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Mutations Abrogating VP35 Interaction with Double-Stranded RNA
Render Ebola Virus Avirulent in Guinea Pigs�
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Ebola virus (EBOV) protein VP35 is a double-stranded RNA (dsRNA) binding inhibitor of host interferon
(IFN)-�/� responses that also functions as a viral polymerase cofactor. Recent structural studies identified key
features, including a central basic patch, required for VP35 dsRNA binding activity. To address the functional
significance of these VP35 structural features for EBOV replication and pathogenesis, two point mutations,
K319A/R322A, that abrogate VP35 dsRNA binding activity and severely impair its suppression of IFN-�/�
production were identified. Solution nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallog-
raphy reveal minimal structural perturbations in the K319A/R322A VP35 double mutant and suggest that loss
of basic charge leads to altered function. Recombinant EBOVs encoding the mutant VP35 exhibit, relative to
wild-type VP35 viruses, minimal growth attenuation in IFN-defective Vero cells but severe impairment in
IFN-competent cells. In guinea pigs, the VP35 mutant virus revealed a complete loss of virulence. Strikingly,
the VP35 mutant virus effectively immunized animals against subsequent wild-type EBOV challenge. These in
vivo studies, using recombinant EBOV viruses, combined with the accompanying biochemical and structural
analyses directly correlate VP35 dsRNA binding and IFN inhibition functions with viral pathogenesis. More-
over, these studies provide a framework for the development of antivirals targeting this critical EBOV virulence
factor.

Ebola viruses (EBOVs) are zoonotic, enveloped negative-
strand RNA viruses belonging to the family Filoviridae which
cause lethal viral hemorrhagic fever in humans and nonhuman
primates (47). Currently, information regarding EBOV-en-
coded virulence determinants remains limited. This, coupled
with our lack of understanding of biochemical and structural
properties of virulence factors, limits efforts to develop novel
prophylactic or therapeutic approaches toward these infec-
tions.

It has been proposed that EBOV-encoded mechanisms to
counter innate immune responses, particularly interferon
(IFN) responses, are critical to EBOV pathogenesis (7). How-
ever, a role for viral immune evasion functions in the patho-
genesis of lethal EBOV infection has yet to be demonstrated.

Of the eight major EBOV gene products, two viral proteins
have been demonstrated to counter host IFN responses. The
VP35 protein is a viral polymerase cofactor and structural
protein that also inhibits IFN-�/� production by preventing the
activation of interferon regulatory factor (IRF)-3 and -7 (3, 4,
8, 24, 27, 34, 41). VP35 also inhibits the activation of PKR, an
IFN-induced, double-stranded RNA (dsRNA)-activated ki-
nase with antiviral activity, and inhibits RNA silencing (17, 20,
48). The VP24 protein is a minor structural protein implicated
in virus assembly and regulation of viral RNA synthesis, and
changes in VP24 coding sequences are also associated with
adaptation of EBOVs to mice and guinea pigs (2, 13, 14, 27, 32,
37, 50, 52). Further, VP24 inhibits cellular responses to both
IFN-�/� and IFN-� by preventing the nuclear accumulation of
tyrosine-phosphorylated STAT1 (44, 45). The functions of
VP35 and VP24 proteins are manifested in EBOV-infected
cells by the absence of IRF-3 activation, impaired production
of IFN-�/�, and severely reduced expression of IFN-induced
genes, even after treatment of infected cells with IFN-� (3, 19,
21, 22, 24, 25, 28).

Previous studies proposed that VP35 basic residues 305, 309,
and 312 are required for VP35 dsRNA binding activity (26).
VP35 residues K309 and R312 were subsequently identified as
critical for binding to dsRNA, and mutation of these residues
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impaired VP35 suppression of IFN-�/� production (8). In vivo,
an EBOV engineered to carry a VP35 R312A point mutation
exhibited reduced replication in mice (23). However, because
the parental recombinant EBOV into which the mutation was
built did not cause disease in these animals, the impact of the
mutation on viral pathogenesis could not be fully evaluated.
Further, the lack of available structural and biochemical data
to explain how the R312A mutation affects VP35 function
limited avenues for the therapeutic targeting of critical VP35
functions. Recent structural analyses of the VP35 carboxy-
terminal interferon inhibitory domain (IID) suggested that
additional residues from the central basic patch may contribute
to VP35 dsRNA binding activity and IFN-antagonist function
(30). However, a direct correlation between dsRNA and IFN
inhibitory functions of VP35 with viral pathogenesis is cur-
rently lacking.

In order to further define the molecular basis for VP35
dsRNA binding and IFN-antagonist function and to define the
contribution of these functions to EBOV pathogenesis, an
integrated molecular, structural, and virological approach was
taken. The data presented below identify two VP35 carboxy-
terminal basic amino acids, K319 and R322, as required for its
dsRNA binding and IFN-antagonist functions. Interestingly,
these residues are outside the region originally identified as
being important for dsRNA binding and IFN inhibition (26).
However, they lie within the central basic patch identified by
prior structural studies (26, 30). Introduction of these muta-
tions (VP35 with these mutations is designated KRA) into
recombinant EBOV renders this otherwise fully lethal virus
avirulent in guinea pigs. KRA-infected animals also develop
EBOV-specific antibodies and become fully resistant to subse-
quent challenge with wild-type (WT) virus. Our data further
reveal that the KRA EBOV is immunogenic and likely repli-
cates to low levels early after infection in vivo. However, the
mutant virus is subsequently cleared by host immune re-
sponses. These data demonstrate that the VP35 central basic
patch is important not only for IFN-antagonist function but
also for EBOV immune evasion and pathogenesis in vivo.
High-resolution structural analysis, coupled with our in vitro
and in vivo analyses of the recombinant Ebola viruses, provides
the molecular basis for loss of function by the VP35 mutant
and highlights the therapeutic potential of targeting the central
basic patch with small-molecule inhibitors and for future vac-
cine development efforts.

MATERIALS AND METHODS

Antibodies, plasmids, and other reagents. Monoclonal antibody 6C5 against
the Zaire EBOV VP35 protein was generated in collaboration with the Mount
Sinai Hybridoma Center and has been previously described (8). Monoclonal
antihemagglutinin (anti-HA) and anti-FLAG (M2) and polyclonal anti-FLAG
antibodies were purchased from Sigma (St. Louis, MO). Rabbit monoclonal
anti-phospho-IRF-3 (S396) (4D4G) antibody was purchased from Cell Signaling
Technologies, and rabbit polyclonal anti-IRF-3 antibody was purchased from
Santa Cruz.

