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The ebolavirus (EBOV) VP35 protein binds to double-stranded RNA (dsRNA), inhibits host alpha/beta
interferon (IFN-�/�) production, and is an essential component of the viral polymerase complex. Structural
studies of the VP35 C-terminal IFN inhibitory domain (IID) identified specific structural features, including
a central basic patch and a hydrophobic pocket, that are important for dsRNA binding and IFN inhibition.
Several other conserved basic residues bordering the central basic patch and a separate cluster of basic
residues, called the first basic patch, were also identified. Functional analysis of alanine substitution mutants
indicates that basic residues outside the central basic patch are not required for dsRNA binding or for IFN
inhibition. However, minigenome assays, which assess viral RNA polymerase complex function, identified these
other basic residues to be critical for viral RNA synthesis. Of these, a subset located within the first basic patch
is important for VP35-nucleoprotein (NP) interaction, as evidenced by the inability of alanine substitution
mutants to coimmunoprecipitate with NP. Therefore, first basic patch residues are likely critical for replication
complex formation through interactions with NP. Coimmunoprecipitation studies further demonstrate that the
VP35 IID is sufficient to interact with NP and that dsRNA can modulate VP35 IID interactions with NP. Other
basic residue mutations that disrupt the VP35 polymerase cofactor function do not affect interaction with NP
or with the amino terminus of the viral polymerase. Collectively, these results highlight the importance of
conserved basic residues from the EBOV VP35 C-terminal IID and validate the VP35 IID as a potential
therapeutic target.

Ebolaviruses (EBOVs) are enveloped, nonsegmented, neg-
ative-strand RNA viruses belonging to the family Filoviridae
(34). Because filoviruses cause outbreaks of severe, often lethal
hemorrhagic fever, they are of concern as potential bioweap-
ons and as an emerging public health threat. Currently, the
determinants of EBOV virulence are incompletely defined, but
enhanced understanding of the biochemical and structural
properties of EBOV proteins will facilitate development of
prophylactic or therapeutic measures toward these viruses.
One EBOV protein that functions as a virulence determinant
is VP35. VP35 binds to double-stranded RNA (dsRNA), in-
hibits host innate immune responses, is a viral structural pro-
tein, and serves as a component of the viral RNA polymerase
complex (1).

VP35 inhibits alpha/beta interferon (IFN-�/�) production,
activation of the IFN-inducible protein kinase R (PKR) anti-
viral protein, and RNA silencing (3, 10, 12, 35). Among these
functions, inhibition of IFN-�/� production clearly contributes
to efficient virus replication in cell culture and in vivo (15–17,
33). Inhibition of IFN-�/� production primarily occurs through
inhibition of retinoic acid-inducible gene I (RIG-I)-dependent
signaling, which activates interferon regulatory factor 3

(IRF-3) and IRF-7, transcription factors that regulate IFN-�/�
gene expression (2, 6, 7, 18, 32, 33). Recent studies demon-
strated that VP35 dsRNA binding activity strongly correlates
with IFN inhibition (6, 25, 33). However, VP35 likely interacts
with and inhibits additional signaling molecules downstream of
RIG-I (7, 25, 32). Altogether, these combined inhibitory activ-
ities likely contribute to the IFN suppression observed in cells
expressing VP35 or infected with EBOV (11, 14, 17, 33). In
addition to immune suppression, VP35 is an essential cofactor
in the filoviral polymerase complex (28–30). The functional
viral polymerase complex includes four EBOV proteins: nu-
cleoprotein (NP), the VP35 and VP30 proteins, and the large
protein (L), which is the RNA-dependent RNA polymerase
(29, 30). In this complex, VP35 interacts with NP and L, and it
is thought that VP35 bridges the catalytic subunit of the poly-
merase complex, L, to the NP-associated viral RNA (4, 8).
Both VP35-NP and VP35-L interactions are therefore ex-
pected to be essential for viral RNA synthesis (4).

Recent structural studies of the carboxy-terminal dsRNA
binding domain of VP35, referred to as the interferon inhibi-
tory domain (IID), identified several structural features that
are important for VP35 interaction with dsRNA and for inhi-
bition of IFN-�/� production (21, 23, 25). Specifically, a central
basic patch within the VP35 IID was demonstrated to make
contacts with the phosphodiester backbone of dsRNA, and a
hydrophobic pocket was found to form an end cap that recog-
nizes the blunt ends of dsRNA (25). Mutation of either central
basic patch residues or end-cap residues disrupted VP35-
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dsRNA interaction and impaired its ability to block signaling
by RIG-I, a cellular protein which is likely to be the primary
sensor of EBOV in most cell types (13). However, mutations
impairing dsRNA binding and IFN-antagonist functions did
not affect the VP35 polymerase cofactor function (25).

