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mononuclear cells, and dendritic cells (6, 22, 34). Accordingly,
Ebola virus infection blocks maturation of dendritic cells,
which impairs T-cell activation and proliferation (6, 34). Consistent with these observations, mice lacking alpha/beta interferon receptor or STAT1 resemble primates in their susceptibility to rapidly progressive, overwhelming Ebola virus infection
(7). The disease is dramatically accelerated when viral challenge is
accompanied by an injection of anti-alpha/beta interferon antibodies (7). Of particular interest is that Ebola virus replication
is insensitive to interferon both in vivo and in cell culture
(24, 30, 32).
Ebola virus, a nonsegmented negative-stranded RNA virus,
belongs to the family of Filoviridae (46). The viral genome is
approximately 19,000 nucleotides in length and is transcribed
into eight major subgenomic mRNAs, which encode seven
structural proteins (NP, VP35, VP40, GP, VP30, VP24, and L)
and one nonstructural protein (sGP). The VP35 protein is an
essential cofactor for the viral RNA polymerase complex (28,
35, 49). In addition, it is implicated as an interferon antagonist
(3, 6). It has been demonstrated that the VP35 protein complements the growth defect of an influenza virus NS1 deletion
mutant that is unable to block the interferon response (3). In
mammalian cells, the VP35 protein suppresses the expression
of alpha/beta interferon induced by dsRNA or virus. In doing
so, it prevents the activation of IRF-3 (2). It appears the carboxyl terminus of the VP35 contains sequences sufficient to
inhibit virus-induced interferon responses, whereas the amino
terminus involved in oligomerization is required for its full
activity (25, 40). Currently, the precise role of the Ebola virus
VP35 protein is not fully understood yet.
The present study was undertaken to further explore the
function of the VP35 protein in interferon responses. We report that in addition to inhibition of interferon induction by

Interferons are a family of cytokines that are produced in
response to viral infection. They exert antiviral, cell growthinhibitory, and immunoregulatory activities (42, 43). Expression of interferons is regulated through coordinated activation
of transcription factors, including NF-B, AP-1, interferon regulatory factor 3 (IRF-3), and IRF-7. Once bound to their
cognate receptors, interferons activate the Janus tyrosine kinase (JAK)/signal transducer and activator (STAT) pathways,
which lead to the induction of a wide spectrum of genes.
Among these genes are the extensively characterized genes
encoding 2⬘-5⬘ oligoadenylate synthetase, the Mx proteins, and
the double-stranded RNA (dsRNA)-dependent protein kinase
(PKR). In normal cells, PKR is present at a low level, but its
expression is upregulated by interferon. Upon binding to
dsRNA, PKR is activated to phosphorylate the ␣ subunit of
translation initiation factor eIF-2 (eIF-2␣), which arrests protein synthesis and thereby inhibits viral replication.
Several lines of evidence indicate that Ebola virus infection
interferes with host interferon responses. When endothelial
cells are treated with alpha interferon, gamma interferon, or
dsRNA, elevated mRNA levels of interferon-stimulated genes,
such as major histocompatibility complex class I, IRF-1, PKR,
and 2⬘-5⬘ oligoadenylate synthetase, are seen in mock-infected
cells but not in Ebola virus-infected cells (21, 23, 24). Additionally, Ebola virus infection efficiently blocks dsRNA-mediated interferon production in macrophages, peripheral blood
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The VP35 protein of Ebola virus is a viral antagonist of interferon. It acts to block virus or double-stranded
RNA-mediated activation of interferon regulatory factor 3, a transcription factor that facilitates the expression
of interferon and interferon-stimulated genes. In this report, we show that the VP35 protein is also able to
inhibit the antiviral response induced by alpha interferon. This depends on the VP35 function that interferes
with the pathway regulated by double-stranded RNA-dependent protein kinase PKR. When expressed in a
heterologous system, the VP35 protein enhanced viral polypeptide synthesis and growth in Vero cells pretreated with alpha/beta interferon, displaying an interferon-resistant phenotype. In correlation, phosphorylation of PKR and eIF-2␣ was suppressed in cells expressing the VP35 protein. This activity of the VP35 protein
was required for efficient viral replication in PKRⴙ/ⴙ but not PKRⴚ/ⴚ mouse embryo fibroblasts. Furthermore,
VP35 appears to be a RNA binding protein. Notably, a deletion of amino acids 1 to 200, but not R312A
substitution in the RNA binding motif, abolished the ability of the VP35 protein to confer viral resistance to
interferon. However, the R312A substitution rendered the VP35 protein unable to inhibit the induction of the
beta interferon promoter mediated by virus infection. Together, these results show that the VP35 protein
targets multiple pathways of the interferon system.
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virus, the VP35 protein counteracts the antiviral effect of
alpha/beta interferon mediated by PKR. We show that the
VP35 protein is a RNA binding protein with a stronger affinity
for dsRNA. We further demonstrate that a deletion in the
amino terminus is lethal for its anti-PKR activity, whereas the
R312A substitution in the RNA binding motif has no effect.
Intriguingly, the R312A substitution disrupted the activity of
VP35 required to inhibit induction of the beta interferon promoter by virus infection. Thus, the VP35 protein of Ebola virus
interferes with multiple pathways in the interferon system. During
the course of this work, Cardenas and colleagues reported that
Ebola virus VP35 binds double-stranded RNA and inhibits alpha/
beta interferon production by RIG-I signaling (8).

ing the R312A substitution in VP35 with a FLAG tag at the C terminus was
cloned into pcDNA3. All plasmid constructs were verified by DNA sequence
analysis.
