members. Dephosphorylation of eIF4E could result from
a decrease in the cellular levels of the eIF4E-phosphorylating
protein kinase Mnkl or the eIF4G scaffolding subunit that
binds eIF4E and Mnk1 together. To test whether the level of
either of these two proteins changed during VSV infection, we
used antibodies against eIlF4G and an antibody-activated
Mnk1 phosphorylated at Thr 197 and Thr 202, the antibody
against active Mnkl phosphorylated by kinases such as p38
mitogen-activated protein kinase. Western blot analysis
showed little, if any, change in eIF4G protein levels throughout
the first 6 h of infection (Fig. 3, top). Similarly, the level of
phosphorylated Mnk1 also did not appear to change during
VSV infection (Fig. 3, middle). As shown in Fig. 2, there was
no change in eIF4E in these experiments (Fig. 3, bottom).

J. VIROL.

These results indicated that the dephosphorylation of eIF4E in
VSV-infected cells was not due to a reduction of these com-
ponents of the eIF4F complex.

VSV infection results in a shift of eIF4E binding from eIF4G
to 4E-BP1. Because the dephosphorylation of eIF4E was not
due to a change in the level of eIF4G or Mnk1, we determined
whether eIF4E was associated with 4E-BP1 rather than eIF4G
in virus-infected cells. Cap-binding complexes composed of
elF4E and its associated proteins were isolated from VSV-
infected or mock-infected cells with a cap analog affinity ma-
trix, m’-GTP Sepharose. Proteins bound to eIF4E were de-
tected by Western blotting following the separation of the
isolated complexes by SDS-PAGE. In mock-infected cells,
eIF4E bound to m’-GTP Sepharose was associated with e[F4G
(Fig. 4A, top). Between 3 and 6 h postinfection, eIF4G asso-
ciation with eIF4E was reduced. As a control for the efficiency
of complex isolation, the amount of eIF4E bound to m7-GTP
Sepharose remained constant for each sample (Fig. 4A, mid-
dle). In contrast to eIF4G, there was little, if any, 4E-BP1
associated with eIF4E in mock-infected cells (Fig. 4A, bot-
tom). However, between 3 and 6 h postinfection, the amount
of eIF4E associated with 4E-BP1 increased significantly.

To compare the time courses of the decrease in eIF4G and
the increase in 4E-BP1 associated with eIF4E, the results of
three experiments were quantitated by densitometry and are
shown in Fig. 4B. Levels of eIF4G were expressed as a per-
centage of mock-infected controls, while 4E-BP1 levels were
expressed as a percentage of the level at 6 h postinfection. By
6 h postinfection, eIF4G association with eIF4E decreased to
about 40% of that of the mock-infected control, indicating that
a majority of eIF4F complexes were disrupted but that some of
these complexes remained assembled. The increase in associ-
ation of 4E-BP1 with eIF4E occurred on the same time scale as
the decrease in eIF4G binding, suggesting that 4E-BP1 was
responsible for the dissociation of eIF4E from elF4G.

VSV infection results in dephosphorylation of 4E-BP1. The
association of 4E-BP1 with eIF4E is regulated by 4E-BP1
phosphorylation. 4E-BP1 can be phosphorylated at multiple
sites (17, 31). Phosphorylated 4E-BP1 does not bind to eIF4E
(25, 34), while unphosphorylated 4E-BP1 binds tightly to
elF4E. The increase in 4E-BP1 binding by eIF4E shown in Fig.
3 suggested that 4E-BP1 was being activated by dephosphor-
ylation during VSV infection. To test this hypothesis, whole-
cell lysates were analyzed by Western blot assays with an an-
tibody specific for 4E-BP1 phosphorylated at serine 65.
Phosphorylated 4E-BP1 was readily detectible in mock-in-
fected cells (Fig. SA, top), but between 4 and 6 h postinfection,
there was a 90% loss of immunoreactivity with the phospho-
4E-BP1 antibody.