In addition to the central basic patch, structural studies
identified a separate cluster of conserved basic residues, called
the first basic patch, as well as additional conserved basic
residues that border the central basic patch (23, 25). From
these studies, it was not clear if these additional basic residues
within the structurally defined VP35 IID region are important
for VP35-mediated functions. In the present study, we dem-
onstrate that basic residues outside the central basic patch are
not critical for IFN inhibition but are important for viral RNA
synthesis, as mutation of these basic residues abrogates viral
RNA synthesis by the polymerase complex. Interestingly, res-
idues located within the first basic patch are also important for
VP35 interaction with NP. However, not all basic residues
important for replication are required for NP binding, as sev-
eral basic residue mutants that show diminished replication
can bind to NP. These results support a model where VP35
bridges viral NP and L. Together, these results further support
the role of EBOV VP35 as a critical, multifunctional virulence
factor and a key component of the viral RNA replication
complex.

MATERIALS AND METHODS

Antibodies. Monoclonal antibodies against Zaire EBOV VP35 and against
Zaire EBOV NP were generated in collaboration with the Mount Sinai Hybrid-
oma Center and have been described previously (6, 27). A monoclonal anti-
hemagglutinin (anti-HA) antibody was purchased from Sigma (St. Louis, MO).
A monoclonal anti-maltose binding protein (anti-MBP) antibody was purchased
from New England Biolabs.

Cell lines and viruses. HEK293T cells and Vero cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS) at 37°C and 5% CO2. Sendai virus (SeV) strain Cantell was grown in
10-day-old embryonated chicken eggs for 2 days at 37°C.

Plasmids. The Zaire EBOV VP35 expression plasmid pCAGGS-VP35 and an
IFN-� promoter reporter plasmid were described previously (2, 3). VP35 point
mutations were generated by standard PCR-based methods and cloned into the
mammalian expression plasmid pCAGGS (31). Firefly luciferase was expressed
from the pCAGGS plasmid in the minigenome assays (see below). The pRL-TK
Renilla luciferase expression plasmid was purchased from Promega (Madison,
WI). Sequences encoding Zaire EBOV L amino acids 1 to 505 (HA-L amino
acids 1 to 505) were amplified from plasmid pTM1-L by PCR (33), cloned with
an amino-terminal HA tag, and cloned into pCAGGS. The expression plasmid
for Zaire EBOV NP, pcDNA3 EBOV NP, has been described previously (27).

MBP-fusion VP35 IID and VP35 IID protein expression and purification.
MBP-fusion VP35 IID proteins were expressed and purified as described previ-
ously (23, 24). Briefly, BL21(DE3) cells expressing MBP-fusion VP35 IID pro-
teins were lysed using an EmulsiFlex-C5 homogenizer (Avestin) and clarified by
centrifugation at 30,000 � g at 4°C for 30 min. The supernatant was purified by
affinity and ion-exchange chromatography, prior to final purification by size-
exclusion chromatography. For VP35 IID proteins, the fusion tags were removed
prior to final purification by cleavage with tobacco etch virus (TEV) protease
followed by size-exclusion chromatography. The purity of the protein samples
was assessed by SDS-PAGE.

Isothermal titration calorimetry assays. Quantitative analysis of VP35 IID
protein binding interactions with dsRNA was performed on a microcalorimeter
(VP-ITC; Microcal, North Hampton, MA) by isothermal titration calorimetry
(ITC), using protein samples dialyzed against 500 ml of dialysis buffer [10 mM
HEPES (pH 7.0), 150 mM NaCl, 1 mM MgCl2, 2 mM Tris(2-carboxyethyl)phos-
phine (TCEP)] for 12 h. The resulting raw microcalorimeter data were processed
and analyzed to determine n (number of binding sites) and KD (binding constant)
using ORIGIN software.

IFN-�–luciferase reporter assay. HEK293T cells were transfected by using
Lipofectamine 2000 (Invitrogen) with the indicated amounts of expression plas-
mid, an IFN-�–firefly luciferase reporter plasmid (400 ng), and a constitutively
expressed Renilla luciferase reporter plasmid (pRLTK, 200 ng). To induce re-
porter gene expression, cells were infected with SeV at a multiplicity of infection
of 10. Twenty-four hours posttransfection, the cell lysates were assayed with the
dual luciferase reporter assay (Promega), and firefly luciferase activity was nor-
malized to Renilla luciferase activity. The results are presented as percent induc-
tion of the positive control (SeV infected, empty vector transfected [no VP35]),
the value for which was set equal to 100%.