Southern blot analysis. Vero cells were infected with viruses at 10 PFU per
cell. At 18 h postinfection, infected cells were harvested, and viral DNA was
prepared as described previously (15). VP35 and ␥134.5 viral DNAs were verified
by digestion with restriction enzymes, electrophoretic separation in agarose gels,
transfer to nitrocellulose sheets, and hybridization with a 32P-labeled EcoRIXhoI or NotI fragment from the VP35 or ␥134.5 gene, respectively, followed by
autoradiography as described previously (15).
Immunoblot analysis. Mock-infected and virus-infected cells were rinsed, harvested, and solubilized in disruption buffer containing 50 mM Tris-HCl (pH 7.0),
5% 2-mercaptoethanol, 2% sodium dodecyl sulfate, and 2.75% sucrose. Samples
were then sonicated, boiled, subjected to electrophoresis on denaturing 12%
polyacrylamide gels, transferred to nitrocellulose membranes, blocked with 5%
nonfat milk, and reacted with anti-␥134.5 antibody, anti-VP35 antibody, antiHSV-1 antibody (Dako Corporation), anti-phosphorylated eIF-2␣ antibody
(Biosource, Inc.), anti-eIF-2␣ antibody (Cell Signaling Technology, Inc.), antiphosphorylated PKR (Cell Signaling Technology, Inc.), anti-PKR antibody
(Santa Cruz), or anti-␤-actin antibody (Sigma). The membranes were rinsed in
phosphate-buffered saline and reacted with either goat anti-rabbit or goat antimouse antibody conjugated to horseradish peroxidase (Amersham Pharmacia
Biotech, Inc.). Rabbit polyclonal antibody to VP35 was prepared as follows.
Plasmid pMC0307 encodes glutathione S-transferase fused in frame to the truncated VP35 gene encoding 187 amino acids of the amino-terminal portion of
VP35. Expression of the fusion protein was induced by the addition of isopropyl␤-D-thiogalactopyranoside (IPTG) to the medium with Escherichia coli BL21
cells transformed with pMC0307, followed by affinity purification of the fusion
protein from bacterial lysates on agarose beads conjugated with glutathione. The
fusion protein was lyophilized and used for immunization of rabbits for production of polyclonal antibody.
Plaque assays. Cells were either untreated or pretreated with alpha interferon
(1,000 U/ml) for 20 h and then infected with the recombinant viruses at 0.05 PFU
per cell at 37°C. At different time points postinfection, cells were harvested,
freeze-thawed three times, and titrated on Vero cells at 37°C.
Retroviral transduction. Recombinant retroviruses were generated as described previously (36). Briefly, plasmid pFZ0601, pFZ0602, pZF0603, or HIVGFP was transfected along with HIVtrans and vesicular stomatitis virus G into
293T cells using Lipofectamine 2000 (Invitrogen). At 48 h after transfection,
supernatant was collected and used to transduce cells.
Reporter assays. Reporter assays were carried out as described previously (2,
25). 293T cells grown on a 12-well plate were transfected with a control plasmid
or plasmid vector expressing wild-type VP35 or VP35(R312A) or VP35(dN200)
along with a beta interferon reporter gene expressing firefly luciferase using
Lipofectamine 2000 (Invitrogen). For a control, a plasmid containing the Renilla
luciferase gene driven by the HSV-1 thymidine kinase promoter was included. At
24 h after transfection, cells were infected with Sendai virus (Cantell), and
luciferase activities were measured 24 h postinfection. The relative change in
induction was determined by comparing plasmids expressing VP35 variants to
the vector control.
RNA binding assays. The RNA binding assay was performed as described
previously (45). Briefly, poly(C)-conjugated agarose beads were purchased from
Sigma. Poly(I · C)-conjugated beads were prepared by incubating poly(C) beads
with poly(I) (Sigma) at 4°C overnight. Cyanogen bromide-activated agarose
beads were used as controls. For pull-down assays, poly(C), poly(I · C)-conjugated beads, or empty beads were equilibrated in binding buffer containing 50
mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 1% NP-40. The beads were
mixed with whole-cell extracts, which were supplemented with protease inhibitor
cocktails (Sigma) and RNase inhibitor (Invitrogen), and rotated at 4°C overnight.
After centrifugation, beads were washed extensively and then resuspended in
sample buffer (9). Samples were incubated at 95°C for 5 min, centrifuged at
13,000 ⫻ g for 30s, separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and processed for immunoblot analysis.

RESULTS
Experimental design. Reverse genetic methods have been
established for constructing Ebola virus (37, 49). Nonetheless,
it remains difficult to study the VP35 protein in interferon
responses without altering its function essential for viral RNA
replication. To bypass this limitation, we sought to develop a
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MATERIALS AND METHODS
Cells and viruses. Vero and 293T cells were obtained from the American Type
Culture Collection. Mouse embryo fibroblasts were derived from PKR⫹/⫹ and
PKR⫺/⫺ mice (16). Cells were propagated in Dulbecco’s modified Eagle’s medium supplemented with 5% or 10% fetal bovine serum. The following viruses
were constructed using the bacterial artificial chromosome (BAC) system as
described previously (27). Recombinant virus HSV-BAC contains the wild-type
herpes simplex virus type 1 (HSV-1) strain F genome. KY0234 is a recombinant
virus that lacks both copies of the ␥134.5 gene (12). Recombinant virus MC0201
has both copies of the ␥134.5 gene of HSV-BAC replaced with the wild-type
Ebola virus subtype Zaire VP35 gene. MC0309 is a recombinant virus in which
the VP35 gene of MC0201 is replaced with the wild-type ␥134.5 gene. MC0301
is a recombinant virus in which the VP35 gene of MC0201 is replaced with a
␥134.5 gene that contains an R215L mutation. To construct recombinant virus
MC0201, plasmid pMC0201 was transformed into an Escherichia coli RR1 strain
that harbored wild-type HSV-BAC by electroporation. After 2 h at 30°C in LB
broth, the bacteria were plated onto plates containing zeocin and chloramphenicol (Cm) and incubated overnight at 43°C. Colonies were selected and diluted
serially in LB, plated on Cm-5% sucrose (Suc) LB plates, and incubated overnight at 30°C. In a similar manner, recombinant viruses MC0309 and MC0301
were constructed by transformation of an E. coli RR1 strain that harbored
MC0201 DNA by electroporation with plasmids pKY0230 and pMC0020, respectively. The recombinant HSV-BAC DNA was prepared and used to transfect
Vero cells using Lipofectamine reagent (Invitrogen). Virus was harvested 3 days
after transfection. Preparation of viral stocks and viral infection were carried out
in accordance with all federal and university policies.