This result was confirmed by analysis of total 4E-BP1. When
separated by SDS-PAGE, the different phosphorylated forms
of 4E-BP1 show a laddered appearance, with the more heavily
phosphorylated forms of the protein migrating more slowly
and the unphosphorylated form migrating more quickly. Con-
sistent with the results in Fig. SA, Western analysis of total
4E-BP1 in cells infected with VSV (Fig. 5B, top) showed that
4E-BP1 was hyperphosphorylated in mock-infected cells and
that dephosphorylation of 4E-BP1 occurred between 4 and 6 h
postinfection, when the faster-migrating dephosphorylated
bands began to appear in virus-infected cells. By 6 h postin-
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FIG. 4. Isolation of eIF4E and elF4E-binding proteins from VSV-
infected cells. (A) HeLa cells were mock infected (M) or infected with
VSV for the indicated times. Cell extracts were then incubated with
m’-GTP Sepharose to enrich for eIF4E and elF4E-binding proteins.
Proteins bound to eIF4E were determined by Western blotting follow-
ing electrophoresis on a 4 to 20% gradient gel with antibodies against
elF4E, elF4G, and 4E-BP1. Shown is a single blot reprobed with the
three different antibodies. (B) Quantitation of eIF4G (closed trian-
gles) and 4E-BP1 (open triangles) bound to eIF4E during VSV infec-
tion. eIF4G was quantitated as a ratio of eIF4G signal to eIF4E signal
and expressed as a percentage of the mock-infected control. eIF4E-
BP1 was also quantitated as a ratio to eIF4E and was expressed as a
percentage of the value at 6 h postinfection. The data shown are
averages * standard deviations of three separate experiments.

fection, a substantial amount of 4E-BP1 was converted to the
faster-migrating dephosphorylated form.

The data in Fig. 2 to 5 are consistent with regulation of
elF4F in VSV-infected cells by mechanisms that are known to
disrupt the eIF4F complex. 4E-BP1 was activated by dephos-
phorylation (Fig. 5). Dephosphorylated 4E-BP1 bound to
elF4E and dissociated eIF4E from eIF4G (Fig. 4). This sug-
gests that the dephosphorylation of eIF4E (Fig. 2) is due, in
part, to the separation of eIF4E from the other components of
the elF4F complex, including the protein kinase Mnkl1.

A VSV mutant that is delayed in inhibition of protein syn-

mock infected (M) or infected with VSV; cell extracts were separated
on a 15% gel and analyzed by Western blotting with antibodies to
4E-BP1 phosphorylated at Ser 65 (A) or total 4E-BP1 (B). Protein
loading was analyzed by blotting with an antibody against actin. Quan-
titation of the relative amounts of phospho 4E-BP1 (compared to
mock infection) is shown directly below the bands.

thesis is delayed in dephosphorylation of eIF4E. To further
test the hypothesis that the dephosphorylation of eIF4E plays
a role in VSV-induced inhibition of host protein synthesis, the
phosphorylation of eIF4E was analyzed in cells infected with
the #5082 mutant of VSV. #sO82 virus contains the M51R
point mutation in its M protein (8), which renders this virus
defective in inhibition of host protein synthesis (24). This is
apparent in Fig. 6A as a delay in the inhibition of protein
synthesis such that synthesis of host proteins continued
through 6 h postinfection. Viral protein synthesis in cells in-
fected with the #sO82 virus proceeded at the same rate as in
cells infected with wt VSV, beginning at around 3 h and reach-
ing high levels by 6 h (Fig. 6A; compare to 4- and 6-h postin-
fection lanes in Fig. 1A)). Quantitation of the rate of host
protein synthesis in three separate experiments showed that
there was almost twice as much host protein synthesis at 6 h
postinfection in cells infected with OS82 virus as in cells in-
fected with wt VSV (Fig. 6B).