EBOV transcription/replication assay. The EBOV transcription/replication
assay was based on a previously described system (30). HEK293T cells were
cotransfected by the calcium phosphate precipitation method with phage T7-
driven expression plasmids encoding the Zaire EBOV NP, L, and VP30 and
VP35 proteins. Also transfected were a T7 RNA polymerase expression plasmid,
a plasmid that expresses from a T7 promoter a Zaire EBOV minigenome which
encodes a fused green fluorescent protein (GFP)-chloramphenicol acetyltrans-
ferase (CAT) reporter gene. This is flanked by the cis-acting sequences necessary
for replication and transcription of the RNA by a reconstituted EBOV polymer-
ase complex. Also transfected was a constitutively expressing luciferase expres-
sion plasmid that served as a transfection control. At 36 h posttransfection, cells
were lysed with reporter lysis buffer (Promega) and both CAT and luciferase
reporter activities were determined. CAT activity was normalized to luciferase
activity. Minigenome reporter activation is presented as percent activity relative
to that of the positive-control reaction (250 ng of wild-type [WT] VP35 plasmid),
which was set equal to 100%. Error bars represent the standard deviation (SD)
from at least three experiments.

Immunoprecipitations (IPs). To immunoprecipitate full-length VP35 pro-
teins, lysates from transfected cells were incubated with 1 �g of anti-VP35
monoclonal antibody overnight at 4°C, followed by 1 h incubation with protein
G-Sepharose beads (Roche). The beads were washed five times with lysis buffer.
After the beads were washed, they were resuspended in SDS-PAGE sample
loading buffer, separated by 10% SDS-PAGE, and analyzed by Western blotting,
as indicated.

MBP-VP35 IID fusion protein interactions with NP. Forty-five micrograms of
pcDNA3 EBOV NP was transfected into 3 � 107 HEK293T cells. At 24 h
posttransfection, the cells were lysed in 4 ml NP-40 lysis buffer (50 mM Tris-HCl
[pH 8], 280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, and 10%
glycerol with protease inhibitors). Three hundred fifty microliters of clarified
lysate was incubated with the VP35 IID domain fused with MBP or equivalent
amounts of the MBP-mutant IID fusion proteins at 4°C. Twenty-four hours later,
MBP fusion proteins were bound with 40 �l of amylose resin for 30 min. The
resin was washed three times, and MBP fusion proteins were eluted with 100 �l
of 10 mM maltose. A fraction of the elution was analyzed by Western blotting.
MBP was detected with an anti-MBP antibody (New England Biolabs), and NP
was detected with the previously described (see above) anti-NP mouse mono-
clonal antibody.

To determine if the MBP-VP35 IID fusion proteins could interact with NP in
the presence of dsRNA, lysates expressing NP were generated as described
above. Before addition of the MBP-VP35 IID protein to the cellular lysate,
increasing amounts of poly(I:C) (Invivogen) were first added to the lysate.
Poly(I:C) was added at a concentration of either 16 or 98 nM, while either WT
or mutant VP35 IID was used at a concentration of 2.4 �M. Following a 24-h
incubation period, samples were processed as described above.

RESULTS

First basic patch residues retain dsRNA binding activity.
The locations of the first basic patch, central basic patch, and
basic residues that border the central basic patch are illustrated
in Fig. 1. We previously determined that mutation to alanine of
VP35 IID central basic patch residues or of end-cap residues
impairs IID dsRNA binding activity and impairs the IFN-
antagonist function of full-length VP35 (25). The same muta-
tions, however, had little impact on VP35 polymerase cofactor
function (25). In contrast, mutation to alanine of first basic
patch residue K222, R225, K248, or K251 did not impair IFN-
antagonist function (25). To determine whether the first basic
patch mutants affect either the global structure of the VP35
IID or its dsRNA binding activity, we performed a series of
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nuclear magnetic resonance (data not shown) and ITC exper-
iments. First, 1H/15N heteronuclear single quantum coherence
(HSQC) spectra were collected for each mutant from the first
basic patch and compared to the corresponding WT spectrum.
The results indicated that while some local changes result from
the mutation, no global changes occur upon introduction of the
alanine substitution. Consistent with these observations, our
dsRNA binding studies, using ITC, show that all WT and
mutant proteins bind to dsRNA with a similar high affinity,
further demonstrating that residues within the first basic patch
are not important for dsRNA binding (Fig. 2). In contrast,
mutation of residues in the central basic patch, such as R305,
K309, R312, K319, R322, and K339, was previously shown to
diminish dsRNA binding (25). Altogether, these observations
are consistent with previous data indicating that the extent of
dsRNA binding by VP35 strongly correlated with its ability to
inhibit IFN-�/� production, but it is unlikely that the first basic
patch contributes to the IFN antagonism (25).

