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The viral protein VP35 of ebolavirus (EBOV) is implicated to have diverse roles in the viral life cycle. We
employed a yeast two-hybrid screen to search for VP35 binding partners and identified the cytoplasmic dynein
light chain (DLC8) as a protein that interacts with VP35. Mapping analysis unraveled a consensus motif,
SQTQT, within VP35 through which VP35 binds to DLCS. The disruption of DLCS8 binding does not affect the
ability of VP35 to inhibit type I IFN production. Given that VP35 from various EBOV species interacts with
DLCS, this interaction may have a role in regulating the EBOV life cycle.

Ebolavirus (EBOV) belongs to the family Filoviridae of the
order Mononegavirales. The EBOV virion contains an approx-
imately 19-kb single-stranded RNA genome bearing seven
genes. The genes encoding the nucleoprotein (NP), virion pro-
tein 35 (VP35), VP40, glycoprotein, VP30, VP24, and large (L)
protein lie in this order from the 3’ to 5’ ends (33). VP35 is a
multifunctional protein whose activities share some similar-
ity with those of the P protein of other members of Monon-
egavirales, including the families Rhabdoviridae and
Paramyxoviridae. VP35 forms the ribonucleoprotein complex
that contains the NP, VP30, and polymerase L. Studies of
reconstituted replication systems revealed that NP, VP35,
VP30, and L are required for the transcription and replication
of EBOV (28). In addition, VP35 inhibits type I interferon
(IFN) production, thereby suppressing host innate immunity,
the activity analogous to that of the P proteins of rabies virus
and paramyxoviruses (2-4, 8, 13). VP35 also binds to double-
stranded RNA, the activity associated with viral virulence (9,
16, 17). We have recently shown that VP35 interacts with the
host cell machinery involved in the conjugation of small ubig-
uitin-like molecules and that this interaction is critical for in-
hibiting IFN transcription (T.-H. Chang, T. Kubota, M. Mat-
suoka, S. Jones, S. Bradfute, M. Bray, and K. Ozato, submitted
for publication). In light of the multiple functions implicated
for VP35, it is likely that it functions by interacting with various
cellular partners. EBOV targets dendritic cells (DCs), which
produce the highest amounts of IFNs in the body and confer
resistance to many pathogens, for early infection (5, 7, 14, 25).
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To identify an interacting partner of EBOV VP35, we con-
structed a murine cDNA library from bone marrow-derived
DCs stimulated with Newcastle disease virus in a pDEST22
vector using the CloneMiner cDNA library construction kit
(Invitrogen). The cDNA library was screened with a full-length
mouse-adapted VP35 as a bait using the ProQuest two-hybrid
system (Invitrogen). VP35 from the mouse-adapted EBOV
differs from that of the parental Zaire EBOV only in a single
amino acid at position 12 (A — V). VP35 of both types po-
tently inhibit IFN transcription in DCs (6) (Chang et al., sub-
mitted). Of 4.4 X 10° cDNA clones screened, 317 positive
clones were isolated. Subsequent sequence analysis found that
as many as 125 clones encode the 8-kDa dynein light chain
(DLCS8). DLCS is a subunit of the cytoplasmic dynein motor
complex involved in the microtubule-associated intracellular
transport system (29, 33, 35). All 125 clones had a common
DLCS8 open reading frame, although 5’ untranslated regions
were variably represented among these clones. To ascertain
whether VP35 indeed interacts with DLCS8 in the cells,
pcDNA3.1 plasmids expressing FLAG-tagged VP35 (FLAG-
VP35) and V5-tagged DLCS (V5-DLCS8) were transfected into
293T cells. Forty-eight hours later, the cells were harvested and
the whole-cell lysates were subjected to immunoprecipitation
with anti-FLAG agarose antibody beads and tested for V5-
DLCS binding by Western blot analysis (20). As shown in Fig.
1, FLAG-VP35 coprecipitated V5-DLCS8 in a FLAG-VP35
dose-dependent manner (lanes 7 to 10 in the top panel). In
addition, FLAG-VP35 coprecipitated endogenous DLCS8 as
detected with anti-DLCS antibody (lanes 3 to 5 and 8 to 10 in
the middle panel). The endogenous DLCS8 was coprecipitated
with FLAG-VP35 even in the absence of V5-DLCS. As ex-
pected, in the absence of FLAG-VP35, neither V5-DLCS nor
endogenous DLCS was precipitated (lanes 1 and 6 in the mid-
dle panel). These results show that VP35 interacts with both
endogenous and exogenous DLCS in these cells.
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FIG. 1. Interaction of VP35 with DLCS8. 293T cells were trans-
fected with increasing amounts of pcDNA3.1 plasmid encoding
FLAG-VP35 and a constant amount of pcDNA3.1 for V5-DLCS.
Twenty-four hours posttransfection, the whole-cell extracts were im-
munoprecipitated (IP) with anti-FLAG antibody agarose beads, and
the immunoprecipitates and whole-cell extracts were analyzed by
Western blotting (WB) with antibody indicated at the left.

