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ABSTRACT

Ebola virus (EBOV) is a non-segmented, negative-
sense RNA virus (NNSV) in the family Filoviridae, and
is recognized as one of the most lethal pathogens
in the planet. For RNA viruses, cellular or virus-
encoded RNA helicases play pivotal roles in viral life
cycles by remodelling viral RNA structures and/or
unwinding viral dsRNA produced during replication.
However, no helicase or helicase-like activity has
ever been found to associate with any NNSV-encoded
proteins, and it is unknown whether the replication
of NNSVs requires the participation of any viral or
cellular helicase. Here, we show that despite of con-
taining no conserved NTPase/helicase motifs, EBOV
VP35 possesses the NTPase and helicase-like activi-
ties that can hydrolyse all types of NTPs and unwind
RNA helices in an NTP-dependent manner, respec-
tively. Moreover, guanidine hydrochloride, an FDA-
approved compound and inhibitor of certain viral he-
licases, inhibited the NTPase and helicase-like activ-
ities of VP35 as well as the replication/transcription
of an EBOV minigenome replicon in cells, highlight-
ing the importance of VP35 helicase-like activity dur-
ing EBOV life cycle. Together, our findings provide
the first demonstration of the NTPase/helicase-like
activity encoded by EBOV, and would foster our un-
derstanding of EBOV and NNSVs.

INTRODUCTION

Ebola virus (EBOV) is a filamentous, enveloped, non-
segmented, negative-sense RNA virus, belonging to the
genus Ebolavirus in the family Filoviridae of the order

Mononegavirales. EBOV is highly pathogenic, whose in-
fection causes severe Ebola virus disease (EVD), also
known as Ebola haemorrhagic fever (EHF), in humans
with high mortality rates between 25 and 90% (1–
3). From 2014 to 2016, West Africa has experienced
the largest Ebola outbreak in the history that has re-
sulted in more than 28 000 cases and over 11 000
deaths (4) (https://www.cdc.gov/vhf/ebola/outbreaks/2014-
west-africa/index.html). Moreover, the most recent Ebola
outbreak is still on-going and deteriorating in DR Congo,
which has caused 1290 EVD cases and 833 deaths until
16 April 2019 (http://www.who.int/ebola/situation-reports/
drc-2018/en/). Together with another filovirus, Marburg
virus (MARV), EBOV has been classified as a Category
A priority pathogen, which imposes a significant threat
to global public health (https://www.niaid.nih.gov/research/
emerging-infectious-diseases-pathogens). Thus far, no ap-
proved drug or vaccine is commercially available against
EBOV.

Besides filoviruses, non-segmented, negative-sense RNA
viruses (NNSVs) in the order Mononegavirales include nu-
merous important human and zoonotic pathogens, such as
rabies virus, Nipah virus, respiratory syncytial virus, hu-
man parainfluenza viruses, measles virus, mumps virus, etc.
(5,6). NNSVs share common organizations of viral genomic
RNAs and similar strategies of transcription and replica-
tion (5). For filoviruses, the (–)-sense viral genomic RNA
is approximately 19 kb in length and encodes seven open
reading frames (ORFs) for all the viral proteins, i.e. nu-
cleoprotein (NP), viral protein 35 (VP35), VP40, glycopro-
tein (GP), VP30, VP24, and the large polymerase protein
(L) (7–9). Upon viral entry into host cells, the released vi-
ral genomic (–)-RNAs are used as the templates for the
transcription of individual viral mRNAs that are translated
into filoviral proteins. The viral genomic (–)-RNAs are then
switched to replicate the antigenomic positive-sense (+)-
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RNAs, which are used as the templates for the production
of progeny viral genomic (–)-RNAs (7). The transcription
and replication of EBOV RNAs are carried out by the viral
ribonucleoprotein (RNP) complex that contains the RNA-
dependent RNA polymerase (RdRP) L, the polymerase co-
factor VP35 (10,11), as well as NP and VP30 (12), which
represent the minimal elements required for EBOV tran-
scription and replication (13).

For most RNA viruses including NNSVs, viral genomic,
antigenomic and messenger RNAs contain multiple cis-
acting elements that play critical roles in viral RNA repli-
cation, transcription, translation, and packaging during vi-
ral life cycles (14,15). Similar with cellular RNAs, these
highly structured RNA elements need to be properly folded
to be functional. However, the correct folding of RNA
molecules is challenging, since RNAs could be kinetically
trapped in misfolded states that are relatively stable in
thermodynamics (16,17). To facilitate the correct folding
of RNAs, a variety of RNA remodelling proteins, such
as RNA helicases and RNA chaperones, are encoded by
cells and viruses. These proteins function to destabilize
RNA-RNA or RNA–DNA base-pairings to aid RNAs’
proper folding or refolding (18–20). In addition, they are
believed to participate in the unwinding of viral double-
stranded RNA (dsRNA) intermediates produced during
replication and/or transcription, thereby facilitating the re-
cycling of viral RNA templates for more efficient RNA
synthesis. Thus far, a wide range of positive-sense RNA
viruses and dsRNA viruses, including picornavirus (21),
norovirus (22), flavivirus (23,24), alphavirus (25), coro-
navirus (26) and reovirus (27), have been found to en-
code their own RNA helicases and/or RNA chaperones
(28,29). However, it is unknown whether NNSVs including
filoviruses encode any protein with RNA remodelling activ-
ity or the replication/transcription of NNSVs requires the
participation of any viral RNA remodelling activity. This
apparent discrepancy hampers our understanding of this
large group of important pathogenic viruses.

Filoviral VP35 is an essential polymerase L cofactor
that is analogous to the P proteins of other NNSVs (5). In
addition, VP35 is a modular multifunctional protein that
contains dsRNA-binding and oligomerization domains,
and plays pivotal roles in filoviral replication and transcrip-
tion, nucleocapsid assembly, and evasion of host antiviral
defenses (7,30–34). Here, we show that EBOV VP35 has an
unexpected nucleoside triphosphatase (NTPase) activity,
which can hydrolyze all kinds of ribonucleotide triphos-
phates (NTPs). Strikingly, EBOV VP35 can function
like a helicase to unwind RNA helices from 5′ to 3′ in
an NTP-dependent manner. Moreover, we have found
that guanidine hydrochloride (GuHCl), a well-known
helicase inhibitor (22,34,35) and a U.S. FDA-approved
small compound to treat the symptoms of muscle weakness
and fatigability associated with Eaton-Lambert syndrome
(https://www.accessdata.fda.gov/scripts/cder/daf/index.
cfm?event=overview.process&ApplNo=001546) (36,37)
can inhibit the NTPase and helicase-like activities of VP35
in a dose-dependent manner. More importantly, GuHCl
has also been found to exhibit inhibitory effect on the
replication/transcription of a stable EBOV minigenome
replicon in cultured human cells, highlighting the func-

tional significance of VP35′s NTPase and helicase-like
activities in EBOV life cycle, and implying that targeting
the helicase-like activity of VP35 can be a novel strategy to
develop antivirals against EBOV.