Mammalian expression plasmids for the Zaire Ebola virus VP35 and FLAG-
RIG-I were previously described (8, 41). The VP35 double point mutant R319A/
K322A (KRA) was generated by standard PCR-based methods and cloned into
the mammalian expression plasmid pCAGGS (36). Firefly luciferase was cloned
into pCAGGS. The pRL-TK Renilla luciferase expression plasmid was purchased
from Promega (Madison, WI).

Poly(rI) � poly(rC) (pIC) Sepharose was generated as described previously (8).
Recombinant human IFN-ß was purchased from Calbiochem (San Diego, CA).

Sequence analysis. VP35 sequences from Zaire Ebola virus (ZEBOV,
AAD14582), Reston Ebola virus (REBOV, AB050936), Sudan Ebola virus
(SEBOV, EU338380), and Marburg virus (MARV, Z12132) were aligned using
CLUSTALW version 1.81 (49).

Cell lines and viruses. 293T cells and Vero cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine
serum, at 37°C and 5% CO2. Sendai virus strain Cantell (SeV) was grown in
10-day-old embryonated chicken eggs for 2 days at 37°C.

Poly(rI) � poly(rC)-Sepharose coprecipitation. HEK 293T cells were trans-
fected with a 1:1 ratio of Lipofectamine 2000 to plasmid DNA in Opti-MEM
medium (Gibco) at 37°C for 8 h with the indicated plasmids. Twenty-four hours
posttransfection, cells were lysed in 500 �l of lysis buffer (50 mM Tris, pH 8, 1%
NP-40, 280 mM NaCl, 0.2 mM EDTA, 2 mM EGTA, and 10% glycerol) sup-
plemented with 1 mM orthovanadate, 1 mM dithiothreitol, and a cocktail of
protease inhibitors (Roche). Clarified cell lysates were mixed with 25 �l of
phosphate-buffered saline (PBS)-washed pIC-Sepharose suspension. Beads and
cell lysates were incubated with rocking for 2 h at 4°C. The beads were washed
six times with lysis buffer, resuspended in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample loading buffer, separated by 10% SDS-
PAGE, and analyzed by Western blotting with the indicated antibodies.

EBOV transcription/replication assay. The EBOV transcription/replication
assay was based on a previously described system (34). 293T cells were cotrans-
fected by the calcium phosphate precipitation method with T7-driven expression
plasmids encoding the EBOV Zaire NP, L, VP30, and VP35 proteins. Also
transfected were a T7 RNA polymerase expression plasmid and a plasmid that
expresses from a T7 promoter a Zaire EBOV “minigenome” which encodes a
fused green fluorescent protein (GFP)-chloramphenicol acetyltransferase (CAT)
reporter gene flanked by cis-acting sequences necessary for replication and
transcription of the RNA by a reconstituted EBOV polymerase complex. Also
transfected was a constitutively expressing firefly luciferase expression plasmid
that served as a transfection control. At 36 h posttransfection, cells were lysed
with reporter lysis buffer (Promega) and CAT and firefly luciferase reporter
activities were determined. CAT activity was normalized to firefly luciferase
activity. Minigenome reporter activation was expressed as percent activity rela-
tive to the positive-control reaction (250 ng of wild-type VP35 plasmid), which
was set to 100%.

Reporter gene assays. The IFN antagonist function of WT versus KRA mutant
VP35 was evaluated by a reporter gene assay. 293T cells were transfected by the
calcium phosphate precipitation method with the indicated amounts of expres-
sion plasmid, with an ISG54-promoter or an IFN-�-promoter firefly luciferase
reporter plasmid (400 ng), and a constitutively expressed Renilla luciferase re-
porter plasmid, pRLTK (200 ng). To induce reporter gene expression, cells were
either cotransfected with 50 ng of RIG-I expression plasmid or infected with SeV
at a multiplicity of infection (MOI) of 10. In cases of infection, 12 h posttrans-
fection, cells were infected with SeV or mock infected for 1 h. Twenty-four hours
posttransfection, the cell lysates were assayed with the Dual Luciferase reporter
assay (Promega), and firefly luciferase activity was normalized to Renilla lucif-
erase activity. The results were expressed as percent induction relative to the
positive control (either SeV infected, empty vector transfected [no VP35], or
RIG-I induced, empty vector transfected [no VP35]), which was set to 100%.

IRF-3 activation assay. 293T cells were transfected with empty vector or with
plasmids expressing WT or KRA mutant VP35. Twelve hours posttransfection,
cells were either mock infected or infected with SeV for 1 h. Twelve hours
postinfection (p.i.), cells were lysed with NP-40 lysis buffer. Lysate protein con-
centration was determined by Bradford assay per manufacturer instructions
(Bio-Rad), and equal amounts of lysate were separated by SDS-PAGE. Western
blotting was performed using anti-phospho-IRF-3 (S396), anti-IRF-3 (total IRF-
3), and anti-VP35 antibodies, and the results were quantified with ImageJ soft-
ware.

IFN bioassay. Conditioned media from 293T-transfected, SeV-infected cells
were centrifuged (1 min at 13,000 rpm) and then UV treated for 10 min. The
media were then overlaid onto Vero cells preplated in a 96-well plate (Costar,
Corning, NY). After 12 h of treatment, the Vero cells were infected with a
GFP-expressing Newcastle disease virus (NDV-GFP) at an MOI of 6 for 1 h.
Twenty-four hours postinfection, viral replication was assessed by fluorescence
microscopy and was quantified as described previously (8). Recombinant human
IFN-� was added to Vero cells in a series of dilutions 24 h prior to NDV-GFP
infection to generate a standard curve.