Plasmids. Plasmid pcdna3-EBO-35 contains the VP35 gene of the Ebola virus
strain Mayinga, subtype Zaire, inserted into the expression vector pcDNA3 (3).
To construct pMC0201, the BamHI-NotI Klenow fragment containing the VP35
gene of pcdna3-EBO-35 was ligated into the BamHI and EcoRV sites of
pKY0140 (31). In this plasmid, expression of VP35 is driven by a cytomegalovirus
promoter. To construct pKY0230, the BamHI fragment of HSV-1(F) of pRB143
was cloned into the BamHI site of the pKO5Y vector. Plasmid pRB143 contains
the BamHI S fragment of HSV-1(F) in the BamHI site of pRB322. To construct
pMC0020, a PCR fragment was amplified with primers OBH0008 (CGCCCGC
CTGGCGCTCCGCGGCTCGTGGGCC) and OBH0020 (TATATGCGCGGC
TCCTGCCATCGTC), and a second PCR fragment was amplified with primers
OBH0018 (CCACCCCGGCACGCTCTCTGTCTC) and OBH0009 (GGCCCA
CGAGCCGCGGAGCGCCAGGCGGGCG). The resulting PCR products were
used as templates, and a DraIII-BspEI PCR fragment was amplified with primers
OBH0018 and OBH0020 to yield pMC0005. To construct pMC0015, the DraIIIStuI fragment of pMC0005 was used to replace the corresponding region in the
entire BamHI S fragment of HSV-1(F). The BamHI S fragment of pMC0015 was
then cloned into the BamHI site of pKO5Y, yielding pMC0020. A modified
retroviral vector expressing green fluorescent protein (GFP), HIV-GFP, was
obtained from Thomas Hope. To construct pZF0601 (pVP35wt), a PCR fragment containing the wild-type VP35 gene was cloned into the BamHI and XhoI
sites of human immunodeficiency virus (HIV) vector. To construct pZF0602
(pVP35R312A), a PCR fragment containing the VP35 gene with a R312A
substitution was cloned into the BamHI and XhoI sites of HIV vector. To
construct pZF0603 (pVP35dN200FLAG), a PCR fragment encoding amino acids 201 to 340 with a FLAG tag at the C terminus was cloned into the BamHI and
XhoI sites of HIV vector. To construct pZF0417 (pVP35FLAG), a PCR fragment containing wild-type VP35 with a FLAG tag at the C terminus was cloned
into pcDNA3. To construct pZF0422 (pVP35R312A), a PCR fragment contain-
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surrogate system, which is based on the finding that wild-type
herpes simplex virus type 1 is resistant to interferon, whereas
the mutant lacking the ␥134.5 gene is hypersensitive to alpha/
beta interferon (10). The ␥134.5 gene product encodes a multifunctional protein, which is absolutely required for viral replication in vivo (13). In cell culture, the ␥134.5 null mutant
replicates in Vero cells that are devoid of alpha/beta interferon
genes but not in cells with intact interferon genes (10, 11, 14).
Thus, growth of the ␥134.5 null mutant was utilized as an
indicator to assess viral interferon antagonists. In an initial

approach, we recombined the VP35 gene into the HSV genome lacking the ␥134.5 gene. As an additional measure, we
deleted the thymidine kinase gene, which is crucial for viral
replication in vivo. This deletion does not affect viral infection
or viral response to interferon in cell culture (9). Consequently,
these modifications restrict viral replication to a limited number of cell lines, where viral response to interferon was analyzed. On the basis of the above analysis, we also developed a
complement approach, in which the VP35 protein was provided in trans by a retrovirus vector in transduced cells, where
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FIG. 1. (A) Schematic representation of the genome structure of HSV-1 and the recombinant viruses. The two covalently linked components
of HSV DNA, L and S, each consist of unique sequences, UL and US, respectively, flanked by inverted repeats which are designated ab and b’a’.
Recombinant virus HSV-BAC contains the wild-type ␥134.5 gene. Recombinant virus KY0234 lacks the coding region of the ␥134.5 gene (12).
Recombinant virus MC0201 was constructed by the HSV-BAC system with the VP35 gene from Ebola virus subtype Zaire replacing both copies
of the ␥134.5 gene. Recombinant viruses MC0309 and MC0301 are repair viruses in which the VP35 gene of MC0201 was replaced with the
wild-type ␥134.5 gene and a ␥134.5 gene containing an R215L point mutation, respectively. Restriction endonuclease abbreviations: N, NcoI; Be,
BstEII; St, StuI; E, EcoRV. (B) Autoradiographic images of viral DNAs. Vero cells were infected with the indicated viruses at 10 PFU per cell.