Analysis of eIF4E phosphorylation following infection with
tsO82 virus showed that eIF4E was still dephosphorylated (Fig.
6C) but that the dephosphorylation was not as rapid as that



10182 CONNOR AND LYLES

A Time Postinfection (h)
M 1 2 3 4 6

O — — el_

;;"n <G
e

L e e <M

w

Host Protein Synthesis

0 L} v
0 2 4 6
Time Postinfection (h)

C mMm 1 2 3 4 s

-eIF4E-P

P R e WS
_ (Ser 209)

elF4E-P/elF4E

0 ! L) Ll

2 4
Time Postinfection (h)

FIG. 6. Effect of tsO82 mutant virus on host cell protein synthesis
and eIF4E phosphorylation. (A) HeLa cells were mock infected (M) or
infected with £sO82 virus for the indicated times and then labeled with
[>*S]methionine for 10 min. Lysates (10 pl) were electrophoresed on a
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observed with wt VSV (Fig. 6D). When £sO82 virus was com-
pared to wt VSV, the delay in host protein synthesis inhibition
(Fig. 6B) was similar to the delay in eIF4E dephosphorylation
(Fig. 6D), lending further support to the idea that eIF4E de-
phosphorylation plays a role in the inhibition of host protein
synthesis. However, the delays in these two processes were
slightly different.

In the case of eIF4E dephosphorylation, the greatest differ-
ence between the £sO82 and wt viruses was observed 4 h postin-
fection. This difference was highly reproducible. The error bars
seen in Fig. 6D represent the day-to-day variation between
experiments. However, in each paired experiment, the dephos-
phorylation of eIF4E in the wt VSV-infected cells was greater
than that in the tsO82-infected cells at 4 h postinfection. This
difference in eIF4E dephosphorylation supports the idea that
the dephosphorylation of eIF4E accelerates the shutoff of host
protein synthesis.

The greatest difference between the #5082 and wt viruses in
their inhibition of host protein synthesis was observed at 6 h
postinfection (Fig. 6B). The difference in eIF4E dephosphor-
ylation at this time point, while still apparent, was less than that
seen at the 4-h time point. These results suggest that the
dephosphorylation of eIF4E is not solely responsible for the
inhibition of host protein synthesis and that the #sO82 virus
may also be defective in the inhibition of other translation
initiation factors, such as elF2a.

Both wt VSV and the £sO82 mutant recruit eIF4E into an
elF4E/4EBP1 complex. Cap-binding complexes in cells in-
fected with #sO82 virus were analyzed to determine whether
the delay in eIF4E dephosphorylation was accompanied by a
delay of 4E-BP1 binding to eIF4E. Cells were infected with
tsO82 virus or wt VSV as a control and analyzed at either 4 or
6 h postinfection. Cap-binding complexes were isolated on
m’-GTP Sepharose, and the amount of 4E-BP1 and elF4G
bound to eIF4E was determined by Western blotting. At 4 h
postinfection, a smaller amount of 4E-BP1 was associated with
elF4E in tsO82 virus-infected cells than in wt VSV-infected
cells (eIF4E-BP1/eIF4E ratio shown at the bottom of Fig. 7A),
but by 6 h, similar amounts of 4E-BP1 were associated with
elF4E in cells infected with either virus (Fig. 7A). The differ-
ence between the results obtained with wt VSV versus 5082
was reproducible in four separate experiments. These results

12% gel, a phosphorescence image of which is shown. Viral proteins
are indicated to the right of the image. (B) Quantification of host
protein synthesis inhibition following #sO82 virus or VSV infection.
The rate of host protein synthesis was determined from experiments
like that shown in panel A by quantitation of the radioactivity between
the viral L and G bands, between the P and M bands, and in the region
below the M band. Cells infected with wt VSV are represented by filled
squares, and cells infected with tsO82 virus are represented by open
squares. (C) Extracts from mock- and VSV-infected cells were re-
solved by SDS-PAGE, transferred to nitrocellulose, and analyzed by
Western blotting with antibodies to eIF4E phosphorylated at serine
209 [eIF4E-P (Ser 209)]. (D) Quantification of eIF4E phosphorylation
following VSV or tsO82 infection. The levels of eIFAE phosphorylation
were determined by densitometry of phospho-eIF4E-specific Western
blots and normalized to total eIF4E. Cells infected with wt VSV are
represented by filled circles, and cells infected with #sO82 virus are
represented by open circles. The data shown are averages * standard
deviations of three separate experiments.
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FIG. 7. 4E-BP1 phosphorylation and isolation of eIlF4E-binding
proteins in tsO82 virus-infected cells. (A) Extracts from mock-, wt VSV-,
or £sO82 virus-infected cells were incubated with m’-GTP Sepharose
to enrich for eIF4E and eIF4E-binding proteins. Proteins bound to
elF4E were detected by Western blotting following separation on a 4
to 20% gel. The ratio of eIF4E to eIF4E-BP1 was quantified as de-
scribed in Materials and Methods. (B) Extracts from mock-, wt VSV-
or tsO82 virus-infected cells were separated on a 15% gel and analyzed
by Western blotting with antibodies to total eIF4E-BP1.