MATERIALS AND METHODS

Plasmid construction

The construction of pFastBac HTB-MBP and pFast-
Bac HTB-MBP-EBOV VP35, pFastBac HTB-MBP-
Enterovirus type 71 (EV71) 2C, pFastBac HTB-MBP-Zika
virus (ZIKV) NS3 have been described previously (38). The
cDNA fragment of EBOV VP35 (GenBank accession no.:
AF086833.2) was amplified by polymerase chain reaction
(PCR) from the plasmid containing full-length EBOV
cDNA. The cDNA fragments of EBOV VP35, EV71 2C
and ZIKV NS3 were cloned into the vector pFastBac HTA
or pFastBac HTB-MBP that was originated from pFastBac
HTB (Invitrogen, Carlsbad, CA, USA), respectively. The
mutations were generated as previously described (39).
The resulting plasmids were subjected to Bac-to-Bac
baculovirus system to express the recombinant proteins
with an MBP or His6 fused at the N-terminal. The primers
used in this study are shown in Supplementary Table S1.

Expression and purification of recombinant proteins

The expression and purification of proteins from bac-
ulovirus system were performed as previously described
(38,40). Briefly, Sf9 cells were infected with the recombi-
nant baculoviruses and harvested at 3 days post-infection.
Cell pellets were re-suspended, lysed by sonication and sub-
ject to centrifugation for 30 min at 11 000 g to remove
debris. To get rid of the possible contaminant co-purified
from MBP–VP35 via binding to RNA, the supernatant was
treated with RNase A (Omega) at the final concentration
of 0.1 �g/�l for 4 h. Then, the protein in the supernatant
was purified using amylase affinity chromatography (New
England BioLabs, Ipswich, MA, USA) according to the
manufacturer’s protocol. For His6-fusion protein, the pro-
tein in the supernatant was purified by Ni-NTA agarose
column (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. All the purified
proteins were concentrated using Amicon Ultra-30 filters
(Millipore, Schwalbach, Germany). After that, the store
buffer was exchanged to 50 mM 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethanesulfonic acid (HEPES)–KOH (pH8.0).
All proteins were quantified by the Bradford method and
stored at –80◦C in aliquots. Proteins were separated on 10%
SDS-PAGE and visualized by Coomassie blue.

Size Exclusion Chromatography

The affinity-purified protein sample was concentrated by
tangential flow filtration using Amicon Ultra centrifugal fil-
ters (Merck) to 1 mg/ml for further analysis. For size ex-
clusion chromatography, concentrated protein sample was
mixed with BSA control and loaded onto a Superdex
200 increase 10/300 GL column (GE Healthcare) after
pre-equilibration with buffer containing 50 mM HEPES-
KOH (pH 8.0). Chromatography was taken with BioLogic
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DuoFlow system (Bio-Rad) at a flow rate of 1 ml/min. Peak
analysis was performed using the ASTRA software package
(BioLogic Chromatography Systems).

NTP binding and NTPase assays

The recombinant baculovirus-infected Sf9 cells were re-
suspended, lysed by sonication and subject to centrifuga-
tion for 30 min at 11 000 g to remove debris. The protein in
the supernatant was pulled down by using 5′-ATP agarose
(Sigma-Aldrich) according to the manufacture’s protocol.
The purified ATP-bound protein was analyzed by western
blotting with anti-MBP antibody. NTPase activities were
determined via measuring the released inorganic phosphate
during NTP hydrolysis using a direct colorimetric assay as
previously described (21).

Gel mobility shift assay

Gel mobility shift assay was performed in 50 mM HEPES–
KOH (pH 8.0), 100 mM NaCl, 2 mM MgCl2, 1 mM tRNA,
2 mM DTT, 20 U RNasin, in a total volume of 10 �l reac-
tion with the indicated amount of proteins and 0.1 pmol
dsRNA or ssRNA. The dsRNA and ssRNA were labeled
with DIG-UTP (Roche) by in vitro transcription and de-
rived from 200-nt EGFP. Reactions were incubated for 30
min at 25◦C. The reactions were terminated by the addi-
tion of 2.5 �l 5× sample buffer [20 mM Tris–HCl (pH
8.0), 30% glycerol and 0.1% bromophenol blue]. The nucleic
acid–protein complexes were separated by electrophoresis
on 1.5% agarose gels and transferred to Hybond-A nylon
membrane (GE Healthcare). After that, the membrane was
subjected to cross-linking with 120◦C and was incubated
with anti-DIG-alkaline phosphatase antibody (Roche), fol-
lowed by incubating with CDP-STAR (Roche) for 15 min at
37◦C. The signals are then detected by X-ray film (Fujifilm,
Tokyo, Japan).

Preparation of oligonucleotide helix substrates

RNA helix, DNA helix and RNA–DNA hybrids were
prepared by annealing two complementary nucleic acid
strands. One was labeled at the 5′ end with hexachloro-
fluorescein (HEX)-labeled, and the other strand was un-
labeled. HEX-labeled oligonucleotide strands were pur-
chased from TaKaRa (Dalian, China). Unlabeled DNA
strands were synthesized by Invitrogen, and unlabeled RNA
strands were in vitro transcribed using T7 RNA polymerase
(Promega, Madison, WI). The in vitro transcribed RNA
strands were purified by Poly-Gel RNA Extraction Kit
(Omega bio-tek, Guangzhou, China) according to the man-
ufacturer’s instructions. The two strands were mixed in a
proper ratio, and annealed through heating and gradually
cooling as previously described (21,27). The resulting du-
plexes were examined by 15% native-PAGE gels to make
sure that all the single-stranded RNA or DNA was an-
nealed in a ratio of 1:1. The standard (R*/R) by annealing a
42-nt HEX-labeled single -stranded RNA1 and a 54-nt non-
labeled single-stranded RNA2. The 3’-tailed and 5′-tailed
RNA helixes by annealing a 42-nt HEX-labeled single-
stranded RNA1 and a 48-nt non-labeled single-stranded

RNA3 (3′-tailed) or RNA4 (5′-tailed). (D*/D) by anneal-
ing a 28-nt HEX-labeled single-stranded DNA1 and a 49-
nt non-labeled single stranded DNA2, (D/R*) by anneal-
ing a 42-nt HEX-labeled single-stranded RNA1 and a 30-nt
non-labeled single-stranded DNA3, (R*/D) by annealing a
42-nt HEX-labeled single-stranded RNA1 and a 54-nt non-
labeled DNA4. All oligonucleotides used in this study are
listed in Supplementary Table S2.