Sample preparation, crystallization, structure determination, and analysis of
the KRA VP35 IID mutant. The KRA VP35 IID protein was expressed and
purified as described previously (30, 31). Initial conditions for crystallization
were identified using a commercial screen (Hampton Research). Optimum con-
ditions were identified by grid expansion using in-house generated reagents and
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iterative diffraction screening using a Rigaku/MCS R-AXIS IV�� detector
system mounted on a rotating-anode X-ray generator of monochromated Cu K�
radiation. Best crystals were grown at 25°C using the hanging drop vapor diffu-
sion method with 7 mg/ml KRA VP35 IID protein. Crystals were soaked in a
reservoir solution with 10% glycerol (wt/vol) and cryocooled by being plunged
into liquid nitrogen. The final diffraction data for structure solution were col-
lected at the Advanced Light Source (Beamline 4.2.2; Berkeley, CA) at 100 K
(Table 1). Data were processed with d*TREK (40). Intensities were converted to
structure factors using the CCP4 program TRUNCATE (1). Phases were deter-
mined using molecular replacement with the native wild-type structure of VP35
IID (Protein Data Bank code: PDB 3FKE [30]) by PHASER (42) from the CCP4
package (1). Refinement was performed with REFMAC5 with manual rebuild-
ing with Coot (35). Water molecules were initially added using ARP/wARP (29,
39) in REFMAC5 if a peak greater than 3.0� was present in Fourier maps with
coefficients (Fobs � Fcalc)ei�calc and later manually inspected with Coot (15). The
model was further refined using REFMAC5 with the MLKF residual function,
bulk solvent scaling, and individual isotropic B factors. Translation-libration-
screw (TLS) parameters were determined with the TLMSD server (38). The
quality of the refined model was validated with the MOLPROBITY server (10,
11) and SFCHECK and PROCHECK (1). Final refinement statistics for struc-
tures are shown in Table 1. Electrostatic surface calculations were conducted
using the Adaptive Poisson-Boltzmann Solver as implemented in PyMOL, and
all structure figures were prepared with PyMOL (12).

Generation of the recombinant Ebola viruses. All recombinant plasmids con-
taining full-length cDNA copies of EBOV were generated as described else-
where (33). Amino acid substitutions R319A and K322A in VP35 (KRA VP35)
were introduced into intermediate plasmid-cassette pKSN-4 by site-directed
mutagenesis essentially as described in reference 33. An additional transcription
unit encoding GFP was inserted between the NP and VP35 genes in pFL-EBOV/
VP35KRA/GFP and pFL-EBOV/GFP as described elsewhere (33). Using a
reverse genetic system for EBOV (51), four recombinant viruses were rescued in
BHK T7 cells and then amplified in Vero E6 cells. The viruses were designated
EBOVwt, EBOVwt/GFP, EBOV/VP35KRA, and EBOV/VP35KRA/GFP.
These viruses also contained mutations in genes encoding VP24 (M71I, L147P,
T187I) which provide a dramatic increase in EBOV pathogenicity for guinea pigs
(51). To confirm the presence of the introduced mutations, viral RNA was
isolated from culture medium of Vero E6 cells infected with either virus, and
cDNA was generated and amplified by reverse transcription-PCR (RT-PCR)
and then sequenced.

All experiments involving full-length genomes and infectious EBOV were

carried out in the Jean Merieux P4 Center biosafety level 4 laboratory (BSL4) in
Lyon, France.

Growth characteristics of the recombinant viruses. Vero E6 and 293T cells
were infected with recombinant viruses at an MOI of 0.01. Samples of culture
medium were harvested at different time intervals (days 3, 4, 5, and 6 postinfec-
tion) and analyzed by Western blotting using anti-EBOV antibody. Infection
with viruses expressing GFP was monitored by fluorescence microscopy.

The relative virus infectivity was estimated by normalization of the infectious
titers (50% issue culture infective dose [TCID50]/ml) determined by virus titra-
tion on Vero E6 cells to the amount of viral proteins as quantified by Western
blot analysis.

Analysis of virus replication in guinea pigs. The effect of the mutations in
VP35 on pathogenicity of EBOV in Hartley guinea pigs (females, 3 weeks old, 6
to 10 animals per group) was investigated. Animals were infected intraperitone-
ally with 500 TCID50 of either EBOVwt or EBOV/VP35KRA. For control, two
guinea pigs were inoculated with DMEM (mock infected). At day 17, mock-
infected and EBOV/VP35KRA-infected animals were intraperitoneally inocu-
lated with 500 TCID50 of EBOVwt. The progress of infection was monitored by
measuring the weight and the temperature of the animals on days 0, 3, 5, 6, 7, 8,
9, 10, 12, 14, 17, 18, 19, 20, 21, 24, 25, 26, and 27 postinfection. Animals with
severe symptoms of distress were euthanized, and samples of spleen, liver, and
sera were collected. In addition, two animals from each group were euthanized
on days 3 and 5 p.i., and samples of the organs and sera were collected. Liver
samples were used for nested PCR analysis using the following primers: For1,
5�-ATCGGAATTTTTCTTTCTCATT; Rev1, 5�-ATGTGGTGGGTTATAATA
ATCACTGACATG; For2, 5�-GTCAAAGCATTTCCTAGCAACATGATGG;
and Rev2, 5�-ATAATAATCACTCACATGCATATAACA.

The presence of specific anti-EBOV antibodies in the sera of guinea pigs was
measured by immunofluorescence analysis using Vero E6 cells transfected with
plasmids expressing VP40 and NP of EBOV. Briefly, the cells were transfected
with plasmids expressing EBOV proteins, and 24 h posttransfection the cells
were fixed and permeabilized using methanol/acetone. The cells were incubated
with sera (dilution 1/80) at 4°C and then with secondary polyclonal donkey
anti-guinea pig antibody coupled with Alexa 555. Immunofluorescence analysis
was performed by using an Axio Observer microscope (Zeiss) and metamorph
software (Ropper Scientific).

Samples of liver and spleen of mock-, EBOVwt- and EBOV/VP35KRA-in-
fected animals were analyzed by immunohistochemistry. Formalin-fixed tissues
were processed and embedded in paraffin according to conventional methods.
Tissue sections were then deparaffinized, rehydrated, rinsed, and placed in PBS
containing 3% bovine serum albumin (BSA) for 20 min. Slides were then devel-
oped with the mouse monoclonal anti-EBOV VP40 antibody (1:100) according
to conventional methods. Sections were counterstained with hematoxylin.