are consistent with the timing of eIF4E dephosphorylation, in
which there was a marked difference between the £sO82 and wt
viruses at 4 h postinfection, but this difference was much
smaller by 6 h postinfection. Despite the difference in 4E-BP1
binding at 4 h postinfection, the levels of eI[F4G bound to
elF4E appeared to be similar in cells infected with both vi-
ruses. The reason for this discrepancy is not known, but it may
mean that there are other events that reduce the binding of
elF4E to eIF4G, perhaps through protein-protein interactions
with stress-activated factors. There was noticeably less eIF4G
bound to eIF4E at 6 h postinfection than at 4 h postinfection
in cells infected with either virus.

The difference in the phosphorylation of 4E-BP1 was also
seen when whole-cell lysates were analyzed for total 4E-BP1.
In wt VSV-infected cells, 4E-BP1 began to be dephosphory-
lated at 4 h and was largely dephosphorylated by 6 h. In sO82
virus-infected cells, 4E-BP1 was dephosphorylated to a lesser
extent at 4 h but was dephosphorylated to the same extent as
in wt VSV-infected cells by 6 h (Fig. 7B). These experiments
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showed that the dephosphorylation of 4E-BP1 was delayed in
cells infected with the #sO82 mutant. This supports the idea
that dephosphorylation of 4E-BP1 plays a role in the dephos-
phorylation of eIF4E and the inhibition of host protein syn-
thesis.

Rapamycin does not block VSV protein synthesis. Previous
work showed that the synthesis of viral proteins is decreased in
VSV-infected cells treated with the immunosuppressant drug
rapamycin (3). In contrast, our data showing that VSV trans-
lation occurs in the presence of 4E-BP1 phosphorylation sug-
gested that rapamycin should not affect the synthesis of VSV
proteins. Rapamycin interferes with mTOR, a kinase that
maintains 4E-BP1 in its phosphorylated form (6, 19). Addition
of rapamycin to cells blocks mTOR function and induces the
dephosphorylation of 4E-BP1 (17, 31). Our results show an
activation of 4E-BP1 dephosphorylation in VSV-infected cells
that is similar to the effect of rapamycin. This suggested that
while 4E-BP1 activation might play a role in VSV’s inhibition
of host protein synthesis, viral protein synthesis is not affected
by activation of 4E-BP1, since viral mRNAs are translated at
high rates in infected cells despite the activation of 4E-BP1. To
test the influence of 4E-BP1 preactivation on VSV’s inhibition
of protein synthesis and viral protein synthesis, we determined
the effect of pretreatment of cells with rapamycin on viral and
host protein synthesis. Pretreatment of HeLa cells for 1 h with
25 nM rapamycin was sufficient to induce a conversion of
4E-BP1 from its phosphorylated, slow-migrating form (Fig.
8A, 0 h, lane 1) to its unphosphorylated, faster-migrating form
(lane 2). This unphosphorylated form of 4E-BP1 was stable for
the 6-h time course of the experiment (lanes 2 to 6). Treatment
of mock-infected cells with rapamycin for 3 or 7 h resulted in
a similar change in the synthesis of host proteins (Fig. 8B, far
right). Quantitation of radioactivity in gels like that shown in
Fig. 8B showed that cellular protein synthesis was decreased by
approximately 20% by the addition of rapamycin. This is con-
sistent with the results of previous experiments showing that
activation of 4E-BP1 by treatment with rapamycin only mod-
estly affects host protein syntheses in the absence of other
inhibitory mechanisms (3).