At 18 h after infection, cells were harvested and viral DNAs were prepared for Southern blot analysis as described in Materials and Methods. The
VP35 and ␥134.5 genes were then detected by hybridization to electrophoretically separated digestion products of viral DNA transferred to a
nitrocellulose sheet with either a 32P-labeled EcoRI-XhoI or NotI fragment from the VP35 or ␥134.5 gene, respectively. Fragments representing
VP35 or ␥134.5 are indicated on the right. (C) Expression of the VP35 or ␥134.5 gene products. Vero cells were either mock infected or infected
with the indicated viruses at 10 PFU per cell. At 18 h postinfection, lysates of cells were prepared and subjected to Western immunoblot analysis
with either anti-VP35, anti-␥134.5, or anti-␤-actin antibody. The positions of the VP35, ␥134.5, and ␤-actin proteins are shown on the right.
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growth of the ␥134.5 null mutant was measured in response to
interferon treatment.
Construction of recombinant viruses. Recombinant viruses
were constructed by using the bacterial artificial chromosome
system as described in Materials and Methods. In this system,
the thymidine kinase gene of HSV was replaced with BAC. As
shown in Fig. 1A, in recombinant virus MC0201, the ␥134.5
gene of HSV was replaced with the VP35 gene of Ebola virus
subtype Zaire. As controls, two additional viruses were constructed. In recombinant virus MC0301, the VP35 gene of
MC0201 was replaced with a mutant ␥134.5 gene that contains
an R215L point mutation that renders the virus sensitive to
interferon (9). In MC0309, the VP35 gene of MC0201 was
replaced with the wild-type ␥134.5 gene. In recombinant virus
KY0234, the ␥134.5 gene of HSV was deleted (12). Southern
blot analysis was carried out to verify virus constructs (Fig. 1B).
As expected, MC0201 yielded a 785-bp fragment after digestion with EcoRI-XhoI (Fig. 1B, lane 3). HSV-BAC, MC0309,
and MC0301 yielded an 822-bp fragment after digestion with
NotI (lanes 1, 4, and 5). No band was detected for KY0234 due
to deletion of the ␥134.5 gene. To examine protein expression,
Western blot analysis was performed using antibodies against
the VP35 protein, the ␥134.5 protein, and ␤-actin. The results
in Fig. 1C show that in virus-infected cells, MC0201 expressed
the VP35 protein (lane 4). MC0309 and MC0301 expressed

comparable levels of the ␥134.5 protein. HSV-BAC expressed
a slightly higher level of the ␥134.5 protein (lanes 2, 5, and 6).
Expression of the ␥134.5 protein was not detected in KY0234
by the anti-␥134.5 antibody. Levels of ␤-actin expression were
comparable in mock-infected and virus-infected cells. These
experiments indicate that the recombinant viruses constructed
contain the expected VP35 and ␥134.5 gene products.
The VP35 protein counteracts the antiviral response induced by alpha interferon. To test whether the VP35 protein
blocks the antiviral response induced by interferon, we measured viral replication in untreated Vero cells or Vero cells
pretreated with alpha interferon. As summarized in Fig. 2A, in
the absence of interferon, recombinant virus HSV-BAC (wildtype ␥134.5) reached a virus titer of 1.2 ⫻ 108 PFU/ml, and
recombinant virus KY0234 (⌬␥134.5) reached a virus titer of
3.5 ⫻ 107 PFU/ml, which was slightly lower. Replication of
recombinant virus MC0201 (wild-type VP35) and recombinant
virus MC0309 (restoration of wild-type ␥134.5) is similar to
that of HSV-BAC, while MC0301 (restoration of ␥134.5 with
R215L substitution) exhibited a growth property similar to that
of KY0234. When cells were pretreated with interferon prior
to infection, HSV-BAC reached a virus titer of 5.8 ⫻ 107
PFU/ml, while KY0234 showed a significant decrease in viral
replication, with a virus titer of 1.7 ⫻ 105 PFU/ml. Remarkably, MC0201 displayed efficient viral replication similar to
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FIG. 2. (A) Viral response to interferon. Monolayers of Vero cells were not treated (IFN⫺) or pretreated with human leukocyte alpha
interferon (IFN⫹) (1,000 U/ml; Sigma) for 20 h. Cells were then infected at 0.05 PFU per cell with the indicated viruses. At 72 h postinfection,
cells were harvested and freeze-thawed three times, and virus yield was determined on Vero cells. Data represent the averages plus standard
deviations (error bars) from three independent experiments. (B) Kinetics of viral growth. Virus infection was carried out as described above for
panel A, except that cells were harvested at different time points postinfection. The data represent the averages of duplicate samples, with the
standard deviations indicated by the error bars.
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HSV-BAC, reaching a virus titer of 1.8 ⫻ 107 PFU/ml. Recombinant virus MC0309 had a virus titer similar to that of
HSV-BAC, as this virus has the restored wild-type ␥134.5 gene.
MC0301 exhibited a growth defect similar to that of KY0234 in
the presence of interferon due to the R215L substitution in the
␥134.5 gene, which renders this virus sensitive to interferon (9).
Moreover, addition of alpha interferon during infection did not
affect growth of MC0201 in cells pretreated with alpha interferon
or not treated with alpha interferon (data not shown). Thus, the
ability of MC0201 to counteract the inhibitory effect of interferon
is attributable to the Ebola virus VP35 protein.
To examine the kinetics of viral growth, virus yields were
measured at various points during a 48-h course of infection.
As illustrated in Fig. 2B, recombinant viruses MC0201, HSVBAC, and KY0234 replicated efficiently in the absence of interferon. Virus growth increased steadily as infection proceeded, with titers reaching 2.4 ⫻ 108 to 3.9 ⫻ 108 PFU/ml at
48 h postinfection. The slightly lower virus yields of KY0234 at

early time points may reflect the effect of ␥134.5 deletion from
HSV. When cells were pretreated with interferon, MC0201
and HSV-BAC still replicated efficiently. Virus growth continued to increase over the course of infection, with titers reaching 9.3 ⫻ 106 to 4.4 ⫻ 107 PFU/ml at 48 h postinfection.