RESULTS

KRA mutant VP35 lacks dsRNA binding activity. We sought
to test the hypothesis that basic residues located C terminal to
the 305–312 region are critical for VP35 dsRNA binding and
IFN-antagonist activity. Residues R322 and K319 were chosen
for mutagenesis because these are among a few highly con-
served basic residues in the C terminus of VP35s from different
EBOV species (Fig. 1). Moreover, a recent structural study of
the VP35 C-terminal IID shows that R322 directly contacts
dsRNA and mutation of R319 alone leads to a 3- to 5-fold loss
of dsRNA binding (30, 31a). To test for binding to dsRNA,
pull-down by poly(I � C)-Sepharose of full-length wild-type
(WT) and KRA mutant VP35 was assessed (Fig. 2A). Lysates
of 293T cells expressing either WT or KRA mutant VP35 were
incubated with poly(I � C)-Sepharose or control Sepharose [no
poly(I � C)] beads. The precipitated material was then detected
by Western blotting, using an anti-VP35 antibody. As previ-
ously described, WT VP35 precipitated with poly(I � C)-
Sepharose but not with the poly(I � C)-free beads (8). In con-
trast, the KRA mutant VP35 failed to detectably bind to the
poly(I � C)-Sepharose, despite the presence of higher concen-
trations of KRA mutant VP35 than of WT VP35 in the lysates

TABLE 1. Data collection, phasing, and refinement statistics

Statistic type Result

Data collection
Model ................................................VP35 IID K319A/R322A
Space group ......................................P212121
Cell dimension .................................a 	 51.43, b 	 66.07, c 	 72.64

� 	 � 	 � 	 90
Energy (eV)/wavelength (Å) ..........12,666/0.979
Resolution (Å)c ................................36.32–1.70 (1.76–1.70)
Rmerge

a (%) .......................................8.9 (58.5)
I/� (I).................................................9.4 (2.8)
Completeness (%) ...........................97.5 (88.3)
Redundancy ......................................6.34 (4.96)

Refinement
Resolution (Å) .................................36.32–1.70
No. of unique reflections ................27,195
Rwork/Rmerge

b .....................................19.1/24.6
No. of atoms.....................................2,169
No. of solvent sites ..........................251
B-factors, protein (Å2) ....................11.42
B-factors, water (Å2) .......................29.22
RMS bond lengths (Å) ...................0.021
RMS bond angles (°).......................1.72

a Rmerge 	 
i
j � Iij � �Ij� �/
i
j/ij, where i runs over multiple observations of
the same intensity and j runs over all crystallographically unique intensities.

b Rwork 	 
 �� Fobs � � � Fcalc ��/
 � Fobs �, where � Fobs � � 0. Rmerge was based
upon 10% of the data randomly selected and not used in the refinement.

c Highest-resolution shell is shown in parentheses.
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(Fig. 2A). Therefore, the KRA mutation renders VP35 defec-
tive for binding to dsRNA.

KRA mutant VP35 retains polymerase cofactor function.
The relative activity of WT and KRA mutant VP35 as a poly-
merase cofactor was assessed using a “minigenome system”
(Fig. 2B). In this assay, a model viral genome encoding a
reporter gene is replicated by a viral RNA polymerase com-
plex, which is reconstituted by transfection of expression plas-
mids for the viral NP, VP35, VP30, and L proteins (34). In the
absence of VP35, no gene expression from the minigenome
was detected (Fig. 2B). When WT VP35 plasmid was trans-
fected, reporter gene expression was readily detected. In com-
parison, the KRA mutant VP35 yielded levels of activity sim-
ilar to those of WT VP35 (Fig. 2B), demonstrating that KRA
mutant VP35 retains function as a viral polymerase cofactor.
The minor differences in activity of KRA and WT likely result
from minor differences in protein expression levels.

KRA mutant VP35 exhibits impaired IFN antagonist func-
tion. Previously described VP35 dsRNA binding mutants ex-
hibited reduced ability to suppress IRF-3 activation and IFN-
�/� production (8, 26, 31a). Therefore, the efficiency with
which KRA mutant VP35 can inhibit activation of an IRF-3-
responive reporter gene was assessed. The KRA mutant VP35
was less effective than WT VP35 in suppressing Sendai virus-
induced activation of the ISG54 promoter, a promoter that can
be activated either by IRF-3 or by IFN-�/� (Fig. 2C). EBOV
genomic RNA can activate RIG-I signaling, and WT VP35 can
inhibit RIG-I-mediated activation of IRF-3 and transcription
from the IFN-� promoter (8). Therefore, the efficiency with
which KRA mutant VP35 can inhibit RIG-I-mediated activa-
tion of the IFN-� promoter was assessed by a reporter gene
assay. Overexpression of RIG-I in 293T cells resulted in acti-
vation of the IFN-� promoter (Fig. 2D). Expression of WT
VP35 suppressed this activation. However, KRA mutant VP35
failed to inhibit and in fact enhanced activation of the ISG54
promoter relative to the empty vector control (Fig. 2D). These
data clearly demonstrate that the KRA mutation impairs inhi-
bition of RIG-I signaling. Why KRA mutant VP35 increases
the signal in this assay is uncertain, but it may reflect activation
of the RIG-I pathway by transcripts expressed from the VP35

expression plasmids coupled with an inability of the KRA
mutant VP35 to inhibit this activation.

To address the ability of WT versus KRA mutant VP35 to
inhibit production of endogenous IFN-�/�, an IFN bioassay
was employed (Fig. 2E). Cells transfected with empty vector,
WT VP35, or KRA mutant VP35 were subsequently infected
with Sendai virus at 1 day posttransfection. Cell supernatants
were harvested 1 day postinfection, UV irradiated, serially
diluted, and applied to preplated Vero cells. After overnight
incubation, the Vero cells were infected with an IFN-�/�-
sensitive green fluorescent protein (GFP)-expressing New-
castle disease virus (NDV-GFP), as previously described (8).
GFP expression was quantified with a fluorescent plate reader
1 day postinfection with NDV-GFP. In this assay, WT VP35
suppressed IFN-�/� production relative to the empty vector
control, whereas the KRA mutant VP35 failed to inhibit IFN-
�/� production relative to the empty vector control. Superna-
tants from mock-infected cells had no detectable IFN-�/� as
demonstrated by a maximal amount of NDV-GFP growth for
all dilutions. It should be noted that the magnitude of inhibi-
tion by WT VP35 in this assay is limited by the presence of cells
that remain untransfected with VP35 plasmid but which be-
come infected with Sendai virus. Such cells will produce IFN-
�/� without impediment by VP35. These results clearly dem-
onstrate impaired capacity of the KRA mutant VP35 to inhibit
production of endogenous IFN-�/�.