Nucleic acid helix unwinding assay

The standard helix unwinding assay was performed as pre-
viously described (27) with minor modifications. Briefly, 20
pmol of recombinant protein and 0.1 pmol of HEX-labeled
helix substrate were added to a mixture containing 50 mM
HEPES–KOH (pH 8.0), 2 mM MgCl2, 100 mM NaCl2
and 20 U RNasin (Promega). After incubation at 37◦C for
60 min, the reaction was terminated by adding 5× load-
ing buffer [100 mM Tris–HCl, 1% SDS, 50% glycerol, and
bromophenol blue (pH 7.5)]. The mixtures were then elec-
trophoresed on 15% native-PAGE gels, followed by scan-
ning with a Typhoon 9500 imager (GE Healthcare, Piscat-
away, NJ, USA).

GuHCl treatment

GuHCl (Sigma-Aldrich) was serially diluted to the in-
dicated concentrations and added to EBOV minigenome
replicon seeded in a 24-well plate and a 96-well plate. The
culture supernatants and cell lysates from the 24-well plate
were harvested at 96 h post-treatment for measuring GLuc
activity and RNA levels, and cells in the 96-well plate were
used for the cell viability assay (41).

Cell viability assay

A CellTiter-Glo luminescent cell viability assay kit
(Promega, Madison, WI, USA) was used to measure the
cell viability after drug treatment. 100 �l of CellTiter-Glo
assay solution was added directly into the culture medium
of the cells grown in a 96-well plate. Incubate the plate on
a shaker for 30 min in dark and then transfer 100 �l of
the supernatant into a 96-well white plate. Luminescence
was then measured by the use of a VarioSkan Flash reader
(Thermo Fisher Scientific).

Luciferase assay

A BioLux Gaussia luciferase assay kit (New England Bio-
Labs, Ipswich, MA, USA) was used to measure the GLuc
activity. Culture supernatants were harvested and cen-
trifuged at 10 000 g for 3 min. A 20-�l volume of super-
natant was added into a 96-well white plate, and 50 �l of
GLuc assay solution was added and mixed with culture
supernatant immediately before measurement of the lumi-
nescence by the use of a VarioSkan Flash reader (Thermo
Fisher Scientific).

RNA isolation and qRT-PCR

Total cellular RNA was isolated using TRIzol reagent
(Tiangen, Beijing, China). RT was performed using a Re-
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verTra Ace qPCR RT kit following the protocol of the man-
ufacturer (Toyobo, Kyoto, Japan). Quantitative PCR was
carried out utilizing SYBR green real-time PCR master mix
(Toyobo). The RT and qPCR primers were described previ-
ously (41).

Western blotting

Cells were washed twice in cold PBS and lysed in lysis buffer
[50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1% NP40, 0.25%
deoxycholate and a protease inhibitor cocktail (Roche)],
and the lysates were subjected to 10% SDS-PAGE and West-
ern blotting according to our standard procedures (42) with
the relevant antibodies. The anti-MBP and anti-�-actin an-
tibodies were purchased from MBL Co. Ltd. The anti-NP,
anti-VP30 and anti-VP35 antibodies were raised in rabbits
as previously described (41).

Northern blotting and RNA-immunoprecipitation (RNA-IP)

Northern blot was performed as previously described (42)
with minor modification. Five �g of total RNAs were elec-
trophoresed on denaturing 1.2% agarose gels with 2.2 M
formaldehyde, and then capillary transferred to Hybond-
A nylon membrane (GE Healthcare). The membranes were
hybridized with the DIG-labeled RNA probe at 65◦C for 12
h, and then incubated with anti-DIG-alkaline phosphatase
antibody (Roche), followed by incubation with CDP-STAR
(Roche) at 37◦C for 10 min. The signals were detected by
radiography on X-ray film (FujiFilm, Tokyo, Japan). The
DIG-RNA probe targeting the negative-strand of EBOV
3′UTR 1–200 nt were produced via in vitro transcription us-
ing DIG RNA labeling mix (Roche).

RNA-IP was performed as previously described (42) with
minor modification. Briefly, cells were lysed in a lysis buffer
[20 mM Tris–HCl (pH 7.4), 200 mM NaCl, 2.5 mM MgCl2,
0.5% Triton X-100, 0.5 U/ml RNase inhibitor (Promega)
and a protease inhibitor cocktail (Roche)] at 4◦C for 30 min.
Lysates were clarified at 12 000 g for 10 min at 4◦C and
the post-nuclear lysates were pre-cleared by incubation with
protein-A/G agarose beads (Roche) at 4◦C for 2 h. Then
the pre-cleared lysates were incubated with antibodies (anti-
Flag or anti-IgG) together with protein-A/G agarose beads
(Roche) at 4◦C for 12 h. The antibody-bound complexes
were washed for five times with the same lysis buffer. Fi-
nally, proteins or RNAs were extracted from the complexes
and analyzed by northern or western blotting as describe
above.

RESULTS

EBOV VP35 has NTP-binding and NTPase activities

Previous studies have revealed that EBOV VP35 is a mul-
tifunctional protein with dsRNA-binding activity that is
important for its ability to suppress immune responses
(31,43,44). To further characterize EBOV VP35, it was
fused with maltose-binding protein at its N-terminal
(MBP–VP35) and then purified (Supplementary Figure S1).
Previous studies have uncovered that EBOV VP35 can be
oligomerized (33,45). To examine if the purified MBP–
VP35 is oligomeric (33,46), MBP–VP35 was purified via

MBP column and ion-exchange (Supplementary Figure
S2A), and then subjected to the size-exclusion chromatog-
raphy analysis using a Superdex 200 column. The purified
MBP–VP35 proteins were eluted in the major peak that
should correspond to a molecular mass of ∼600 kDa, while
monomeric BSA was used as a control that was eluted in its
correct size of ∼67 kDa (Supplementary Figure S2B). Al-
though the effect of shape on elution on size exclusion col-
umn makes it hard to calculate the exact molecular mass of
the MBP–VP35 complex, these results indicate that the pu-
rified recombinant MBP–VP35 should be in an oligomeric
form.