However, under this condition, KY0234 replicated poorly. Virus yields barely increased, with a titer reaching only 2.35 ⫻ 103
PFU/ml at 48 h postinfection. Hence, like the wild-type ␥134.5
protein, the Ebola virus VP35 protein counteracts the inhibitory effect of alpha interferon.
The VP35 protein facilitates viral polypeptide synthesis that
inversely correlates with eIF-2␣ phosphorylation. We next examined viral protein production for the recombinant viruses.
This was done in Vero cells that were untreated or pretreated
with alpha interferon for 20 h. At 15 h postinfection, cells were
harvested, and samples were subjected to Western blot analysis
with a polyclonal antibody against all HSV-1 antigens. As
shown in Fig. 3A, there are significant levels of viral protein
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FIG. 3. (A) Viral protein accumulation in the presence and absence of interferon. Monolayers of Vero cells were not treated (⫺) or were
pretreated (⫹) with human leukocyte alpha interferon (IFN ␣) (1,000 U/ml; Sigma) for 20 h. Cells were then mock infected or infected with the
indicated viruses at 1.0 PFU per cell. At 18 h postinfection, cells were harvested, washed with phosphate-buffered saline, resuspended in disruption
buffer, electrophoretically separated on a denaturing 12% polyacrylamide gel, transferred to a nitrocellulose sheet, and probed with a rabbit
polyclonal antibody against all HSV-1 antigens as suggested by the manufacturer (Dako Corporation). ␤-Actin was probed as a loading control.
(B) Effect of the VP35 protein on eIF-2␣ phosphorylation. Vero cells, untreated or pretreated with alpha interferon, were infected with viruses
(1 PFU/cell), and lysates of cells were prepared 18 h postinfection. Samples were subjected to immunoblot analysis using rabbit antibody against
phospho-Ser51 eIF-2␣ (Biosource, Inc.) or eIF-2␣ (Cell Signaling Technology, Inc.). The positions of eIF-2␣ and phosphorylated eIF-2␣ (p-eIF2␣)
are indicated on the left. The ratio between the amounts of phosphorylated eIF-2␣ and total eIF-2␣ in each lane were quantitated by densitometry,
and the numbers indicate the ratios after normalization to mock-infected cells.
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accumulation in cells either mock infected or infected with
recombinant virus HSV-BAC, MC0201, or MC0309 in the
presence and absence of interferon. However, in cells infected
with recombinant virus KY0234 or MC0301, there is a dramatic reduction of viral protein accumulation in response to
alpha interferon treatment (Fig. 3A, lanes 6 and 10). Levels of
␤-actin expression were comparable in mock- and virus-infected cells. On the basis of this analysis, we assessed the
phosphorylation state of eIF-2␣. Relative eIF-2␣ phosphorylation was quantitated and normalized to that in mock-infected
cells. As illustrated in Fig. 3B, in the absence of interferon, no
detectable level of eIF-2␣ phosphorylation was observed in
cells infected with wild-type HSV-BAC. Only low levels of
eIF-2␣ phosphorylation were observed in Vero cells infected
with KY0234, MC0201, and MC0301, similar to the background level of eIF-2␣ phosphorylation in mock-infected cells.
In the presence of interferon, an elevated level eIF-2␣ phosphorylation (two- to fourfold) was observed in cells infected
with KY0234 or MC0301. Little or no eIF-2␣ phosphorylation
was seen in cells infected with HSV-BAC or MC0309. A low
background level of eIF-2␣ phosphorylation was detected in
MC0201-infected cells. Thus, viral protein synthesis inversely
correlated with eIF-2␣ phosphorylation in response to interferon treatment. These experiments suggest that the VP35
protein of Ebola virus facilitates viral protein synthesis by
suppressing eIF-2␣ phosphorylation.
The VP35 protein of Ebola virus negatively modulates the
PKR pathway. In response to virus infection, PKR is activated
to phosphorylate eIF-2␣ at Ser51. In this process, autophosphorylation of several residues including Thr446 of PKR is
required for its activation (17, 18). To determine whether the
VP35 protein inhibits PKR activation, we examined the phosphorylation states of PKR and eIF-2␣ in cells infected with
viruses including wild-type HSV-BAC, the ␥134.5 null mutant

virus KY0234, and the VP35-expressing virus MC0201. Cells
were infected with viruses, and samples were processed for
Western blot analysis using antibodies that recognize PKR,
phosphorylated Thr446 on PKR, phosphorylated Ser51 on eIF2␣, or eIF-2␣. Figure 4 shows that in the absence of interferon,
while PKR was detected in all cells, little PKR phosphorylation
was seen in cells infected with the ␥134.5 null mutant KY0234.
This band was not seen in cells mock infected or infected with
wild-type HSV-BAC or the VP35-expressing virus MC0201
(Fig. 4, lanes 1 to 4). In this experiment, levels of total eIF-2␣
were comparable. A basal level of eIF-2␣ phosphorylation was
seen in cells mock infected or infected with MC0201. A slight
increase in eIF-2␣ phosphorylation in cells infected with
KY0234 may result from activation of a low level of PKR or
other eIF-2␣ kinases. Obviously, eIF-2␣ phosphorylation was
reduced in cells infected with HSV-BAC, which is attributable
to dephosphorylation of eIF-2␣ mediated by the ␥134.5 protein. In the presence of interferon, the PKR phosphorylation
level was elevated significantly in cells infected with KY0234
but not in cells mock infected or infected with HSV-BAC (Fig.
4, lanes 5 and 6). PKR was phosphorylated in MC0201-infected cells, but to an extent much less than that in KY0234infected cells (Fig. 4, lanes 7 and 8). A significant increase in
eIF-2␣ phosphorylation was seen in cells infected with KY0234
compared to that in mock-infected cells. Only a marginal increase in eIF-2␣ phosphorylation was detected in cells infected
with MC0201. This increase was not observed in cells infected
with HSV-BAC (Fig. 4, lanes 5 to 8). These results suggest that
the VP35 protein inhibits activation of PKR induced by virus
infection.