Previous studies demonstrated that VP35 inhibition of IFN-
�/� production correlated with the capacity of VP35 to block
phosphorylation of IRF-3 (3, 8). Therefore, the activation of
IRF-3 was assessed in Sendai virus-infected cells transfected
with empty vector, WT VP35, or KRA mutant VP35 by West-
ern blotting for phospho-IRF-3 (Ser396). While WT VP35
suppressed the phospho-IRF-3 signal to near undetectable lev-
els, significant levels of phospho-IRF-3 were present in cells
transfected with the KRA mutant VP35 (Fig. 2F).

The KRA mutations do not perturb the structure of the
interferon inhibitory domain of VP35 protein. Previous studies
have shown that the VP35 dsRNA binding and IFN inhibitory
functions map to the C-terminal IID (8, 30, 43) and that the
VP35 IID alone is sufficient to inhibit IFN production (43). In

FIG. 1. Alignment of the amino acid sequences of the carboxy-terminal IIDs of Ebola and Marburg virus VP35s. Comparison of the filoviral
VP35 IID sequences for Zaire EBOV, Reston EBOV, Sudan EBOV, and MARV. Residues that are completely conserved across all four
sequences are highlighted in black, and residues that are identical or show high sequence similarity are highlighted in gray. Basic residues are
highlighted with an asterisk, and K319 and R322 are indicated by arrowheads.
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FIG. 2. KRA mutant VP35 lacks dsRNA binding and IFN antagonist activity but retains polymerase cofactor function. (A) Wild-type but not
KRA mutant VP35 binds to poly(I � C)-Sepharose beads. WT or KRA mutant VP35 transfected cell lysates were incubated with poly(I � C) beads
(�) or control Sepharose beads (�). The precipitated material was analyzed by Western blotting for VP35 (upper panel). Whole-cell extracts
(WCX) were probed for VP35 (lower panel). (B) Polymerase cofactor activity of WT and KRA mutant VP35 was assessed with an EBOV
minigenome assay. Wedges represent relative amounts of transfected WT or mutant VP35 expression plasmid. The value obtained with the higher
concentration of WT VP35 was set to 100%. (C) WT and KRA mutant VP35 inhibition of SeV-induced ISG54 promoter activation. Cells were
transfected with empty vector (EV) or increasing amounts (indicated by wedges) of WT VP35 or KRA mutant VP35 expression plasmid, an ISG54
promoter-firefly luciferase reporter plasmid, and a constitutively expressed Renilla luciferase reporter plasmid. Firefly luciferase activity was
normalized to Renilla luciferase activity, and the activities of the EV-transfected and SeV-infected samples were set to 100% (top panel). Western
blots show expression levels of WT and KRA mutant VP35 (lower panel). (D) WT and KRA mutant VP35 inhibition of RIG-I-induced
IFN-�-promoter activation. Cells were transfected with empty vector (EV) or increasing amounts (indicated by wedges) of WT or KRA mutant
VP35 expression plasmid, an IFN-�-promoter-firefly luciferase reporter plasmid, and a constitutively expressed Renilla luciferase reporter plasmid.
Uninduced samples received additional empty vector DNA, and induced samples (RIG-I) received HA-tagged RIG-I expression plasmid. Firefly
luciferase activity was normalized to Renilla luciferase activity, and the activities of the EV, RIG-I-transfected samples were set to 100% (top
panel). Western blots (WB) show expression levels of WT and KRA mutant VP35 (lower panel). (E) IFN bioassay to assess suppression of
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order to identify the structural basis leading to loss of dsRNA
binding and corresponding loss of IFN inhibition, we examined
by X-ray crystallographic and solution nuclear magnetic reso-
nance (NMR) studies the perturbations caused by mutation of
K319 and R322. To this end, we generated single crystals of
KRA mutant VP35 IID protein, and X-ray diffraction data
were generated as previously described (31). The structure of
the KRA mutant VP35 IID was solved by molecular replace-
ment using the WT VP35 IID as the search model (Table 1).
As shown in Fig. 3A, limited structural changes occur at the
secondary structure level, with a root mean square deviation
(RMSD) value of �0.5 Å for the backbone residues compared
to WT VP35 IID. In order to eliminate the potential effects of
crystal packing and to gain further insight into the solution
behavior of the mutant protein, we generated single and dou-
ble mutants of VP35 IID proteins (K319A, R322A, and KRA)
labeled with 1H/15N for solution NMR studies. As shown in
Fig. 3B, the resulting two-dimensional heteronuclear single-
quantum coherence (HSQC) spectra revealed a very good
overlap between WT and mutant chemical shifts for the back-
bone amides, indicating that single and double mutations at
K319 and R322 positions do not globally perturb the structure.
Together, X-ray crystallographic and NMR data suggest that
the KRA mutations do not cause structural perturbations be-
yond minimal local changes (up to 8 Å from the mutation site).
In contrast to our structural observations, comparison of sur-
face electrostatics between the WT and KRA mutant VP35
revealed noticeable differences, suggesting that changes in the
surface electrostatics are likely responsible for the observed
loss of dsRNA binding (Fig. 3C). These observations are also
supported by the lack of differences in the hydrodynamic and
oligomerization properties between the WT and KRA mutant
VP35 IID proteins (data not shown).

Generation and analysis of recombinant viruses in cell cul-
ture. To investigate the effect of the KRA mutant VP35 on
replication of EBOV, recombinant EBOVs were generated
using a reverse genetics approach (51). Recombinant wild-type
(EBOVwt) or KRA mutant VP35 (EBOV/VP35KRA) viruses
were generated with or without an additional transcriptional
unit encoding GFP. Furthermore, all recombinant viruses con-
tained mutations in the VP24 gene. These VP24 mutations
were shown to convert an EBOV originally apathogenic for
guinea pigs into a virus that is highly lethal in guinea pigs (51).
All recombinant viruses were rescued in BHK-T7 cells and
then amplified in Vero E6 cells. Virus stocks were titrated by
TCID50 using Vero E6 cells. Two cell lines, Vero E6 and 293T
cells, were used to compare multicycle growth kinetics of re-
combinant viruses (Fig. 4). Vero cells are known to be defec-
tive in IFN-�/� production, whereas 293T cells are IFN com-
petent. Both cell types were infected with viruses at a