Because a number of viral RNA remodelling proteins
also have NTPase activity (22,34,47), we next examined if
EBOV VP35 has NTPase activity that can hydrolyze NTPs
(ATP, GTP, CTP and UTP) by using a sensitive colorimet-
ric assay that measures the total amount of free orthophos-
phate released after ATP hydrolysis. Our data showed that
MBP–VP35 hydrolyzed all four types of NTPs, with a pref-
erence on ATP, GTP and UTP over CTP (Figure 1A).
Moreover, when increasing concentrations of MBP–VP35
were incubated with ATP, MBP–VP35 can efficiently hy-
drolyze ATP in a dose-dependent manner (Figure 1B; Sup-
plementary Figure S3). Furthermore, because VP35 has
NTPase activity, it is intriguing to examine if this pro-
tein has NTP-binding activity. Our data show that 5′-ATP
agarose can readily pull-down MBP–VP35 but not MBP
alone (Figure 1C), showing that VP35 does bind to ATP. Of
note, MBP protein was expressed and purified exactly same
as MBP–VP35, and showed negligible NTP hydrolysis and
binding.

After determining that EBOV VP35 has NTPase activ-
ity, we then examined its optimal biochemical reaction con-
ditions, including different salt content, Mg2+ concentra-
tions, and pH, by using ATP as the substrate. Our data
showed that 2 mM Mg2+, Mn2+, Ca2+ or Zn2+ could sup-
port the ATPase activity of VP35, and their efficiencies were
as follow: Mg2+>Zn2+>Ca2+>Mn2+ (Figure 1D). MBP–
VP35 showed the optimal ATPase activity in the presence
of 1.5 mM Mg2+, while higher concentrations of Mg2+ had
some inhibitory effect on its ATPase activity; and more im-
portantly, the optimal ATPase activity of VP35 requires
the presence of Mg2+, while VP35 had no ATPase activ-
ity in absence of divalent metallic ion (Figure 1E), similarly
with other NTPases (22,48). Additionally, we observed that
MBP–VP35 achieved its optimal ATPase activity at pH 8.0
(Figure 1F).

Altogether, our data show that EBOV VP35 has both
NTP-binding and NTPase activities.

EBOV VP35 shows RNA helix unwinding activity in an
NTP-dependent manner

To further confirm the dsRNA-binding activity of MBP–
VP35, we incubated the protein with an artificial dsRNA
that was constructed by annealing two complementary
digoxin (DIG)-labeled RNA strands that are derived from
5′ 200-nt egfp ORF, followed by the gel mobility shift assay.
Our data show that while MBP alone showed no dsRNA
binding activity, MBP–VP35 did bind to the RNA he-
lix substrate in a dose-dependent manner (Supplementary
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Figure 1. EBOV VP35 has NTP-binding and NTPase activities. (A) 20 pmol MBP–VP35 was reacted with the indicated NTPs (2.5 mM). The NTPase
activity of MBP–VP35 was measured as nanomoles of released inorganic phosphate by using a sensitive colorimetric assay. (B) 2.5 mM ATP was incubated
with MBP–VP35 or MBP alone at the increasing concentrations, and the ATPase activity was determined. (C) MBP or MBP–VP35 was pulled down by
using maltose- or 5′-ATP agarose, followed by SDS-PAGE and immunoblotting using anti-MBP antibody. (D–F) 20 pmol MBP–VP35 was reacted with
2.5 mM ATP at 2 mM indicated divalent metal ions (D), the indicated concentrations of MgCl2 (E), or the indicated pH (F). MBP alone was used as the
negative control. Error bars represent standard deviation (SD) values from three separate experiments.

Figure S4A and B). Moreover, we generated three EBOV-
specific RNA helix substrates that contain 1–200 nts of
EBOV 5′-UTR, 1–200 nts of 3′-UTR, and 1–200 nts of NP
ORF of EBOV genomic RNA. Our data show that VP35
can bind to these EBOV-specific RNA helices (Supplemen-
tary Figure S4C-E).

Since EBOV VP35 has dsRNA-binding, NTP-binding
and NTPase activities, we speculated that VP35 may serve
as a putative viral RNA remodelling protein. To examine
if VP35 has RNA helix unwinding activity, we constructed
the standard HEX-labeled RNA helix substrate with both
3′ and 5′ single-stranded tails by annealing a short 42-nt
HEX-labeled RNA1 and a long non-labeled 54-nt RNA2
(as illustrated in Figure 2A), which was commonly used
to determine the helix-unwinding activity previously (34).
The helix-unwinding assay was performed by incubating
the RNA helix substrate with MBP–VP35 in a standard un-
winding reaction mixture, followed by the separation of the
substrate strands via gel electrophoresis. Our data showed
that the HEX-labeled RNA strand was efficiently released
from the RNA helix substrate in the presence of MBP–
VP35 (Figure 2B, lane 4), whereas the same helix substrate
was not separated when the negative control (MBP alone)
was present (Figure 2B, lane 3). Of note, the unwinding re-
actions were performed in the reaction mixture containing

ATP and MgCl2; and the boiled helix substrate or the ad-
dition of MBP-fusion EV71 2C, a well-characterized viral
RNA helicase, was used as positive control for helix un-
winding. And the helix-unwinding activity of VP35 is al-
most as robust as that of EV71 2C (Figure 2C).

We then examined whether the RNA helix unwinding
activity of VP35 is ATP-dependent. Our data showed that
MBP–VP35 could only unwind the RNA helix in the pres-
ence of ATP (Figure 2D, lane 4), but not in the absence
of ATP (lane 3) or the presence of AMP–PNP, a non-
hydrolysable ATP analog (lane 5). Moreover, our results
show that the presence of ATP can promote the helix-
unwinding activity of VP35 in a dose-dependent manner
(Figure 2E). Additionally, all four types of NTPs could en-
able VP35 to unwind the RNA helix substrate, and the pref-
erence of the helix unwinding activity of VP35 on different
NTPs is consistent with that of the VP35 NTPase, as CTP is
the least favorable for both activities (Figure 2F and Figure
1A).

To further verify the activities of VP35, we also produced
His6-tagged VP35 (His-VP35). Our results clearly showed
that His-VP35 have the NTPase and helix-unwinding activ-
ities (Supplementary Figure S5). Moreover, because VP35
is an RNA-binding protein, to exclude the possibility that
some contaminant can be co-purified with MBP–VP35
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Figure 2. EBOV VP35 has the NTP-dependent RNA helix unwinding activity. (A) Schematic illustration of the standard RNA helix substrate (R*/R).
Asterisks indicate the HEX-labeled strands. (B) The standard RNA helix substrate (0.1 pmol) was reacted with each indicated protein (20 pmol). And the
unwinding activity was assessed via gel electrophoresis and scanning on a Typhoon 9500 imager. Non-boiled reaction mixture (lane 1) and reaction mixture
with MBP alone (lane 3) were used as negative controls, and boiled reaction mixture (lane 2) and reaction mixture with MBP-fusion EV71 2C (lane 5) were
used as positive controls. (C) The unwinding activities at different MBP–VP35 or MBP-2C concentrations were plotted as the percentage of the released
RNA from the total RNA helix substrate (Y-axis) at each protein concentration (X-axis). (D) MBP–VP35 (20 pmol) was reacted with the standard RNA
helix substrate (0.1 pmol) in reaction mixture in the absence (lane 3) or presence (lane 4) of 5 mM ATP, or in the presence of 5 mM AMP–PNP (lane 5),
followed by unwinding assay. (E) The RNA helix unwinding assay as described in (A) was performed in the presence of increasing concentrations of ATP.
(F) The RNA helix unwinding assay was performed in the presence of each indicated NTP (5mM). For (C), error bars represent SD values from three
separate experiments.

via cellular RNA, we used RNase A to treat MBP–VP35
proteins during the process of protein purification to re-
move any possible RNAs, followed by protein purification,
and the RNA-free MBP–VP35 showed NTPase and helix-
unwinding activities (Supplementary Figure S6).