To further investigate the link between the VP35 protein
and PKR, we measured replication of the recombinant viruses
in embryo fibroblasts derived from PKR⫹/⫹ and PKR⫺/⫺ mice.
Monolayers of PKR⫹/⫹ and PKR⫺/⫺ cells were pretreated
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FIG. 4. Inhibition of PKR activity by the VP35 protein. Vero cells were left untreated (⫺IFN-␣) or pretreated with human alpha interferon
(⫹IFN-␣) (1,000 units/ml; Sigma) for 20 h. Cells were then mock infected or infected with the indicated viruses at 1 PFU per cell. At 18 h
postinfection, cells were harvested. Cell lysates were prepared and subjected to immunoblotting using rabbit antibody against PKR, phosphoThr446 PKR (P-PKR), phospho-Ser51eIF-2␣ (P-eIF2␣), or eIF-2␣. The ratio between phosphorylated eIF-2␣ and total eIF-2␣ in each lane were
measured as described in the legend to Fig. 3.
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with mouse alpha/beta interferon and then infected with the
recombinant viruses. At 48 h postinfection, cells were harvested and virus yields were measured. As shown in Fig. 5, in
PKR⫹/⫹ cells, recombinant virus HSV-BAC replicated efficiently, and virus yield reached 1.3 ⫻ 107 PFU/ml. In contrast,
recombinant virus KY0234 reached a titer of only 1.6 ⫻ 102
PFU/ml. Replication of recombinant virus MC0201 reached a
titer of 1.7 ⫻ 106 PFU/ml, which is only a 10-fold decrease
from that of HSV-BAC. MC0309 also showed efficient virus
replication compared to HSV-BAC, while MC0301 replicated
poorly and is similar to the ␥134.5 deletion virus KY0234. In
PKR⫺/⫺ cells, replication of the recombinant viruses was not
affected by alpha/beta interferon. These data indicate that the
VP35 protein renders virus replication resistant to the interferon-induced PKR response.
Mutations in the VP35 protein have differential effects on
viral interferon responses. To determine which portion of the
VP35 protein blocks the PKR response, we constructed lentiviral vectors expressing either wild-type VP35, an amino-terminal truncation mutant d⌵200, or a mutant VP35 with an
R312A substitution. Vero cells were transduced with these
viral constructs, and the expression of VP35 was verified by
Western blot analysis using antibodies against the amino terminus of VP35 (VP35 and R312A) and FLAG (dN200) (Fig.
6A). The ␥134.5 deletion mutant was then used to challenge
the cells pretreated or untreated with alpha interferon, and
viral yields were measured. As shown in Fig. 6B, in the absence
of interferon, the ␥134.5 deletion mutant replicated efficiently
in control cells or cells expressing VP35 variants, with titers
ranging from 2.0 ⫻ 107 to 3.4 ⫻ 107 PFU/ml. In correlation,
these cells displayed dramatic morphological changes after exposure to the ␥134.5 null mutant (Fig. 6C). In the presence of
interferon, the ␥134.5 null mutant replicated efficiently only in
cells expressing wild-type VP35 or the VP35 mutant with an
R312A substitution, with titers reaching 1.8 ⫻ 107 and 9.4 ⫻
106 PFU/ml, respectively. As expected, these cells exhibited
extensive cytopathic effects (Fig. 6C). In sharp contrast, in
control cells and cells expressing mutant dN200, replication of
the ␥134.5 null mutant decreased drastically, with titers ranging
from 1.0 ⫻104 to 3.6 ⫻ 104 PFU/ml (Fig. 6B). Accordingly, no

obvious cytopathic effects were observed due to poor viral
replication (Fig. 6C). Western blot analysis revealed that unlike cells expressing wild-type VP35 and VP35 with R312A,
cells expressing GFP or dN200 exhibited elevated phosphorylation of PKR and eIF-2␣ after interferon treatment (Fig. 6D).
Therefore, a deletion of amino acids 1 to 200, but not an
R312A substitution in the VP35 protein, abrogated the function required to block the PKR response.
In a parallel experiment, we also assessed the effects of VP35
variants on expression of the beta interferon promoter. As
shown in Fig. 7A, in reporter assays, wild-type VP35, but not
the mutant with the R312A substitution, blocked the induction
of the beta interferon promoter by Sendai virus, which is consistent with the results of previous studies (2, 25). Moreover,
the amino-terminal truncation mutant dN200 failed to inhibit
the induction of the beta interferon promoter. Western blot
analysis showed that VP35 variants were expressed at comparable levels in transfected cells (Fig. 7B). Because R312 is
located in a predicted RNA binding motif in the VP35 protein
(25), we further tested whether this region serves as a RNA
binding domain. In this experiment, lysates of cells transfected
with VP35 variants were tested for binding of either singlestranded RNA or dsRNA. After incubation, samples were
processed for Western blot analysis. As shown in Fig. 7C,
wild-type VP35 was able to bind both poly(C) and poly(I · C),
but it had a higher affinity for poly(I · C). Wild-type VP35 and its
derivatives did not bind the control beads. This suggests that
VP35 is a RNA binding protein that binds double-stranded RNA
and probably single-stranded RNA. Notably, the R312A and
dN200 mutants were not able to bind either poly(C) or poly(I · C).
Collectively, these results suggest that both the amino-terminal
and carboxyl-terminal domains of the VP35 protein are crucial to
evade interferon responses. Moreover, the ability of the VP35
protein to bind RNA is likely required for inhibition of beta
interferon induction, but not PKR activity.