First basic patch residues are critical for VP35 polymerase
cofactor function. To determine whether the first basic patch
mutants are critical for VP35 to function in the viral polymer-
ase complex, a minigenome assay was employed (25, 29, 30,
33). This assay measures expression of a fused GFP-CAT re-
porter gene expressed from a noninfectious, model viral RNA.
Expression of GFP-CAT is entirely dependent upon the pres-
ence of a functional EBOV RNA polymerase complex, which
is reconstituted by coexpression of the viral NP, VP35, VP30,
and L. In the absence of VP35, no reporter gene expression is
detected, while in the presence of optimal concentrations of
VP35, maximal reporter gene activation is detected (25, 33).
These plasmids are cotransfected with a constitutively ex-
pressed Renilla luciferase plasmid which serves as a control for
transfection efficiency (25, 33). The mutation of R225, K248, or
K251 to alanine completely abrogated GFP-CAT reporter

gene expression, while the K222A mutant retained activity
similar to that of WT VP35, with optimal reporter activation
occurring at 125 to 250 ng of VP35 plasmid DNA (Fig. 3).
These data demonstrate that three of four first basic patch
residues in VP35 are important for viral polymerase cofactor
function.

We also individually substituted glutamic acid residues for
the first basic patch residues R225, K248, and K251. For this
analysis, we also generated an H240E mutant, since H240 is
located near the first basic patch. Previously, an H240A mutant
was found to exhibit marginal IFN-antagonist function, but
because H240A was poorly expressed in the minigenome assay,
the ability of this mutant to function as a polymerase cofactor
was uncertain (25, 33). Each of the mutants with the glutamic
acid substitution expressed VP35 comparably to WT VP35 by
both the minigenome assay and the IFN-antagonist assay (Fig.
4). As was seen with mutation to alanine, mutation to glutamic
acid in each of the first basic patch residues also abrogated
VP35 polymerase cofactor function, as evidenced by loss of
expression from the minigenome (Fig. 4A). Although H240A
was poorly expressed in assays for polymerase function (25),
the H240E mutation was readily expressed but the mutant
exhibited no detectable activity (Fig. 4A). Despite a lack of
polymerase cofactor activity, the R225E, K248E, and K251E
mutants did retain the ability to inhibit IFN-� promoter acti-
vation (Fig. 4B). Consistent with data obtained with the
H240A mutant, the H240E mutant exhibited, at best, a mini-
mal ability to inhibit IFN-� promoter activation (IFN-� pro-
moter activity was approximately 90% of that of the no-VP35
control; Fig. 4B).

Mutation of basic residues bordering the central basic patch
lose polymerase cofactor function. To determine whether the
first basic patch residues are unique in their importance for
viral polymerase function, the basic residues K282, R283,

FIG. 1. Highly conserved basic residues are located in three regions within VP35 IID. Ribbon representation of VP35 IID highlighting residues
from the first basic patch (A) and central basic patch (B) and border basic residues located outside the central basic patch (C). Electrostatic surface
representation of the first basic patch (D) and central basic patch and bordering basic residues (E) (scale, �10 kT/e to �10 kT/e).
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R298, and R300 were individually mutated to alanine. These
residues are located on the periphery of the central basic patch
(Fig. 1C). The resulting minigenome data, shown in Fig. 5A,
revealed diminished polymerase cofactor function (Fig. 5A). In
order to determine whether the border residue mutants are
globally defective for VP35 functions, they were assayed for
IFN-antagonist function (Fig. 5B). VP35 with the K282A mu-
tation displayed a modest loss of activity relative to that of WT

VP35, which is consistent with the electrostatic interactions be-
tween the K282 ε amino group and the phosphodiester backbone
of the dsRNA in the VP35 IID/8-bp dsRNA complex structure
(25). The remaining border residue mutants exhibited IFN-inhib-
itory activity comparable to that of WT VP35 (Fig. 5B).

The basic nature of VP35 IID residues, not their identity, is
the critical determinant for polymerase cofactor function. To
assess whether the basic charge or the identity of the residue is

FIG. 2. ITC binding isotherms and corresponding raw data for 8-bp dsRNA binding to WT (A) and mutant R225A (B), K248A (C), and K251A
(D) VP35 IIDs. The corresponding average KD values for WT, R225A, K248A, and K251A are 0.7, 1.0, 2.4, and 0.8 �M, respectively.
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the critical determinant for VP35-mediated polymerase cofac-
tor function, several arginine residues were mutated to lysine,
while lysine residues were mutated to arginine in the first basic
patch (R225K, K248R, K251R), in a representative border
residue (R283K), and at two representative central basic patch
positions (R312K and R322K). These mutations were assessed
in the minigenome assay, revealing that all VP35 proteins with
these mutations functioned similarly to wild-type VP35. Al-
though VP35 proteins with the R283K, R312K, and R322K
mutations displayed a moderate decrease in function, this is
most likely due to differences in expression of the various
plasmids (Fig. 6), as opposed to direct differences in function.
These data suggest that having a basic charge at these partic-
ular sites is important for VP35 copolymerase function and
that arginine and lysine residues can be used interchangeably
at these positions with limited perturbation of the VP35 poly-
merase cofactor function.