multiplicity of infection (MOI) of 0.01 and monitored for sev-
eral days postinfection. Samples of culture medium were col-
lected at different intervals and analyzed by Western blotting.
In addition, replication of recombinant EBOVwt/GFP and
EBOV/VP35KRA/GFP was monitored by fluorescence mi-
croscopy. It appeared that both GFP-expressing viruses indis-
tinguishably spread in Vero E6 cells as demonstrated by the
kinetics of GFP distribution (Fig. 4A). Moreover, Western blot
analysis of culture supernatants revealed that similar amounts
of viral proteins were released with either virus (data not
shown). In contrast, replication and spread of EBOV/
VP35KRA/GFP in IFN-competent 293T cells were signifi-
cantly affected by the mutations in VP35 (Fig. 4A). Weak GFP
expression was observed in single 293T cells at days 3 and 4
postinfection, but there were no newly infected cells expressing
GFP observed later postinfection. Importantly, EBOVwt/GFP
replicated and spread in 293T cells (Fig. 4A) although with
reduced kinetics compared to growth in Vero E6 cells, pre-
sumably due to the presence of a competent IFN system in
these cells. The viruses containing no additional gene express-
ing GFP behaved similarly to those containing the GFP cas-
sette (Fig. 4B). Western blot analysis of culture supernatants
collected from the cells at different intervals showed that
EBOVwt replicated in both Vero E6 and 293T cells, while
EBOV/VP35KRA replicated well in Vero E6 cells but not in
293T cells due to the lack of release of viral proteins observed
in these cells (Fig. 4B). Taken together, our data support the
conclusion that the KRA mutation significantly impairs VP35
suppression of IFN-�/� responses with minimal effect on poly-
merase cofactor function as observed by the lack of replication
in IFN-competent 293T cells but comparable replication in
IFN-deficient Vero E6 cells when similar MOIs were tested. It
should be noted that comparison of viral growth in Vero E6
cells by titration of culture supernatants and by assessing the
amount of viral proteins released from the cells by Western
blotting revealed that the wild-type and KRA mutant viruses
exhibited different “infectivities.” Similar quantities of viral
proteins in the culture supernatants corresponded to markedly
different infectious titers. Comparison of virus stocks prepared
on Vero E6 cells by virus titration and Western blot analysis
confirmed our observations made with 293T cells. Samples
containing equal amounts of viral protein showed approxi-
mately 180 times fewer infectious units of EBOV/VP35KRA
than of EBOVwt (Fig. 4C). The structure of surface GP was
not affected by the introduced mutations, and therefore these
two viruses should have no differences in their ability to infect
the cells. Since Vero E6 cells are defective in IFN production,
factors other than IFN production play a role in this phenom-
enon. Because of this difference, a greater amount of viral

endogenous IFN-�/� production by WT and KRA mutant VP35. Cells were transfected with 4 �g of empty vector (E and F), VP35 (Œ), or KRA
mutant VP35 (f) expression plasmids. Cells were mock infected (open symbol) or infected with SeV (solid symbols). Two-fold dilutions of
UV-irradiated supernatants were applied to Vero cells. Direct treatment of Vero cells with dilutions of human IFN-� were included to generate
a standard curve (
). Treated Vero cells were then infected with NDV-GFP, and virus replication was quantified with a fluorescence plate reader.
(F) Inhibition of SeV-induced IRF-3 (S396) phosphorylation by WT and KRA mutant VP35. Cells were transfected with indicated amounts of
empty vector (EV), WT, or KRA mutant VP35. Cells were mock infected or infected with SeV. Lysates were analyzed by Western blotting using
anti-phospho-S396 IRF-3 (P-IRF-3) antibody (top panel), total IRF-3 antibody (middle panel), and an anti-VP35 antibody (lower panel). Error
bars represent one standard deviation of results of at least three independent experiments.
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protein is required of EBOV/VP35KRA than of EBOVwt to
achieve equal multiplicities of infection.

Impact of KRA VP35 mutation on EBOV pathogenesis. To
investigate the effect of KRA mutant VP35 on virus pathogen-

esis, groups of guinea pigs were inoculated intraperitoneally
with 500 infectious units (TCID50) of EBOVwt or EBOV/
VP35KRA (Fig. 5B and C). Disease progression was moni-
tored by measuring the weight and body temperature of the
animals. At days 3 and 5 postinfection, two animals infected
with EBOV/VP35KRA or EBOVwt virus were euthanized,
and samples of the liver, spleen, and blood were collected for
analyses. Mock-infected animals exhibited continual weight
gain (Fig. 5A, top right panel). Weight loss of EBOVwt-in-
fected animals began on day 3 postinfection and progressed
until the animals died or were sacrificed upon reaching an
established humane endpoint on day 6 to 7 postinfection (Fig.
5A, middle right panel). An increase in body temperature was
observed in these animals and inversely correlated with weight
loss (Fig. 5A, middle panels). At the late stages of disease, all
animals exhibited a significant decrease in body temperature.
In contrast, EBOV/VP35KRA-infected animals did not exhibit
any weight loss (Fig. 5A) or symptomatic changes in body
temperature (Fig. 5A, bottom left panel). Indeed, the weight of
these animals increased steadily postinfection at a rate similar
to that for mock-infected animals (Fig. 5A, bottom right
panel). We failed to detect the presence of EBOV RNAs (data
not shown) or expression of EBOV VP40 in the liver or spleen
of guinea pigs infected with EBOV/VP35KRA on day 3 and 5
postinfection, while the samples of EBOVwt-infected animals
were found to be EBOV-antigen positive (Fig. 5C). In order to
investigate whether guinea pigs inoculated with EBOV/
VP35KRA developed an immune response against the viral
infection, serum samples were collected on day 17 postinfec-
tion, and these animals were then challenged with 500 TCID50