We next investigated a region within VP35 that interacts
with DLCS. Plasmids encoding various truncated VP35 shown
in Fig. 2A were tested for their ability to bind to DLCS. The
immunoprecipitation experiments for which the results are
depicted in Fig. 2B showed that deletions of 40 and 80 aa from
the C terminus, AC/1-300 and AC/1-250, did not affect DLCS8
binding (lanes 6 and 8 in the top panel). However, deletions of
80 or 120 aa from the N terminus, AN/80-340 and AN/120-340,
abrogated DLCS binding (lanes 12 and 14 in the top panel),
although the deletion of the N-terminal 40 aa was without
effect (lane 10 in the top panel). Since these data indicated that
an internal N-terminal region is important for binding, we
tested another deletion from positions 40 to 79 and found that
this deletion completely eliminated DLCS8 binding (Fig. 2B,
A40-79, lane 16 in the top panel). Thus, DLCS binding activity
is mapped to a region from aa 40 to 79 of VP35 (see a summary
of DLC binding in the legend to Fig. 2A). These observations
were supported by the fact that all VP35 deletions were ex-
pressed at comparable levels with the expected molecular
masses (Fig. 2B, bottom panel).

A large number of DLCS-interacting partners, both cellular
and viral proteins, have been reported (12, 15, 21). Based on
these studies, a DLC8 binding consensus motif, K/SXTQT, has
been proposed (24). An inspection of the sequence from aa 40
to 79 revealed a matching motif, SQTQT (Fig. 2C). To inves-
tigate whether this motif represents the DLCS binding site,
point mutations were introduced into each amino acid within
the motif by alanine scan mutagenesis (Fig. 2C, S71A through
T75A). The mutants were tested for DLCS binding by a coim-
munoprecipitation assay. As shown in Fig. 2D, while the sub-
stitution of first two amino acids retained DLCS8 binding, the
mutation in the third position greatly reduced DLCS8 binding
(lanes 3, 4, and 6 in the top panel). Moreover, the mutation in
the last two amino acids completely abolished DLCS8 binding
(lanes 7 and 8). The expression levels of these mutants were
comparable (Fig. 2D, bottom panels). These results indicate
that this motif represents a binding surface through which
VP35 interacts with DLCS8 and that the last three amino acids
are obligatory for DLCS8 binding activity.