First basic patch mutants are impaired for interaction with
the viral nucleoprotein. VP35 interacts with NP, and this in-
teraction is presumed to be essential for viral polymerase ac-
tivity (4). To determine whether loss of polymerase activity
could be explained by loss of VP35-NP interaction, co-IPs were
performed with WT and mutant full-length VP35 proteins
which were expressed with NP in HEK293T cells (Fig. 7). First
basic patch mutants R225A and K248A displayed reduced
levels of VP35 expression in this experiment relative to the
level of WT VP35 expression and an unusual migration pattern
in which a significant amount of each protein, as detected in
the Western blot, ran at a lower rate than was expected. These
mutants did not display any detectable interaction with NP.
The K251A mutant displayed a greatly reduced interaction
with NP. The H240A mutant was also assessed. When it was
expressed from the plasmid used in the co-IP, the H240A

mutant was detectably expressed, but a fraction of the protein
exhibited aberrant migration, similar to that seen with the
R225A and K248A mutants. This mutant also lacked the ability
to efficiently interact with NP (Fig. 7). The VP35 mutants with
a first basic patch mutation to glutamic acid were also tested
for their interaction with NP. These VP35 mutants showed a
significant reduction in NP binding compared to WT VP35
(data not shown). This reduced binding to NP most likely ex-
plains the lack of copolymerase activity demonstrated by these
mutants in Fig. 4A. In contrast to the first basic patch mutants, the
border residue mutants retained the capacity to interact with NP,
despite their loss of polymerase cofactor function. The loss of
polymerase cofactor function without the loss of NP interaction is
not unique to mutants at these border basic residues. For exam-
ple, we also assessed interaction with NP by mutants with muta-
tions at either of two phenylalanines important for VP35 end
capping of dsRNAs. Mutant F235A was previously demonstrated
to lose function as a polymerase cofactor, while mutant F239A
retained this function (25). However, both mutants retain the
ability to interact with NP (Fig. 7).

VP35 IID is sufficient to interact with NP. We next asked
whether the VP35 IID is sufficient to interact with NP. Pull-
downs were performed by mixing purified MBP-VP35 IID
fusions with lysates of HEK293T cells transfected with the NP
expression plasmid. MBP alone was used as a negative control.
NP was not precipitated in the absence of added protein or in
the presence of MBP alone. In contrast, WT MBP-VP35 IID
precipitated NP, demonstrating that the VP35 IID is sufficient
for interaction with NP (Fig. 8A). When the first basic patch
mutants were assessed for NP binding, only the MBP-VP35
IID K222A mutant retained binding to NP, consistent with the
fact that this mutant retains its function in the polymerase
complex. In contrast, the other first basic patch mutants, which

FIG. 3. Viral polymerase cofactor function of basic residue-to-alanine first basic patch mutants. Viral polymerase activity was assessed in the
minigenome assay. Empty vector (�), WT VP35 (VP35), or the indicated VP35 mutants were assessed. Cells were transfected with empty vector
or with increasing amounts of wild-type or mutant VP35 plasmid and expression plasmids for ZEBOV NP, VP30, L, T7 RNA polymerase, and
luciferase. A luciferase expression plasmid was cotransfected as a control for transfection efficiency. A plasmid expressing a negative-sense
minigenome RNA and reporter construct was also transfected. Minigenome activity was quantified by measuring CAT activity, and this was
normalized to the level of expression of luciferase. Error bars represent 1 standard deviation for three experiments. (Lower panel) Western blots
(WB) for VP35 proteins. The concentrations of VP35 plasmids used were 63 ng, 125 ng, and 250 ng. WT VP35 at 250 ng was set as 100%
minigenome activity.
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lost function as a polymerase cofactor, also lost their interac-
tion with NP. Specifically, MBP-VP35 IID R225A and K248A
mutants lacked any detectable binding to NP, whereas the
MBP-VP35 IID K251A mutant showed significantly reduced
coprecipitation with NP (Fig. 8B). Also consistent with the
results of the co-IP assays, MBP-VP35 IID F235A and F239A
mutants retained the ability to bind to NP, while MBP-VP35
IID H240A did not pull down NP (Fig. 8B).