Taken together, our findings show that EBOV VP35 has
an NTP-dependent RNA helix-unwinding activity.

EBOV VP35 directs RNA helix unwinding in the 5′ to 3′ di-
rectionality

The directionality of helix unwinding is a basic property
of helicases. After finding that EBOV VP35 has the RNA
helix-unwinding activity, we sought to assess its helix un-
winding directionality. For this purpose, we used a classic
assay by constructing three different RNA helix substrates
that are 3′-tailed (Figure 3A), 5′-tailed (Figure 3B), and

blunt ended (Figure 3C), respectively. The three helix sub-
strates were then subjected to the RNA helix-unwinding
assay by being reacted with purified MBP–VP35. Our re-
sults showed that MBP–VP35 efficiently unwound 5′-tailed
RNA helix, but barely unwound 3′-tailed one (Figure 3D).
Moreover, it could not unwind the blunt-ended RNA he-
lix (Figure 3E), like other viral helicases such as EV71 2C
(34). To further determine the unwinding directionality of
VP35, we evaluated its helix-unwinding activity in each di-
rection in the presence of increasing concentrations of ATP.
Our data showed that the increasing concentrations of ATP
failed to promote the unwinding of 3′-tailed helix substrate
(Figure 3F), but efficiently promoted the unwinding of 5′-
tailed helix substrate in a dose-responsive manner (Figure
3G and 3H). In conclusion, our data demonstrated that
EBOV VP35 is able to unwind RNA helix in the direction-
ality of 5′ to 3′.
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Figure 3. EBOV VP35 unwinds RNA helix in the 5′ to 3′ directionality. (A–C) Schematic illustrations of the RNA helix substrates with 3′-tailed (A),
5′-tailed (B), and blunt ends (C). Asterisks indicate the HEX-labeled strand. (D and E) MBP–VP35 (20 pmol) was reacted with 0.1 pmol 3′-tailed (lane 3)
or 0.1 pmol 5′-tailed (lane 4) RNA helix substrate (D), or 0.1 pmol helix substrate with blunt ends (E). (F and G) MBP–VP35 (20 pmol) was reacted with
0.1 pmol 3′-tailed (F) or 5′-tailed (G) RNA helix substrate in the presence of increasing concentrations of ATP. (H) The unwinding activities were plotted
as the percentage of the released RNA from the total 3′-tailed (F) or 5′-tailed (G) RNA helix substrate (Y-axis) at each ATP concentration (X-axis). The
error bars represent SD values from three separate experiments.

Characterization of the RNA helix-unwinding activity of
VP35

To further characterize the optimal biochemical reaction
conditions of EBOV VP35, the purified MBP–VP35 was
reacted with the standard RNA helix substrate (Figure
4A) under different conditions. We observed that the RNA
helix-unwinding activity of MBP–VP35 required the pres-

ence of Mg2+ (Figure 4B, lane 4), while the presence of
Mn2+ could also support the helix-unwinding by VP35 in
a much lesser extent (Figure 4B, lane 5). On the other hand,
although Ca2+ and Zn2+ have been found to support the
NTPase activity of VP35 (Figure 1D), these two ions could
not support the helix-unwinding activity of VP35 (Figure
4B, lanes 6 and 7). Moreover, increasing concentrations of
Mg2+ could promote the helix-unwinding activity of VP35
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Figure 4. Optimal biochemical reaction conditions for the RNA helix unwinding activity of EBOV VP35. (A) Schematic illustration of the standard RNA
helix substrate (R*/R). Asterisks indicate the HEX-labeled strands. (B–D) MBP–VP35 (20 pmol) was reacted with 0.1 pmol standard RNA helix substrate
in the presence of each indicated divalent metal ion (2 mM for each) (B), increasing concentrations of Mg2+ (C), or indicated pH values (D).

in a dose-responsive manner (Figure 4C). Besides, the op-
timal helix-unwinding activity of MBP–VP35 was deter-
mined to be at pH values of 7–8 (Figure 4D, lanes 5 and
6), consistent with the optimal pH for the NTPase activity
of VP35 (Figure 1F).

Because some virus-encoded RNA helix-unwinding pro-
teins can also unwind DNA helix and/or RNA–DNA hy-
brids (22), we sought to examine the possibility for EBOV
VP35. To this end, we generated four different nucleic acid
helix substrates, which are RNA helix R*/R, DNA he-
lix D*/D, RNA–DNA hybrids with longer RNA or DNA
strand (D/R* or R*/D, as illustrated in Figure 5A–D, up-
per panels), respectively. Each of the four different helix
substrates was incubated with MBP–VP35 and subjected
to the standard helix-unwinding assay. Our results showed
that VP35 could unwind RNA helix R*/R (Figure 5A) and
RNA–DNA hybrid D/R* (Figure 5C), both of which have
longer RNA strands. On the other hand, VP35 could not
unwind DNA helix D*/D (Figure 5B) or RNA–DNA hy-
brid R*/D (Figure 5D) that have longer DNA strand. This
finding indicates that the helix-unwinding activity of EBOV
VP35 requires the presence of protruded single-stranded
RNA in the helix substrates, which is consistent with its po-
tential roles in the RNA replication and/or transcription of
an RNA virus.

The NTPase activity is required for the helix-unwinding but
not dsRNA-binding activity of VP35

Because the RNA helix-unwinding activity of EBOV VP35
is NTP-dependent, we sought to determine the region re-
sponsible for the NTPase activity within VP35. Our data
showed that VP35 mutant with the deletion of a.a. 137–
173 (�137–173) failed to hydrolyze ATP (Figure 6A), in-
dicating that this region, which is highly conserved within

multiple filoviruses (Supplementary Figure S7), is crucial
for the ATPase of VP35. Furthermore, we examined the
helix-unwinding and dsRNA-binding activities of the VP35
deletion mutant, and found that while MBP–VP35�137–173
retained its dsRNA binding activity (Figure 6B), it failed
to unwind RNA helix even in the presence of ATP (Figure
6C), ruling out the possibility that the observed NTPase and
helicase-like activities are caused by unknown contaminant
via dsRNA.