DISCUSSION
Ebola virus suppresses host interferon responses, which contributes to the pathogenesis of viral infection (3, 6, 7, 25, 30,
40). In this context, the VP35 protein blocks interferon production induced by virus or double-stranded RNA, which involves the inhibition of IRF-3 activation (2). In this study, we
established that the VP35 protein counteracts the antiviral
action of interferon in infected cells. This activity depends
on the ability of the VP35 protein to suppress the pathway
regulated by double-stranded RNA-dependent protein kinase PKR. These observations support the notion that the
VP35 protein interferes with one or more components of the
interferon pathways, which facilitates rapid spread and dissemination of Ebola virus.
Our experimental results showed that the VP35 protein
functions at a step after interferon production. This observation extended the previous finding that the VP35 functions as
an interferon antagonist (2, 3). In response to pretreatment
with alpha interferon, replication of the VP35 recombinant
virus was similar to that of wild-type virus in Vero cells,
whereas the ␥134.5 deletion virus was sensitive to interferon.
When VP35 of Ebola virus was replaced with a ␥134.5 mutant
(R215L substitution) that is sensitive to interferon (9), virus

Downloaded from http://jvi.asm.org/ on November 15, 2019 by guest

FIG. 5. (A) Effect of alpha/beta interferon on replication of recombinant viruses in PKR⫹/⫹ and PKR⫺/⫺ mouse fibroblast cells. Cells
were pretreated with mouse alpha/beta interferon (1,000 U/ml) for
20 h. Cells were then either mock infected (PKR⫺) or infected with
the recombinant viruses (PKR⫹) at 0.05 PFU per cell and incubated
at 37°C for 48 h. Cells were harvested and freeze-thawed three times,
and virus yield was determined on Vero cells. The data represent the
averages of triplicate samples, with the standard deviations indicated
by error bars.
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FIG. 6. Mutational analysis of the VP35 protein. (A) Expression of VP35 variants. Retroviral vectors expressing GFP, VP35, VP35(R312A),
or VP35(dN200) were transfected together with HIVtrans and vesicular stomatitis virus G into 293T cells. Forty-eight hours after transfection,
supernatant was used to transduce Vero cells. Expression of VP35 from transduced Vero cells was examined by Western blotting using anti-VP35
and anti-FLAG antibodies. (B) Effects of VP35 variants on viral resistance to interferon. Transduced Vero cells were either treated with 1,000 U/ml
human alpha interferon (IFN⫹) (Sigma) for 20 h or left untreated (IFN⫺) and infected with a ⌬␥134.5 mutant at 0.05 PFU per cell. Viruses were
harvested at 72 h after infection, and the virus titers on Vero cells were determined. The data represent the averages of three experiments with
the standard deviations indicated by error bars. (C) Cytopathic effects. Images were taken from a representative experiment as described above
for panel B. (D) Phosphorylation states of PKR and eIF-2␣. Transduced Vero cells were either treated with human alpha interferon (⫹IFN␣)
(Sigma) or left untreated (⫺IFN␣) and then infected with a ⌬␥134.5 mutant infection at 1.0 PFU per cell. Infected-cell lysates were prepared at
24 h after infection and subjected to immunoblot analysis using the indicated antibody. The ratio between phosphorylated eIF-2␣ and total eIF-2␣
in each lane was measured as described in the legend to Fig. 3. P-PKR, phosphorylated PKR.
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replication was decreased more than 1,000-fold in Vero cells
pretreated with alpha interferon. We further observed that
growth of the VP35-expressing Ebola virus remained efficient
in the continuous presence of alpha interferon (data not
shown). These results correlated well with profiles of viral
protein synthesis in Vero cells, which are unable to produce
endogenous interferon. As the JAK/STAT signaling pathway is
operative in Vero cells, it is apparent that the VP35 protein
functions to target a downstream effector molecule induced by
alpha/beta interferon.
Ebola virus is insensitive to interferon, although phosphorylation of STAT1 and STAT2 was not affected (30, 32). This
raises the possibility that Ebola virus blocks one or more steps
after STAT phosphorylation. Indeed, a recent study revealed
that Ebola virus VP24 binds to karyopherin ␣1 and inhibits
STAT1 nuclear accumulation (41). Because induction of interferon-inducible genes is reduced but not completely blocked in
Ebola virus-infected cells (32), it is reasonable to hypothesize
that Ebola virus has additional ways to cope with the antiviral
activity of effector molecules. In this context, our data suggest
that the VP35 protein may be required to overcome the anti-

viral action of interferon during Ebola virus infection. Two
lines of evidence indicate that the VP35 protein interferes with
the PKR pathway. First, the VP35 protein inhibited phosphorylation of PKR and eIF-2␣. Although we noticed some variations in the extent of PKR and eIF-2␣ phosphorylation in
infected cells, PKR phosphorylation in general correlated well
with eIF-2␣ phosphorylation. These results were reproducible
in several experiments. It is possible that variations in the
extent of eIF-2␣ phosphorylation may stem from a compounding effect of PKR and possibly other eIF-2␣ kinases. Second, in
the presence of interferon, the VP35 protein was required for
viral replication in PKR⫹/⫹ cells but not in PKR⫺/⫺ cells.
Hence, in addition to inhibiting interferon production, the
VP35 protein counteracts the activity of PKR.