Recent structural studies suggest that dsRNA binding can

lead to high-order complex formation between dsRNA and
VP35 (D. W. Leung, G. K. Amarasinghe, and C. F. Basler,
unpublished observations). In order to assess if VP35-NP in-
teractions are sensitive to the dsRNA binding functionality of
VP35, we analyzed VP35-NP interactions in the presence of
dsRNA. To this end, increasing amounts of poly(I:C) were
added to a MBP-VP35 IID-NP coprecipitation experiment.
The left panel of Fig. 8C represents the input amount of NP
before the addition of each MBP. As the poly(I:C) concentra-

FIG. 4. Viral polymerase cofactor function and IFN-antagonist function of basic residue-to-glutamine first basic patch mutants. (A) Empty
vector (EV), wild-type VP35 (VP35), or the indicated first basic patch VP35 mutants were assessed in the minigenome assay, as described in the
legend to Fig. 3. (B) Inhibition of IFN-� (IFNb) promoter activation by wild-type and mutant VP35 proteins. HEK293T cells were transfected with
empty vector (�) or increasing amounts (1, 2, or 4 �g) of WT VP35 (VP35) or mutant VP35 expression plasmid, an IFN-� promoter–firefly
luciferase reporter plasmid, and a constitutively expressed Renilla luciferase reporter plasmid. Firefly luciferase activity was normalized to the level
of Renilla luciferase activity. Data are presented such that the activity of the empty vector, SeV-infected samples (�), is set equal to 100%. Error
bars represent 1 SD, and corresponding Western blots (WB) of cell lysates are shown below the graphs.
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tion increased, the WT VP35 IID-NP interaction was impaired
(Fig. 8C, right panel). In contrast, the ability of the central
basic patch dsRNA binding mutants R312A and R322A to
interact with NP was unaffected by the dsRNA (Fig. 8C, right
panel). F239A is an end-cap residue mutant that also displays
reduced dsRNA binding (25). As demonstrated above (Fig. 7),
this mutant exhibits reduced binding to NP. Consistent with
the results obtained with dsRNA binding mutants R312A and
R322A, interaction of this mutant with NP was unaffected by
addition of poly(I:C) (Fig. 8C). Therefore, these results sug-
gest that dsRNA binding by the VP35 central basic patch can
modulate the VP35-NP interaction.

Impact of basic residue mutations on VP35 interaction with
L. VP35 interaction with L is also required for filoviral RNA
synthesis (28). Characterizing the interactions of filovirus L with
other components of the viral RNA polymerase complex is com-
plicated by difficulties in detecting the expression of full-length L.
However, a previous study demonstrated that the marburgvirus

(MARV) VP35 can interact with the amino-terminal 503 amino
acids of the MARV L (28). This interaction required the presence
of a functional coiled-coil oligomerization motif within the amino-
terminal half of VP35 (28). We therefore screened WT and mu-
tant full-length ZEBOV VP35 proteins for interaction with a
similar construct, HA-tagged ZEBOV L (encompassing amino
acids 1 to 505). Full-length VP35, as well as all mutants tested,
retained interaction with L (Fig. 9). Therefore, loss of interaction
between VP35 and L does not appear to explain why mutation of
the basic residues surrounding the central basic patch causes loss
of polymerase cofactor function.

DISCUSSION

The molecular basis for the high virulence of EBOVs is
incompletely understood. Recent studies have, however, pro-
vided insight into the structure and function of VP35, a protein
that functions as a virulence factor, that suppresses innate

FIG. 5. Viral polymerase cofactor function and IFN-antagonist function of border residue mutants. (A) Empty vector (first bar), WT VP35
(VP35), or the indicated border basic residue mutants were assessed for function in the minigenome assay, as described in the legend to Fig. 3.
(B) Inhibition of IFN-� promoter activation by WT and mutant VP35 proteins. HEK293T cells were transfected with empty vector (first bar) or
increasing amounts (1, 2, or 4 �g) of WT VP35 or mutant VP35 expression plasmid, an IFN-� promoter-firefly luciferase reporter plasmid, and
a constitutively expressed Renilla luciferase reporter plasmid. Firefly luciferase activity was normalized to the level of Renilla luciferase activity.
Data are presented such that the activity of empty vector, SeV-infected samples, is set equal to 100%. Error bars represent one SD, and
corresponding Western blots (WB) of cell lysates are shown below the graphs.
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immunity, and that acts as an essential component of the viral
polymerase (21, 23, 25, 26). To date, VP35 virulence factor
function has been correlated with its ability to bind to dsRNA
and to suppress IFN-�/� responses. Its function as part of the
viral polymerase complex appears to require its interaction
with the viral NP and L (4, 29, 30). Notable structural features
of VP35 relevant to its IFN-antagonist function are a central
basic patch and a set of hydrophobic residues that end cap
dsRNAs within the carboxy-terminal IID (25). Mutations to
either of these sets of residues can disrupt VP35-dsRNA bind-
ing and impair its ability to inhibit IFN-�/� production. Cen-
tral basic patch mutations are also sufficient to severely atten-
uate virus replication (15, 33). The present studies have
identified additional features within the VP35 IID that are also
of functional importance. In contrast to the central basic patch
and end-cap residues, the current study demonstrates that the
residues of the first basic patch as well as other basic residues

surrounding the central basic patch are not required for VP35
interaction with dsRNA. These residues are, however, essen-
tial for VP35 polymerase cofactor function.