NOTES 6953

A Anti innate immunity
coiled-coil responsible region

NH, I T COOH

! 0 DLC8 binding

fulllength N T +
AC/1-300 N +

AC/1-250 NI T +
AN/40-340 5 N s | +
AN/80-340 T -
AN/120-340 [ — -

ao79 I T -

B o o

g 4 \o\\\e‘\ o DO\\:L W@ P

T | [ —————

WB: V5
(DLC8) - - - - . V5-DLC8
IP:
FLAG WB: FLAG U ‘-x ] b4 e < Ig heavy
(VP35) - - — )
- — -3 Ig light
Wh: V5 - e - “ e e = -my5DLCB
whole (DLCB)
cell ow
extract | WB: FLAG L_L . =)
(VP35) - - - -
123456 78 910111213141516
C o 75
Zaire species
(original) s o T o T
S71A A Q kil Q T
Q72A s A T Q T
T73A s @ A Qo T
Q74A s Q@ T A T
T75A s Qo T Q A
DLC8 binding K/S X T Q@ T
consensus
D ez
FLAGVPss - - &G OGR!
V5-DLC8 — + + + + + + +
WB:V5 [= = e <3 g light
IP: (DLC8) - = V5-DLC8
FLAG | wB: FLAG [eepmesee < 1g heavy
(VP35) |~ Wereew ~ FLAG-VP35
WB: V5
whole | (DLGS8) o o . . | e \/5-DLC8
cell
extract W(BV:;;%/;‘G —————— ~ FLAG-VP35

12345678

FIG. 2. Mapping of the DLCS8 binding site in VP35. (A) Sche-
matic diagram of VP35 truncations tested for DLCS binding. On the
right is a summary of the binding assays below. (B) 293T cells were
transfected with FLAG and full-length VP35 or the indicated trun-
cations with or without V5-DLCS. Extracts were immunoprecipi-
tated with anti-FLAG agarose beads, and the precipitates (IP) and
whole-cell extracts were tested by Western blotting (WB) with the
indicated antibodies (top and bottom panels, respectively). (C) Pu-
tative DLCS8 binding motif in aa 71 to 75 of VP35 and those with
indicated substitutions. (D) 293T cells were transfected with FLAG-
VP35 mutants (S71A to T75A) and V5-DLCS, and binding to DCL8
was tested as described above.
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FIG. 3. Binding of DLCS to other viral proteins. (A) Comparison
of the DLCS binding motif of other EBOV species. (B) FLAG-VP35
from the Zaire, Sudan, or Reston species was transfected in 293T cells,
and the interaction with V5-DLCS8 was tested by coimmunoprecipita-
tion assays as described in the legends to Fig. 1 and 2. (C) Plasmids for
FLAG-VP35, rabies virus P protein, Sendai virus P and V proteins,
and mumps virus P and V proteins were transfected into 293T cells,
and the interaction with V5-DLCS was tested by coimmunoprecipita-
tion assays as described in the legends to Fig. 1 and 2.

Interestingly, the Sudan and Reston EBOVs carry a VP35
that differs from that of the Zaire species in the first two amino
acids in the motif (Fig. 3A). We next examined whether the
VP35s from these EBOVs were capable of binding to DLCS.
As shown in Fig. 3B, the VP35s of all three EBOV species
bound to DLC8 to comparable degrees and in a VP35 dose-
dependent manner (lanes 3 to 5 versus lanes 6 to 8 or 9 to 11
in the top panel). These results indicate that VP35s from all
three EBOV species avidly bind to DLCS8 and that the last
three amino acids of the motif are more critical for DLCS8
binding than the first two. Given the conservation of DLCS8
binding among different EBOV species, this binding property
may be important for the EBOV life cycle.

Previously, P proteins of rabies virus and Mokola virus have
been shown to bind to DLCS8 (18, 31, 32). The rabies virus P
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FIG. 4. VP35 inhibits type I IFN transcription without requiring
DLCS8 binding. Murine L and NIH 3T3 cells were transfected with
wild-type or mutant VP35 along with the pGL4 reporter driven by the
IFN-B promoter and pRL-TK reporters. Eight hours posttransfection,
cells were infected with Sendai virus for 16 h. Luciferase activities were
normalized by Renilla luciferase activity, and reporter activities in
infected cells are expressed relative to those in mock-infected cells.
Values represent the average of three determinations * standard
deviation.

protein contains the KSTQT motif within its DCLS8 binding
region (18). These viruses are members of the Lyssavirus genus
belonging to the Mononegavirales order, and similarly to VP35
of EBOV, the P proteins are the second viral gene products.
We examined whether DLCS8 binding is a common property
among viruses belonging to Mononegavirales. The P and V
proteins of mumps virus and Sendai virus, members of the
Paramyxoviridae, were tested for binding to V5-DLCS by co-
immunoprecipitation analysis. As shown in Fig. 3C, the P and
V proteins of both viruses failed to bind to DLCS, while the
EBOV VP35 and the rabies virus P protein bound to DLCS8
(Fig. 3C, top panel). In line with these results, a canonical
DLCS8 binding motif was not found in the P and V proteins of
mumps virus and Sendai virus. These data indicate that DLCS8
binding activity is conserved in two families, Rhabdoviridae and
Filoviridae, but not in other viruses of Mononegavirales.