In addition, we further assessed the relation of the NT-
Pase activity with the dsRNA-binding and helix-unwinding
activities of VP35 by specifically blocking the NTPase
activity of VP35 using AMP–PNP, the non-hydrolysable
ATP analog. Consistent with our data by using MBP–
VP35�137–173, blocking the NTPase via AMP–PNP treat-
ment efficiently blocked the helix-unwinding activity of
MBP–VP35 in a dose-dependent manner (Figure 6D), but
did not inhibit the dsRNA-binding activity (Figure 6E). To-
gether, our data show that the NTPase activity is required
for the helix-unwinding activity but not the dsRNA-binding
activity of EBOV VP35.

The RNA-binding activity of VP35 is required for its helix-
unwinding activity

The RNA-binding activity is important for the RNA
helix-unwinding activity of helicase. We sought to assess
whether the dsRNA-binding activity of VP35 can affect
its RNA helix-unwinding activity. To this end, two VP35
mutants were constructed, including a deletion mutant
that deletes the dsRNA-binding domain (named as inter-
feron inhibitory domain, IID) of VP35 (�IID) (49–51) and
the point mutant (RKR/AAA) that has its three critical
dsRNA-binding sites (R305, K309 and R312) being mu-
tated to alanine (Figure 7A; Supplementary Figure S8)(50).
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Figure 5. EBOV VP35 unwinds RNA-protruded nucleic acid helices. (A–D) MBP–VP35 (20 pmol) was reacted with 0.1 pmol of standard RNA helix
(R*/R) (A), DNA helix (D*/D) (B), or DNA/RNA hybrid with longer RNA strand (D/R*) (C) or longer DNA strand (R*/D) (D). For (A–D), schematic
illustrations of the helix substrates are illustrated in the upper panels. Asterisks indicate the HEX-labeled strand.

These mutant proteins were then expressed and purified as
recombinant MBP-fusion proteins (Supplementary Figure
S9). Our results showed that both �IID and RKR/AAA
MBP–VP35 mutants completely lost their dsRNA-binding
activities (Figure 7B). Moreover, to examine if VP35 can
bind to EBOV-specific dsRNA, we ectopically expressed
WT or RKR/AAA mutant Flag-VP35 in 293T cells to-
gether with EBOV 3′-UTR1–200 dsRNA, followed by RNA-
IP using anti-Flag antibody. Our data show that WT but
not mutant Flag-VP35 could bind to EBOV 3′-UTR1–200
dsRNA (Supplementary Figure S10).

In addition, we examined the RNA helix-unwinding and
NTPase activities of the dsRNA-binding-defective mutant
(�IID or RKR/AAA) VP35. Our results show that VP35
mutants retained their NTPase activities (Figure 7C). On
the other hand, MBP–VP35WT can unwinds RNA helix
substrate, while the MBP–VP35 mutants failed to do so
(Figure 7D).

Together with the data presented previously (Figure 6),
our results show that the dsRNA-binding and NTPase ac-
tivities of VP35 are independent with each other, while
the helix-unwinding activity requires both dsRNA-binding

and ATPase activities, further confirming that the observed
helicase-like and ATPase activities are VP35-specific.

GuHCl inhibits the ATPase and RNA helix-unwinding activ-
ities of VP35

Previous studies reported that GuHCl can inhibit the NT-
Pase and helix-unwinding activities of some helicases, such
as EV71 2C and human norovirus NS3, as well as the RNA
replication of enterovirus and norovirus. Thus, we sought
to assess whether the NTPase and helicase-like activities of
EBOV VP35 can also be inhibited by this compound. To
this end, the ATPase and helix-unwinding assays were con-
ducted in the presence of MBP–VP35 and increasing con-
centrations of GuHCl. Our data showed that GuHCl could
inhibit the ATP hydrolysis (Figure 8A) and the RNA helix-
unwinding by VP35 in a dose-dependent manner (Figure
8B and C). It is worth to note that the inhibitory effects of
GuHCl on the ATPase and helicase-like activities of EBOV
VP35 are relatively moderate, similarly with the observed
effects on EV71 2C and norovirus NS3 (22,34). Altogether,
GuHCl is an inhibitor of the NTPase and helicase-like ac-
tivities of EBOV VP35 in vitro.
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Figure 6. The NTPase activity of EBOV VP35 is required for its helix unwinding. (A) 20 pmol MBP-fusion WT, �1–50, �137–173, �209–224 and �263–
278 with 2.5 mM ATP, respectively. The NTPase activity of each protein was measured as nanomoles of released inorganic phosphate by using a sensitive
colorimetric assay. (B) 0.1 pmol DIG-labeled dsRNA substrate was incubated with 20 pmol of each indicated protein, and the complex was analyzed
by gel electrophoresis, transferred to membranes and then incubated with anti-DIG antibody conjugated with alkaline phosphatase. Protein-bound and
free RNA strands are indicated. (C) Upper panel: Schematic illustration of the standard RNA helix substrate (R*/R); asterisks indicate the HEX-labeled
strand. Lower panel: The RNA helix unwinding assays were performed by incubating 0.1 pmol standard helix substrate with 20 pmol of each indicated
protein. (D) MBP–VP35 (20 pmol) was reacted with 0.1 pmol of standard RNA helix (R*/R) in the presence of 5 mM ATP with increasing concentrations
of AMP–PNP. (E) 0.1 pmol DIG-labeled dsRNA substrate was incubated with 20 pmol of MBP–VP35 in the presence of increasing concentrations of
AMP–PNP, and the complex was analyzed by gel electrophoresis, transferred to membranes and then incubated with anti-DIG antibody conjugated with
alkaline phosphatase.
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Figure 7. The dsRNA-binding sites of EBOV VP35 are required for its helix unwinding. (A) Schematic illustration of the IID and critical dsRNA-binding
residues in VP35. Asterisks indicate the sites that are replaced with alanine. (B) 0.1 pmol DIG-labeled dsRNA substrate was incubated with 20 pmol of each
indicated protein, and the complex was analyzed by gel electrophoresis, transferred to membranes and then incubated with anti-DIG antibody conjugated
with alkaline phosphatase. Protein-bound and free RNA strands are indicated. (C) 20 pmol MBP-fusion WT, �IID or RKR/AAA VP35 was reacted
with 2.5 mM ATP, respectively. The NTPase activity of each protein was measured as nanomoles of released inorganic phosphate by using a sensitive
colorimetric assay. (D) Upper panel: Schematic illustration of the standard RNA helix substrate (R*/R); asterisks indicate the HEX-labeled strand. Lower
panel: The RNA helix unwinding assays were performed by incubating 0.1 pmol standard helix substrate with 20 pmol of each indicated protein.