VP35 is an essential component of the filoviral polymerase
complex. This has been demonstrated with systems analogous
to the minigenome system described above (28–30). The min-
imal set of filoviral proteins required for transcription and
replication for MARV are NP, VP35, and L, although recovery
of recombinant MARVs from cDNA also required expression
of VP30 (9). Transcription of EBOV subgenomic replicon
RNAs requires NP, VP35, VP30, and L; however, the replica-
tion reaction can proceed in the absence of VP30 (5, 30).
Omission of VP35 from either system abolishes reporter gene
expression, demonstrating an essential role for VP35 as a viral
polymerase cofactor. The importance of VP35 for viral poly-
merase function is also supported by the observation that Zaire
EBOV VP35 could not functionally substitute for Reston

FIG. 6. Viral polymerase cofactor function of arginine-to-lysine and lysine-to-arginine mutations for representative residues from the first basic
patch, border residues, and the central basic patch. Empty vector (�), WT VP35 (VP35), or the indicated mutants were assessed for function in
the minigenome assay, as described in the legend to Fig. 3. Error bars represent SDs, and corresponding Western blots (WB) of cell lysates are
shown below the graphs. The concentrations of VP35 plasmids used were 125 ng, 250 ng, and 500 ng. Data were expressed as the fold induction
over that by the negative control (no VP35).

FIG. 7. Full-length WT and mutant VP35 interactions with EBOV NP. Cells were transfected with WT or mutant VP35 and EBOV NP. The
left-most lane (�) corresponds to a sample in which NP was expressed in the absence of VP35. Lysates were subjected to IP with anti-VP35
antibody. Proteins were detected by Western blotting with anti-NP and anti-VP35 monoclonal antibodies.

10588 PRINS ET AL. J. VIROL.



EBOV VP35 when the remaining nucleocapsid proteins, NP,
VP30, and L, were Reston EBOV derived (5).

VP35 interactions with NP and with L are expected to be
essential for viral polymerase function. Similar to rhabdovirus
and paramyxovirus systems, where viral phosphoprotein is
thought to be the functional equivalent of VP35, VP35 can
complex with L, the enzymatic subunit of viral polymerase (4).
Because viral genomes and antigenomes are NP associated,
VP35 presumably brings L to its template RNAs. On the basis
of similarity to rhabdoviruses and paramyxoviruses, VP35 may
also chaperone NP to prevent its association with cellular
RNAs. Consistent with these models, VP35 from either EBOV
or MARV has been demonstrated to interact with NP and L by
colocalization and coimmunoprecipitation studies (4, 28). Our
current work demonstrates that the VP35 C-terminal IID is
sufficient for interaction with NP and that the first basic patch
residues are critical for both viral polymerase function and
VP35-NP interaction. These studies also provide the first res-
idue-specific interaction sites on VP35 that are important for
VP35-NP binding. The behavior of these mutants in the mini-
genome system further demonstrates that the interactions be-
tween VP35 and NP are critical for viral polymerase function.
Our data presented above indicate that the C-terminal VP35
IID is sufficient to interact with NP, suggesting that VP35 may
possess a single NP-interacting interface, although this remains
to be formally tested, as the VP35 N-terminal oligomerization
domain may contain additional interaction elements (28). Ad-
ditionally, our results from VP35-NP binding in the presence

of dsRNA suggests that although residues in the central basic
patch are not important for VP35-NP binding, this interaction
may be sensitive to the oligomerization state(s) that results
from VP35 binding to dsRNA. Several lines of evidence, in-
cluding our own unpublished data, suggest that VP35 IID can
form multimeric complexes upon dsRNA binding. Therefore,
the observed loss of VP35-NP binding for WT VP35 but not
for VP35 mutants that lack dsRNA binding suggests that the
NP binding site is likely to include elements outside the first
basic patch.