of EBOVwt. Weight loss was observed in two control animals
originally inoculated with tissue culture medium (DMEM) and
then challenged with EBOVwt. These animals exhibited signs
of severe distress on day 6 to 7 postinfection and were hu-
manely euthanized (Fig. 5A, top panel). Remarkably, the an-
imals originally inoculated with EBOV/VP35KRA and then
challenged with EBOVwt did not show any disease symptoms
and continued to gain weight until they were euthanized on day
28 post-initial infection (Fig. 5A, bottom panel). Immunoflu-
orescence (IF) analysis of serum samples was performed using
cells expressing EBOV NP and VP40 (Fig. 5B). These two
proteins were chosen for analysis since the antibodies directed
against both proteins are often detected in the blood of ani-
mals and human patients surviving EBOV infection. Sera
taken from EBOV/VP35KRA-infected animals at day 17
postinfection revealed the presence of EBOV-specific antibod-
ies. Anti-EBOV antibodies were not detected in the sera ob-
tained from EBOVwt-infected animals on day 6 postinfection.
Immunohistochemistry analyses of tissue samples collected
from EBOVwt- and EBOV/VP35KRA-infected animals as
well as those from either mock- or EBOV/VP35KRA-infected
animals that were subsequently challenged with EBOVwt were
performed. No viral antigen was detectable in tissues from
EBOV/VP35KRA-infected animals or in animals first given
EBOV/VP35KRA and then challenged with EBOVwt. In con-
trast, virus replication was observed in EBOVwt-infected and
in mock-infected, EBOVwt-challenged animals. Altogether,
these data demonstrate that KRA mutation of VP35 results in
the severe attenuation of otherwise lethal infection. Moreover,

FIG. 3. Mutation of K319 and R322 does not significantly alter the
structure of VP35 IID. (A) Alignment of WT VP35 IID (magenta,
PDB 3FKE) and KRA mutant VP35 IID (cyan) crystal structures.
(B) 1H/15N HSQC NMR spectrum overlay of WT and KRA mutant
VP35 IID proteins showing localized chemical shift changes. Chemical
shifts corresponding to WT, K319A, R322A, and KRA are colored
black, red, green, and blue, respectively. Electrostatic surface potential
(scale of �10 kT e�1 to �10 kT e�1) of VP35 IID structures for
wild-type (C) and KRA mutant (D) proteins. The dsRNA binding
“footprint” is shown in black outline, and residues that are mutated are
identified. Electrostatic potentials: blue, positive; white, neutral; red,
negative.
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infection with VP35KRA EBOV protects the animals from
EBOVwt challenge.

DISCUSSION
Despite significant interest in the mechanisms by which

EBOVs cause severe disease, there is limited information link-
ing specific structural features and specific molecular functions
of viral gene products to virulence. Here, we conducted an
integrated molecular, structural, and virological study, in order
to gain insights into the molecular basis of VP35 function and
to evaluate the structural basis of its role as a potential viru-

lence factor. Previous structural studies of the C-terminal
VP35 IFN inhibitory domain (IID) showed that VP35 IID
forms a unique fold with an extended central basic patch com-
prised of Arg-305, Lys-309, Arg-312, Lys-319, Arg-322, and
Lys-339 (30). Mutation of Arg-305, Lys-309, Arg-312, or a
combination of these residues to alanine leads to decreased
dsRNA binding and IFN suppression (8, 26). Further analyses
suggested that additional residues, outside Arg-305, Lys-309,
and Arg-312, may be important for function. However, the
functional significance of these additional residues and their
potential role in viral pathogenesis have not been previously

FIG. 4. Growth of EBOV/VP35KRA is strongly attenuated in 293T cells. Vero E6 and 293T cells were infected at an MOI of 0.01 with
EBOVwt, EBOVwt/GFP, EBOV/VP35KRA, or EBOV/VP35KRA/GFP. (A) The replication of recombinant viruses expressing GFP was mon-
itored using fluorescence microscopy on the indicated days postinfection (p.i.). Single GFP-expressing 293T cells observed after infection with
EBOV/VP35KRA/GFP are indicated by arrows. (B) The culture medium from cells infected with either EBOVwt or EBOV/VP35KRA was
harvested at different intervals postinfection and analyzed by Western blotting using polyclonal horse anti-EBOV antibodies. (C) Relative virus
infectivity of virus stocks was estimated by normalization of the infectious titers (TCID50/ml) determined by virus titration on Vero E6 cells to the
amount of viral proteins as quantified by Western blot analysis using rabbit anti-VP24 antibody and goat anti-rabbit antibodies. EBOV/VP35KRA
is less infectious than wild-type EBOV.
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FIG. 5. EBOV/VP35KRA is highly attenuated in guinea pigs and protects against challenge with EBOVwt. (A) For the initial inoculation (on
day 0), guinea pigs were mock infected (administered DMEM) (top panel) or inoculated intraperitoneally with 500 TCID50 of either recombinant
EBOVwt (middle panel) or recombinant EBOV/VP35KRA (bottom panel). On day 17 after the initial inoculation, animals were challenged with
500 TCID50 of recombinant EBOVwt. Infections are indicated by labeled arrows. Animal weight was monitored for each animal on the indicated
days postinfection (p.i.), and each animal is represented by an individual line. Legends under the graphs indicate a number designating individual
animals. (B) Immunofluorescence analysis using sera from animals to stain Vero E6 cells transfected with plasmids expressing VP40 and NP of
EBOV. Sera were collected from EBOVwt-infected animals on day 6 postinfection and from mock- and EBOV/VP35KRA-infected animals on
day 17 postinfection. At 24 h posttransfection the cells were fixed and permeabilized using methanol/acetone. The cells were incubated with the
sera from the animals as indicated and with secondary polyclonal donkey anti-guinea pig antibody coupled with Alexa 555. No specific anti-EBOV
antibodies were detected in mock- or EBOVwt-infected animals. Animals infected with EBOV/VP35KRA showed specific anti-EBOV antibodies
on day 17 postinfection. (C) Immunohistochemistry analysis of liver and spleen. Slides containing formalin-fixed tissues were processed and then
stained using anti-EBOV VP40 mouse monoclonal antibody. EBOVwt-infected animals showed massive virus replication in liver and spleen. No
specific staining was observed in tissues from EBOV/VP35KRA-infected animals.
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examined. In order to address these questions and to correlate
VP35 dsRNA and IFN inhibitory functions with pathogenesis,
we examined the effects of the VP35 KRA mutant. To this end,
we first analyzed the KRA mutant VP35 by X-ray crystallog-
raphy, NMR spectroscopy, and biochemical methods. The data
confirm that mutations at position 319 and 322 have little
impact on the overall structure of the VP35 carboxy terminus
but implicate the loss of surface charge in the failure to bind
dsRNA and as a potential cause for the observed functional
outcomes. Consistent with these findings, KRA mutant VP35
expressed in 293T cells was unable to detectably interact with
dsRNA and, as predicted, the mutant VP35 was also impaired
in its ability to suppress IRF-3 phosphorylation and reduced in
its ability to inhibit IFN-�/� promoter activation and IFN-�/�
synthesis. Collectively, these studies demonstrate that residues
outside positions 305, 309, and 312, such as positions 319 and
322, play a critical role in dsRNA binding activity (8, 26) and
suppression of IFN-�/� production (8, 23–25).