GuHCl inhibits the replication/transcription of EBOV
minigenome replicon

Helicase activities are important for the replication of di-
verse viruses (52), thus it would be intriguing to deter-
mine whether GuHCl can also inhibit the replication of
EBOV. Because the live virus experiments of EBOV can
only be conducted in the biosafety level 4 (BSL-4) facil-
ities, EBOV minigenome (MG) replicon systems are usu-
ally used to study EBOV replication under common BSL-2
conditions (53,54). To this end, we utilized a stable EBOV
minigenome replicon system (EBOV replicon cells) that
can stably replicate and transcribe the EBOV minigenomic
RNA [the Gaussia luciferase (GLuc)-encoding ORF was
flanked by the minimal cis-elements located at the two ends
of EBOV genome] in Huh7 cells stably expressing NP, VP35,
VP30, and L (41). The EBOV replicon cells were treated
with GuHCl at the indicated concentrations for 96 h. After
that, we examined the cell viability at the doses we applied,
and found no obvious cytotoxicity until the concentration
of GuHCl up to 2 mM (Figure 8D). And 1 mM GuHCl
did not affect the expression levels of NP, VP30, VP35 and
�-actin (Supplementary Figure S11A). Then, the replica-
tion and transcription of the EBOV minigenome replicon
were examined by measuring the levels of GLuc activity,
minigenomic viral RNA (vRNA), cRNA (complementary
to vRNA; replication intermediate), and viral mRNA. Our
data show that both the replication and transcription of the

EBOV minigenome were inhibited by GuHCl treatment in
a dose-dependent manner (Figure 8E and F).

We further examined whether the effect of GuHCl is
specific to the NTPase and helicase-like activities of VP35
or due to some general denaturing effect. EBOV VP35
has been previous reported to antagonize interferon (IFN)
response and be a viral suppressor of RNA interference
(VSR) (30,43,44). Our data show that GuHCl had little ef-
fect on IFN response in Huh7 cells with or without EBOV
minigenome (Supplementary Figure S11B) and did not
affect the VSR activity of VP35 (Supplementary Figure
S11C). Moreover, the effect of GuHCl to Zika virus (ZIKV)
NS3, which is a well-known monomeric RNA helicase (23),
and found that GuHCl affected neither the helicase activity
of ZIKV NS3 in vitro nor the replication of ZIKV in 293T
cells (Supplementary Figure S12). These data confirm that
the effects of GuHCl to EBOV VP35 and EBOV replicon
are specific.

Of note, the minigenome replication/transcription
seemed be more sensitive to GuHCl treatment than the
biochemical activities of VP35. It is possible that because
EBOV minigenomic RNA replication is a multi-round
process, a slight inhibition in each round can result in an
accumulated effect. Besides, when comparing with tran-
siently transfected minigenome system, this stable EBOV
minigenome replicon has been reported to show high level
of active minigenome replication, and be relatively stable
and even insensitive to IFN treatment or RNA interference,
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Figure 8. GuHCl inhibits the ATPase and RNA helix unwinding activities of VP35, and the replication/transcription of EBOV minigenome. (A) The
ATPase activity of MBP–VP35 was performed in the presence of increasing concentrations of GuHCl. MBP protein alone was used as the negative-control.
(B) MBP–VP35 (20 pmol) was reacted with 0.1 pmol standard RNA helix (as illustrated in the upper panel) in the presence of increasing concentrations of
GuHCl. (C) The unwinding activities in (B) were plotted as percentages of the released HEX-labeled RNA from the total RNA helix (Y-axis) at indicated
GuHCl concentrations (X-axis). MBP protein alone was used as the negative-control. (D–F) The cells harbouring EBOV minigenome replicon were treated
with indicated concentrations of GuHCl (X-axis) for 96 h. The number of viable cells was determined and the cell viability (Y-axis) was calculated as a
percentage of that of the mock-treated cells (D). GLuc activities (E) and RNA levels (F) were measured at 96 h post-treatment of GuHCl with the indicated
concentrations. Minigenomic viral RNA (vRNA), complementary vRNA (cRNA, replication intermediate), and viral mRNA (mRNA). Values (Y-axis)
were expressed as percentages of those of mock-treated cells.

probably due to the persistent replication and the strong
viral RNP stability of this minigenome (41). Therefore,
the inhibitory effect of GuHCl on the replication and
transcription of EBOV minigenome is quite remarkable. In
conclusion, our results show that GuHCl is able to inhibit
the replication and transcription of the EBOV minigenome
replicon in cultured human cells at the concentrations
without apparent cytotoxicity.

DISCUSSION

RNA remodelling proteins, including RNA helicases and
RNA chaperones, are generally believed to play critical roles
in every cellular process involving RNAs by facilitating the
correct folding and refolding of RNA molecules (18,55).
Herein we report for the first time that the EBOV-encoded
multifunctional protein VP35 has NTPase and helicase-like
activities that can bind to NTPs, hydrolyze all types of NTPs
and unwind RNA helices in an NTP-dependent manner.
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Moreover, our work shows that GuHCl, an FDA-approved
small molecule drug, is able to inhibit the NTPase/helicase-
like activities of VP35 in vitro, and more importantly, the
replication and transcription of a stable EBOV minigenome
replicon in cultured human cells.

VP35 has been reported to play pivotal roles in multi-
ple processes of filoviral replication and pathogenesis. And
it is intriguing to ask how the NTPase/helicase-like activ-
ity of VP35 functions in the life cycle of EBOV. VP35 is
a cofactor of polymerase L and an essential component
of filoviral RNP complex, which carries out the EBOV
RNA replication and transcription. Thus, it is plausible
that VP35 can work together with NP and L to medi-
ate the unwinding of dsRNA intermediates produced dur-
ing viral RNA replication/transcription, and/or can aid
the rearrangement of the cis-acting elements within EBOV
mRNA and genomic/antigenomic RNAs, thereby facili-
tating the transcription, translation and encapsidation of
EBOV RNAs or allowing viral RNAs to switch among
distinct processes. However, owing to technical limitations,
virus-encoded RNA remodeling activities are usually stud-
ied in vitro, and it is mostly infeasible to measure the exact
roles of RNA helicases on the structures and functionali-
ties of viral RNAs in infected cells (56). Indeed, GuHCl,
an FDA-approved small compound and well-known in-
hibitor of certain viral helicases, including enterovirus 2C
and norovirus NS3, is able to inhibit the NTPase/helicase-
like activity of EBOV VP35 as well as EBOV minigenome
replication/transcription in cells, implying the functional
importance of the VP35-associated RNA remodeling ac-
tivity in EBOV replication. Future advances in techniques
may overcome the technical barriers and provide mechanis-
tic and dynamic views of how VP35 remodels viral RNA
molecules at different processes of EBOV life cycle.