PKR is a key component in mediating the interferon-induced antiviral response (18). In response to virus infection,
PKR forms a homodimer and autophosphorylates on multiple
serine, threonine, and tyrosine residues (17, 18, 44). These
series of events convert PKR into an active enzyme that phosphorylates eIF-2␣ at serine 51. Interpreted within the framework of this model, our data strongly suggest that in cells
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FIG. 7. (A) Effects of VP35 variants on the beta interferon promoter. Plasmids expressing GFP, VP35, VP35(R312A), or dN200 were
transfected along with 50 ng beta interferon reporter gene and Renilla luciferase gene under the thymidine kinase promoter. Twenty-four hours
after transfection, cells were infected with Sendai virus. The luciferase activities were measured 24 h after infection. The relative beta interferon
promoter activities were normalized to Renilla luciferase activity. Data represent the averages plus standard deviations (error bars) from two
independent experiments. (B) The expression of VP35 variants in panel A was analyzed by Western blot analysis using antibodies against VP35
(VP35 and R312A) and FLAG (dN200). (C) RNA binding analysis. 293T cells were transfected with plasmid constructs expressing FLAG-tagged
VP35, VP35 (R312A), and dN200. Whole-cell lysates (WCL) were prepared and incubated with poly(C), poly(I · C)-conjugated beads (Poly IC),
or empty beads. After centrifugation, samples were subjected to electrophoresis and immunoblot analysis with anti-FLAG antibody. As controls
for protein expression, aliquots of whole-cell lysates were used to detect the expression of VP35 variants. The positions of molecular mass markers
(in kilodaltons) are shown to the left of the gels in panels B and C.
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infected with Ebola virus, the VP35 protein may serve to block
the activation of PKR and thereby abrogate the first line of
host defense. While inhibition of the PKR response by the
VP35 protein provides a favorable environment for viral infection, the mechanism by which it works remains elusive. We
failed to detect the physical interaction of Ebola virus VP35
with PKR in pull-down assays and dephosphorylation of
eIF-2␣ by Ebola virus VP35 (data not shown). These results do
not prove but imply that the VP35 protein may regulate the
PKR activity by a different mechanism(s). It is generally believed that double-stranded RNA produced in virus-infected
cells is the activator of PKR. The VP35 protein, in principle,
may act as a decoy of double-stranded RNA. Experiments to
test this hypothesis thus far yielded a negative result. We found
that VP35 is a RNA binding protein and that the R312A
substitution disrupted this activity. These results confirmed the
prediction that Ebola virus VP35 has an RNA binding domain
(25). It is also in line with a recent observation that Ebola virus
VP35 is a dsRNA binding protein in which both R312 and
K309 are essential for its dsRNA binding activity (8). Unexpectedly, the R312A mutant remained competent to antagonize the interferon response mediated by PKR in our study. In
this regard, the VP35 protein appears to act independently of
its RNA binding activity. An intriguing possibility is that the
VP35 protein may subvert the activity of PACT, a cellular
protein that activates PKR under stress conditions (29, 38).
Alternatively, the VP35 protein may act on an unidentified
cellular component(s) that regulates PKR. Additional experimentation is necessary to define the precise role of the VP35
protein.
Mutational analysis suggests that the amino terminus is required to inhibit interferon responses. Deletion of amino acids
1 to 200 compromised the ability of the VP35 protein to inhibit
the PKR activity and the expression of beta interferon. It is
noteworthy that the region containing amino acids 82 to 118 is
predicted to form a coiled-coil domain, which is required for
the oligomerization of the VP35 protein (40). This raises the
possibility that oligomerization of the VP35 protein plays a
role not only in blocking interferon production but also in the
PKR response. Currently, work is in progress to test this hypothesis.
The carboxyl terminus of the VP35 protein is involved in
blocking activation of IRF-3, which stimulates the synthesis of
beta interferon (2, 25, 40). In agreement with these findings,
we observed that protein inhibited the induction of the beta
interferon promoter mediated by Sendai virus and the R312A
substitution abolished this activity. While the carboxyl terminus is highly conserved among the VP35 proteins encoded by
different filoviruses (25), the region encompassing arginine 312
is homologous to a RNA binding region in the NS1 protein of
influenza A virus (25). Since the mutant with the R312A substitution failed to bind RNA, we speculate that the VP35 protein competes for dsRNA with RIG-I or melanoma differentiation-associated gene 5 (MDA5), an RNA receptor that
triggers interferon production in host cells (1, 45, 50). Recent
studies suggest that in addition to inhibition of the RIG-Imediated activity, Ebola virus VP35 blocks activation of the
beta interferon promoter induced by overexpression of beta
interferon promoter stimulator 1 (IPS-1) or overexpression of
the IRF-3 kinases TANK-binding kinase 1 (TBK1) and IB

kinase ε independently of its RNA binding activity, suggesting
that additional mechanisms of inhibition exist at a point proximal to the IRF-3 kinases (8). We provided evidence that
Ebola virus VP35 interferes with the PKR pathway and that
this function does not require its RNA binding activity. This is
similar to the observation that mutations in the RNA binding
motif of the NS1 protein of influenza A virus have no effect on
its abilities to bind and inhibit the PKR activity (33). It remains
to be established whether other regions of the carboxyl-terminal domain in VP35 are required to inhibit the PKR response.
Taken in combination, these data suggest that the VP35 protein interacts with multiple pathways of the interferon system.
To date, many viruses studied have evolved a variety of
mechanisms to counteract PKR by preventing the activation of
PKR or the phosphorylation of eIF-2␣ or by promoting the
degradation of PKR (18). For example, adenovirus VAI RNA,
vaccinia virus K3L protein, and influenza virus-induced p58IPK
protein interact with PKR and block its activation (4, 19, 39,
48). Similarly, the NS5A and E2 proteins of hepatitis C virus
bind to and inhibit PKR activation (20, 47). In addition, the
herpes simplex virus ␥134.5 protein directs the cellular protein
phosphatase 1 to dephosphorylate eIF-2␣ (26), and poliovirus
employs cellular proteinase to degrade PKR (5). The fact that
the Ebola virus VP35 protein interferes with PKR activity
suggests that this function encoded by the VP35 protein may
contribute to the pathogenesis of Ebola virus infection.
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