In the context of EBOV infection, loss of VP35 dsRNA
binding and IFN antagonist functions results in severely im-
paired virus replication in cells capable of mounting an IFN-
�/� response and also fully attenuates the virus in vivo. Using
recombinant EBOVs, we now demonstrate that viruses encod-
ing VP35KRA are unable to spread in IFN-competent cells. In
contrast, the EBOV VP35KRA virus is able to replicate in
IFN-defective Vero E6 cells. Interestingly, the attenuation of
VP35KRA EBOV appears to be largely, but not exclusively,
due to its impact on VP35 IFN-antagonist activity. In experi-
ments using IFN-defective Vero E6 cells, growth differences
between WT and KRA VP35 mutant virus were identified,
although these were much smaller than the attenuation seen in
293T cells. Specifically, virus stocks produced in Vero E6 cells
had reproducibly lower infectious titers for EBOV/KRA than
for EBOVwt, even though the stocks contained similar
amounts of viral proteins, suggesting an effect of mutations on
virus “infectivity.” In this regard, it appeared that this effect
could be compensated for by adjusting the EBOV/KRA par-
ticle number such that a multiplicity of infection similar to that
of EBOVwt was achieved. It is possible that other functions
attributed to VP35, including its functions in virus structure,
assembly, or innate immune evasion, also contribute to the
attenuation of the KRA mutant (17, 20, 48). However, because
the attenuation of virus replication was dramatically enhanced
in 293T cells, which do produce IFN-�/�, it can be concluded
that VP35-mediated evasion of host IFN-�/� responses is crit-
ical for efficient EBOV replication.

The critical role of residues K319 and R322 for EBOV
pathogenesis was demonstrated in a unique guinea pig model.
Although wild-type Zaire EBOV causes a nonlethal febrile
illness in guinea pigs (5, 6, 46), past studies adapted Zaire
EBOV to this species by repeated passage. This resulted in a
uniformly lethal virus that causes a clinical syndrome similar to
that observed in humans and nonhuman primates (5, 6, 9, 46).
Importantly, guinea pig adaptation results in several genetic
changes, relative to the parental strain, in several viral genes,
including VP24 (50). In the present study, a parental virus was
employed in which the introduction of only three amino acid
changes to the VP24 protein is sufficient to permit lethal
guinea pig infection. Complete characterization of these adap-
tive changes to VP24 and their role in guinea pig pathogenesis

are the subject of separate studies. In this model, EBOV with
wild-type VP35 causes massive virus replication and was de-
tected in the liver and spleen by day 3 postinfection. The death
of all animals was observed within 5 to 7 days postinfection.
The mutant virus, on the contrary, was completely avirulent.
The infection with EBOV/VP35KRA did not result in the
development of any detectable disease symptoms, including
fever and weight loss. Moreover, no viral RNA could be de-
tected by reverse transcription-PCR (RT-PCR) (data not
shown) nor were viral antigens detected in the liver or spleen
at 3, 5, or 17 days or later postinfection, suggesting very low
virus replication in vivo. In an attempt to assess whether
EBOV/VP35KRA infects and replicates in guinea pigs, ani-
mals were challenged with lethal EBOVwt. Remarkably, each
of the previously EBOV/VP35KRA-infected animals survived
through 28 days postchallenge by EBOVwt. Given that the
mutant virus appears to be cleared very soon after infection,
these data suggest that infection with VP35KRA EBOV in-
duced an anti-EBOV state protecting the animals from other-
wise lethal EBOV WT infection. The presence of anti-EBOV
antibodies in the EBOV/VP35KRA-infected animals indicates
that sufficient levels of KRA viral antigens were expressed to
induce an immune response. Given these observations, future
experiments will determine whether clearance of the mutant
virus and survival of the wild-type EBOV-infected animals
require only an IFN-�/� response or whether additional im-
mune functions also contribute to control of virus infection.
Recently, it has also been demonstrated that a vesicular sto-
matitis virus that expresses EBOV glycoprotein (VSV-GP) is
effective as a therapy when given postchallenge with Zaire
EBOV (16, 18). We speculate that EBOV/VP35KRA may also
exert a postexposure protective effect. If so, the basis for such
a protective response may shed light on innate immune re-
sponses critical for control of EBOVs.

The present study is the first to directly correlate the struc-
ture and the specific molecular function of an EBOV protein
with the lethality of the virus. Previous publications addressed
the dsRNA binding activity of VP35 by a reverse genetics
approach and a mouse animal model (26, 47). These authors
demonstrated attenuation caused by a mutation at VP35 res-
idue 312. However, the recombinant virus expressing wild-type
VP35 did not result in lethal infection of these animals, leaving
the impact of VP35 upon lethality open to further investiga-
tion. In this study, we demonstrate that mutations affecting
anti-IFN activity of EBOV VP35 convert a highly pathogenic,
lethal virus into an attenuated variant that causes no disease
symptoms but does induce a protected state in the infected
animals. Data obtained in this study may serve as a basis for
structure-based antiviral strategies because specific structural
features of VP35 were linked to functions essential for viru-
lence. Consistent with the observations of this study, a recent
analysis of the VP35 bound to dsRNA suggests a critical role
for residues Lys-319 and Arg-322 (31a). In particular, Arg-322
makes direct contacts with dsRNA in the complex structure.
Thus, correlations identified in this study between VP35 func-
tions, dsRNA binding, and IFN inhibition and viral pathogen-
esis provide previously unidentified therapeutic targets. In this
regard, it is interesting to note that there are several grooves or
cavities as well as other charged patches within VP35 IID (30)
that can be potentially targeted for antiviral development. Im-
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portantly, examination of VP35 sequences from different EB-
OVs shows that the critical basic residues in the VP35 C ter-
minus are highly conserved among EBOV variants as well as in
the related Marburg virus (26, 47) (Fig. 1). Therefore, efforts
to target the VP35 C terminus for anti-Ebola virus drug de-
velopment may also provide a framework for development of
panfiloviral therapeutics.
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