Figure 8B also shows the effect of rapamycin pretreatment
on viral protein synthesis. Over the course of a 6-h infection,
pretreatment with rapamycin had little effect on the synthesis
of viral proteins. Protein synthesis following VSV infection in
the presence or absence of rapamycin was quantified in three
separate experiments. Host protein synthesis is shown in Fig.
8C, and viral protein synthesis is shown in Fig. 8D. Because of
the inhibitory effect of the drug, host protein synthesis in ra-
pamycin-treated cells was initially lower than in mock-infected
cells that were not treated with rapamycin (Fig. 8C). However,
by 3 to 4 h postinfection, host protein synthesis in both treated
and untreated cells was inhibited to the same extent by VSV.
This is the expected result for a situation in which 4E-BP1
activation plays an active role in VSV’s inhibition of host pro-
tein synthesis. If 4E-BP1 activation was not a factor in VSV’s
inhibition of host protein synthesis, the addition of rapamycin
should have resulted in two nonintersecting curves. Thus, this
result supports the hypothesis that 4E-BP1 activation plays a
role in VSV’s inhibition of host protein synthesis. The levels of
viral protein synthesis were nearly identical in treated and
untreated cells (Fig. 8D), indicating that VSV protein synthesis
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FIG. 8. Effect of rapamycin on host and viral protein synthesis in VSV-infected cells. (A) Western blot analysis of total 4E-BP1 following
treatment of HeLa cells with 25 nM rapamycin for the indicated times. (B) HeLa cells were either left untreated (—) or treated (+) with 25 nM
rapamycin (Rapa) for 1 h. These cells were then mock infected (—) or infected with VSV (+) for the indicated times and labeled with
[**SImethionine for 10 min. Lysates were electrophoresed on a 12% gel, a phosphorescence image of which is shown. (C) Quantitation of host
protein synthesis in untreated (closed circles) or rapamycin-treated (open circles) cells infected with VSV. Rapamycin inhibition of protein
synthesis is indicated as a dotted line. Results from four independent experiments were quantified and are expressed as a percentage of the
untreated, mock-infected control. (D) VSV protein synthesis in rapamycin-treated (dark bars) or untreated (white bars) cells. Results from four
independent experiments were quantified and expressed as a percentage of the level at 6 h postinfection in untreated cells.
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was not affected by preactivation of 4E-BP1. In additional
experiments, viral protein synthesis was not affected by the
pretreatment of HeLa or BHK cells with concentrations of
rapamycin as high as 250 nM (data not shown). These data
indicate that the translation of VSV mRNA:s is not significantly
affected by activation of 4E-BP1 cells at the initial stages of
viral infection.

DISCUSSION

One of the most striking changes in gene expression in
VSV-infected cells is the nearly complete inhibition of trans-
lation of host mRNAs and the effective translation of viral
mRNAs. This is a result of at least two changes in the host
translation machinery. Earlier data had shown that one of
these changes is the inactivation of the translation initiation
factor eIF2 (7, 10) due to activation of PKR, which phosphor-
ylates and inactivates the o subunit of eIF2 (2). The data
presented here show that a second translation initiation factor,
the eIF4F complex, is also altered in VSV-infected cells. The
alteration in the eIF4F complex involves dephosphorylation of
the cap-binding protein eIF4E (Fig. 2) and dissociation of
elF4E from the eIlF4F complex (Fig. 4). The dissociation of
elF4E is a result of dephosphorylation of 4E-BP1 and subse-
quent formation of the eIF4E/4E-BP1 complex (Fig. 5). These
changes in the elF4F complex are consistent with previous
experiments showing that host protein synthesis in extracts
from VSV-infected cells could be restored by addition of pu-
rified eIF4F, as well as eIF2 (10).