Since VP35 has been shown to interfere with host innate
immunity by inhibiting type I IFN production (3, 4), it was of
interest to test whether the VP35-DLCS8 interaction contrib-
utes to the inhibition of type I IFN transcription. VP35 mu-
tants lacking DLCS8 binding were transfected into murine L
and NIH 3T3 cells along with the dual IFN-B promoter-lucif-
erase reporter plasmids. Cells were infected with Sendai virus
for 16 h, and luciferase reporter activity was measured. As
shown in Fig. 4, Sendai virus infection enhanced IFN-3 pro-
moter activity by about 30-fold more than that of the mock
infection in the absence of VP35 (vector alone). This enhance-
ment was abrogated when wild-type VP35 was coexpressed
both in L and NIH 3T3 cells. Significantly, three VP35 mutants
lacking DLCS binding activity also abolished IFN-B promoter
activation (Fig. 4, S73A, Q74A, and T75A). However, the
R312A mutant tested as a control did not inhibit IFN-B pro-
moter activation, consistent with the previous report (9). Sim-
ilar results were obtained from reporter analyses in 293T cells
(data not shown). These results indicate that the binding of
VP35 to DLC8 does not play a role in the inhibition of virus-
induced IFN-B transcription.
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We have shown here that the VP35 of EBOV binds to the
DLCS, thus providing another example after that for Lyssavi-
rus, in which the product of the second gene in the negative-
strand RNA viruses interacts with this cellular factor. While
this interaction is clearly based on the recognition of the com-
mon DLC binding motif SKTQT, the functional significance of
the interaction is far from clear. The interaction of the rabies
virus P protein with DLCS8 was proposed to be of critical
importance for the transport of the virus from the peripheral
neurons to the central nervous system (CNS), which is perti-
nent to the fact that DLCS is a subunit of the dynein motor
complex involved in retrograde cargo transport (15, 18, 29-32).
However, recent reports question the role of this interaction in
viral transport, since the recombinant rabies virus P protein
that lacks the DLCS binding motif also moves to the brain and
since the recombinant lentivirus pseudotyped with the rabies
virus G protein confers retrograde transport within the brain
network (26, 27). Further, it has been shown that the rabies
virus P protein without the DLCS8 binding domain impairs
primary viral transcription, leading to reduced viral replication
in the CNS, even though it allows viral entry into the CNS (34).
The activity of the rabies virus P protein on viral transcription
is closely linked to the formation of a complex with NP and
polymerase L (10). Similarly, EBOV VP35 is shown to form a
complex with NP and L and is essential for transcription and
replication in the artificial minigenome systems (28). It is thus
possible that VP35-DLCS interaction plays a role in EBOV
transcription and viral replication. Further, DLCS, by interact-
ing with a variety of cellular factors, affects cellular functions.
For example, DLCS binds to the p35-binding protein and takes
part in the regulation of apoptosis (23). It also binds to IkBa
and is thought to regulate the activity of NFkB, a transcription
factor involved in inflammation and apoptosis (11). Further-
more, DLCS8 binds to nitric oxide synthase and inhibits its
activity (19). Nitric oxide is a potent antimicrobial factor that
regulates viral pathogenesis and host cell immunity (1). It can
be envisaged that the interaction of VP35 with DLCS influ-
ences multiple cellular functions, potentially to promote in-
creased viral growth in EBOV-infected cells. In light of the
evidence that fruit bats serve as a reservoir for EBOV, this
interaction may be relevant to EBOV infection in these species
as well (22). It will be of interest to study a recombinant EBOV
without DLCS8 binding for their transcription, replication, and
host pathogenesis in an animal model.
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