The basis for loss of polymerase function upon mutation of
the basic residues bordering the central basic patch remains
undefined. MARV VP35 was previously demonstrated to in-
teract with amino acids 1 to 503 of MARV L by coprecipita-
tion, and the amino-terminal 879 amino acids of Reston
EBOV L were sufficient to interact with the Zaire or Reston
EBOV NP-VP35 complex, as assessed by colocalization studies
(5, 28). We therefore tested ZEBOV WT and mutant VP35
proteins for interaction with ZEBOV L amino acids 1 to 505.
Because MARV VP35 requires an intact oligomerization func-
tion and because this oligomerization function is mediated by
an amino-terminal coiled-coil motif, we tested full-length
VP35 rather than monomeric VP35 IID for interaction with
the L amino terminus. Our data demonstrate that the N-ter-
minal region of L is sufficient to interact with full-length VP35
and that all of the mutants tested retain the ability to interact
with this region of L. Therefore, the loss of polymerase cofac-
tor function upon mutation of the basic residues that border
the central basic patch is unlikely to be due to the loss of
VP35-L interactions.

EBOV VP35 is reported to interact with a variety of other
viral and host proteins (7, 20, 22, 32). For example, VP35 is
reported to interact with NP to form filamentous nucleocapsids
when these proteins are coexpressed with the viral VP24 pro-
tein (19, 36). EBOV VP35 interaction with the EBOV matrix
protein VP40 has been demonstrated by a mammalian two-
hybrid assay and by immunofluorescence studies, and this in-
teraction could mediate packaging of a model viral genomic
RNA into virus-like particles (20). VP35 interactions with cel-
lular kinases I�B kinase ε and TANK binding kinase 1 (TBK-1)
and with interferon regulatory factor 7 (IRF7), ubiquitin-con-
jugating enzyme 9 (Ubc9), and protein inhibitor of activated

FIG. 9. Full-length WT and mutant VP35 interactions with EBOV
L. Cells were transfected with WT or mutant VP35 and EBOV HA-L
amino acids 1 to 505 (L1-505). Lysates were immunoprecipitated with
anti-VP35 antibody and protein G beads. Proteins were detected with
HA or VP35 monoclonal antibodies. WT and mutant full-length VP35
can coimmunoprecipitate with HA-L amino acids 1 to 505. WC, whole-
cell extract.

FIG. 8. The VP35 IID is sufficient to interact with NP, and this
interaction is impaired by either specific point mutations or the pres-
ence of dsRNA. (A) MBP or MBP-VP35 IID was added to NP-
transfected cell lysates. MBP was immobilized by amylose resin, and
proteins were detected with anti-MBP (�-MBP) or anti-NP (�-NP)
antibodies. (B) MBP alone, MBP-VP35 IID WT, or mutants with point
mutations were added to lysates containing EBOV NP. MBP was
precipitated using amylose resin and was detected with NP and MBP
antibodies. (C) MBP, WT MPB-VP35 IID, or MBP-VP35 IID mutants
(R312A, K322A, or F239A) were added to NP-transfected lysates in
the absence or presence of poly(I:C). The final concentration of each
MBP was 2.4 �M, and poly(I:C) was present at either 16 or 98 nM.
MBPs were pulled down, and both MBP and NP were detected in the
same way as described for panels A and B. The input whole-cell extract
lane (WCE) expressing NP represents 4% of the total lysate used for
each group, while the MBP pull-down lane represents 15% of the total
pull down.
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signal transducer and activators of transcription 1 (PIAS1) are
reported to influence its capacity to inhibit IFN-�/� production
(7, 32). VP35 also inhibits the IFN-induced, dsRNA-activated
kinase PKR, potentially countering the antiviral effects of PKR
(10, 35), and can also inhibit RNA silencing (12). Whether the
basic residues studied here affect these interactions and func-
tions remains to be determined.

Currently, there are no approved vaccines or treatment for
the EBOVs, in large part due to the paucity of knowledge
regarding the specific molecular features critical for the func-
tion of viral components. Therefore, the identification of struc-
tural features, such as those described here, can potentially
facilitate development of antivirals. To this end, we recently
demonstrated that mutation to alanine of two basic residues
within the central basic patch, K319 and R322, abrogated
VP35 dsRNA binding activity and greatly reduced its ability to
inhibit IFN-�/� production. This mutation did not significantly
impair VP35 function as a polymerase cofactor (33). However,
when they were introduced into a recombinant EBOV, the
same mutations in VP35 greatly attenuated virus replication in
cells that produce IFN-�/� and rendered the virus avirulent in
guinea pigs (33). Mutation of another central basic patch res-
idue, R312, also impaired the ability of a recombinant EBOV
to suppress IFN responses and greatly attenuated replication
in mice (15–17). Together, these data validate the central basic
patch as a potential target for antivirals. Similarly, the hydro-
phobic residues that mediate VP35 interaction with the ends of
dsRNA are required for full IFN-antagonist function and are
therefore candidate targets as well (25). The present study
defines additional elements within the VP35 IID, including the
first basic patch and residues that border the central basic
patch, as specific targets for antiviral development. Strategies
to target these residues through mutations or with inhibitors
that interact with these residues would be predicted to impair
virus polymerase function, thereby limiting virus replication.
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