The dephosphorylation of eIF4E in VSV-infected cells is
due, in part, to its dissociation from the eIF4F complex as a
result of binding to 4E-BP1. This has the effect of separating
elF4E from its protein kinase, Mnkl. However, analysis of
cap-binding complexes in infected cells showed that approxi-
mately 40% of eIFAE remained bound to eIF4G at 6 h postin-
fection (Fig. 4). This suggests that additional mechanisms con-
tribute to eIF4E dephosphorylation, since nearly all of the
elF4E in infected cells was dephosphorylated by this time (Fig.
2). The dephosphorylation of eIF4E that remained bound to
elF4G could occur through inhibition of a protein kinase that
normally maintains eIF4E phosphorylation. However, if an
eIF4E kinase is inhibited, it is likely to be a kinase other than
Mnkl1, such as Mnk2, since the levels of the active form of
Mnk1 were not changed in VSV-infected cells and overexpres-
sion of Mnk1, a high-activity mutant, or an inactive mutant had
little effect on host protein synthesis inhibition (Fig. 3 and data
not shown). A second hypothesis is that VSV infection results
in activation of an eIF4E phosphatase. Protein phosphatase 2A
has been proposed to mediate dephosphorylation of both
elF4E and 4E-BP1 (22, 23, 36). Thus, activation of this phos-
phatase might account for both the dissociation of most eIF4F
complexes by 4E-BP1 and the dephosphorylation of eIF4E in
the remaining undissociated complexes.

Both the phosphorylation of eIF2a shown previously and the
dephosphorylation of eIF4E shown here are inhibitory mech-
anisms that contribute to the inhibition of host protein synthe-
sis in VSV-infected cells. However, viral mRNAs are effec-
tively translated at the same time that translation of host
mRNA:s is inhibited (Fig. 1). The ability of VSV mRNAs to be
translated under conditions of reduced eIF4F activity was fur-
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ther demonstrated by using rapamycin to induce dephosphor-
ylation of 4E-BP1 (Fig. 8). Treatment of mock-infected cells
with rapamycin inhibited host protein synthesis, although not
as effectively as the inhibition observed in VSV-infected cells.
This is consistent with the idea that the inactivation of two
translation initiation factors, both eIF2 and eIF4F, is required
to fully inhibit host protein synthesis in VSV-infected cells.
While treatment with rapamycin partially inhibited host pro-
tein synthesis, it did not inhibit the synthesis of viral proteins.
This supports the idea that translation of VSV mRNA is not
affected by a decrease in the amount of functional eIF4F com-
plexes.

VSV mRNAs have 5’ caps and are believed to be translated
by a cap-dependent process. This is likely to be mediated by
the 40% of eIF4E that remains bound to eIF4G in VSV-
infected cells. The reason that viral proteins are synthesized in
the presence of these alterations in the e[F4F complex may lie
in the structural features of the viral mRNAs. The 5’ untrans-
lated regions (UTRs) of VSV mRNAs are short, unlike those
of host mRNAs, which tend to be at least 70 nucleotides (nt)
in length and can be longer than 500 nt. In contrast, the longest
5" UTR in VSV mRNA is 49 nt long and three of the five are
shorter than 14 nt. These short 5" UTRs, which probably lack
secondary structure, may allow efficient translation under con-
ditions in which there are few functioning eIF4F complexes. A
role for the 5" UTR of VSV mRNA was suggested by one
report showing that a gene fragment containing the UTR from
the VSV N gene confers extended translation of a B-globin
reporter gene in VSV-infected cells (4).

An interesting aspect of the changes in the translation ap-
paratus following VSV infection is the similarity of these
changes to the host cell’s natural response to environmental
stress. Both heat shock and ischemic stress lead to the phos-
phorylation of eIF2a and the dephosphorylation of 4E-BP1 in
mammalian cells (12, 29, 33, 44). In both cases, this results in
inhibition of translation. However, the mRNAs for some pro-
teins, such as heat shock proteins and hypoxia-induced factors,
contain sequences that enhance their translation under these
conditions (30, 42). Because VSV mRNAs are translated in
cells under conditions that resemble these stress responses, this
suggests that VSV has adopted strategies similar to those used
to translate host stress response mRNAs to translate viral
messages under similar conditions.

The similarity to the effects of stress responses suggests that
the inhibition of translation of host mRNAs in VSV-infected
cells is the result of the activation of a host response system
and not the direct effect of a VSV protein or RNA. This raises
the question of how the products of virus infection activate a
“stress” response. The available evidence indicates that viral
double-stranded RNA is responsible for activation of PKR in
VSV-infected cells (27). However, it is possible that other viral
products contribute to PKR activation. It is also likely that
there are several viral products whose activity leads to the
dephosphorylation of eIF4E and 4E-BP1. One of these prod-
ucts is likely to be the viral M protein, as the tsO82 virus
contains the M51R point mutation in its M protein, which
renders this virus defective in the ability to inhibit both host
RNA synthesis and host protein synthesis (5, 8, 24). The de-
phosphorylation of eIF4E and 4E-BP1 is delayed in cells in-
fected with £sO82 virus versus wt VSV (Fig. 6 and 7). However,



10186 CONNOR AND LYLES

by 6 h postinfection, the dephosphorylation of eIF4E in tsO82
virus-infected cells is nearly complete (Fig. 6) and there is
little, if any, difference compared to cells infected with wt VSV
in the amount of 4E-BP1 associated with eIF4E (Fig. 7). These
results suggest that a viral product other than M protein is
primarily responsible for inducing dephosphorylation of eIF4E
and 4E-BP1 and that the effect of M protein is to accelerate
this process. This idea is further supported by the observation
that expression of M protein in transfected cells in the absence
of other viral components does not inhibit translation (5).
Instead, expression of M protein actually stimulates translation
of a cotransfected mRNA (5). Whether this stimulation re-
flects an effect of M protein on the eIF4F complex is currently
being investigated.

The alteration of both eIF4AE and 4E-BP1 phosphorylation
following VSV infection is the first reported modification of
both of these proteins among viruses that produce capped
mRNA for protein translation. Analysis of cells infected with
picornaviruses, such as poliovirus and the cardiovirus encepha-
lomyocarditis virus, has shown that these RNA viruses also
induce the dephosphorylation eIF4E and 4E-BP1 (3, 20). In
addition, many picornaviruses induce proteolytic cleavage of
elF4G (16), which also results in the dissociation of eIF4E
from other members of the eIF4F complex. However, in con-
trast to VSV, these viruses produce uncapped mRNA with
long 5" UTRs that are translated through cap-independent
mechanisms and therefore benefit from disruption of the
elF4F complex (16). Adenoviruses, which produce 5'-capped
mRNA, also direct the dephosphorylation of eIF4E upon in-
fection (9). In contrast to picornavirus and VSV infections,
adenovirus infection results in the phosphorylation and inac-
tivation of 4E-BP1 (13). This may be because adenovirus mR-
NAs require the assembled elF4F complex to aid in their
translation, which would be inhibited by the formation of the
elF4E/4E-BP1 complex.

In summary, the data presented here show that VSV infec-
tion results in changes in the eIF4F cap-binding complex that
play a role in the inhibition of host protein synthesis but do not
prevent viral protein synthesis, which is unusual among viruses
that produce capped mRNAs. These changes in the elF4F
complex include both the dissociation of most of the eIF4E
and the dephosphorylation of the remaining eIF4E that re-
mains bound to eIF4F complexes. The dissociation of eIF4E is
due to dephosphorylation and activation of 4E-BP1. These
changes, together with the previously described inactivation of
elF2, resemble the changes in the translation machinery that
occur in stress responses. These results support a model for
translational control in VSV-infected cells in which activation
of signal transduction pathways involved in stress responses
inhibits translation of host mRNAs and favors translation of
viral mRNAs. Future studies will address how VSV controls
the phosphorylation state of eIF4E and 4E-BP1 and the as-
pects of VSV mRNAs that make them particularly suited for
translation under these conditions.
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