According to the conventional view, helicases contain
NTPase activity, utilize the energy of ATP binding and hy-
drolysis to melt nucleic acid base-pairings, and are thought
to participate in most ATP-dependent rearrangements of
structured RNAs. Helicases are generally classified into six
superfamilies (SFs), designated SF1 to SF6, on the basis
of conserved helicase motifs. Interestingly, although EBOV
VP35 does not contain any conventional helicase motifs
(57,58), the NTPase/helicase-like activities of VP35 have
most basic biochemical characteristics of canonical RNA
helicases, including the NTP-dependency, the requirement
of divalent metallic ion, and the directionality of helix un-
winding, leading to the question whether the canonical con-
served motifs are not necessary for a protein to possess the
NTPase and RNA remodeling activities. Factually, Ectropis
obliqua picorna-like virus (EoV) 2C protein contains the
conserved motif A, which is commonly recognized as the
core NTP binding and NTPase active site of SF3 helicases
(21), but the NTPase activity of EoV 2C is not dependent
on this motif. In addition, the capsid protein VP5 of Heli-
coverpa armigera cypovirus-5 (HaCPV-5; genus Cypovirus,
family Reoviridae) has the NTPase activity, which is also
Mg2+-dependent and can hydrolyze all kinds of NTPs and
dNTPs, but contains no conserved NTPase/helicase motifs
(27,47). Thus, our current study, together with the previous
studies, imply that some of the NTPase and RNA remod-
eling activities may not strictly rely on conserved motifs in

linear sequences of amino acids, but probably determined
by more sophisticated active sites formed in tertiary protein
structures. In the current study, we have determined that
the middle aa. 137–173 region of EBOV VP35 is critical for
its NTPase activity. This middle region does not belong to
the N-terminal oligomerization domain and the C-terminal
IID, both of whose structures have been resolved (45,50).
Interestingly, although the structure of the VP35 middle
region has not been determined yet, the sequence align-
ment of VP35 proteins from multiple filoviruses, including
Zaire ebolavirus (EBOV), Sudan ebolavirus (SUDV), Re-
ston ebolavirus (RESTV), MARV, and Lloviu virus (LLOV)
shows that this region is highly conserved within Filoviri-
dae (Supplementary Figure S7A). And our predicted sec-
ondary structure from PSI-blast based secondary structure
prediction (PSIPRED) revealed that this region contains
a �-strand and an �-helix (Supplementary Figure S7B)
(59,60). Besides, the motif scan by using the PROSITE
profiles via the MyHits (https://myhits.isb-sib.ch/cgi-bin/
motif scan) suggested that the amino acid T149 of EBOV
VP35 is a possible protein kinase C (PKC) phosphorylation
site (61). These analyses highlight the importance of this re-
gion in the structure and function of filoviral VP35s. Future
studies should reveal whether the �-strand and �-helix as
well as the putative PKC phosphorylation site are critical
for the NTPase/helicase-like activity of VP35.

An interesting question raised by the current study is
that: if RNA remodelling activities are so important to
viruses, why helicase or helicase-like activity has never been
found in NNSVs before? Indeed, numerous, if not all, DNA
viruses and positive-sense RNA viruses have been found
to encode their own helicases, which share the conserved
NTPase/helicase signature motifs with various host heli-
cases of diverse organisms ranging from prokaryotes to
eukaryotes (62,63). Based on the conserved motifs, pu-
tative helicases can be predicted by bioinformatic algo-
rithms before being biochemically confirmed and char-
acterized. And the lack of conserved helicase signature
motifs within EBOV VP35 should be the reason why
the NTPase/helicase-like activities were not predicted and
identified previously. Moreover, the high conservation of
helicase signature motifs suggests that various viral and
host helicases share similar origins. On the other hand,
the NTPase/helicase-like activities of EBOV VP35 should
be evolved independently, suggesting that filoviruses (and
probably other NNSVs) have an earlier evolutionary diver-
gence with positive-sense RNA viruses before the latter ‘ac-
quire’ canonical helicases. More importantly, in the absence
of a canonical helicase, EBOV manages to obtain a helicase-
like activity instead, highlighting its functional necessity to
EBOV. Given that all the members of Filoviridae encode
VP35 proteins, which are functionally analogous to the P
proteins of other NNSVs (5), future studies by us and oth-
ers should investigate whether the NTPase/helicase activi-
ties are general to other filoviral VP35 as well as NNSV P
proteins.

Virus-encoded helicases have long been considered as po-
tential targets for antivirals due to their importance in viral
replication (35). Previous studies have reported that GuHCl
can effectively inhibit the helicase activities of enterovirus
2C and human norovirus NS3, as well as the replication

https://myhits.isb-sib.ch/cgi-bin/motif_scan
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of enterovirus and human norovirus (22,64–66). Similarly,
using the stable EBOV minigenome as the model, we also
found that the helicase-like activity of VP35 and the repli-
cation of EBOV minigenome in cells can be significantly
inhibited with negligible cell toxicity by GuHCl. Guani-
dines are ubiquitously present in nature, and can function
as mediators of specific non-covalent binding in various cat-
alytic processes (64,67). Due to the physicochemical charac-
teristics, guanidine derivatives have been used for drug de-
velopment against diverse diseases, some of which are po-
tential antivirals against hepatitis C virus (HCV), human
immunodeficiency virus (HIV), and flaviviruses (64,67–69),
and GuHCl is a U.S. FDA-approved small compound
drug for the treatment of Eaton-Lambert syndrome (36,37).
Considering the presence of multiple guanidine deriva-
tives, the modification and screening of various guanidine-
containing compounds can probably identify antiviral com-
pounds with better inhibitory effects on EBOV VP35 and
EBOV replication.

In conclusion, this study provides the first demonstra-
tion of the NTPase/helicase-like activity associated with
an NNSV-encoded protein, EBOV VP35, and finds that
GuHCl is an inhibitor of not only the in vitro NTPase
and helicase-like activities of EBOV VP35, but also the
replication/transcription of EBOV minigenome in human
cells. These findings uncover an unexpected novel func-
tion of EBOV VP35, extend the view of RNA remodelling
proteins, provide the evidence that guanidine-containing
compounds may serve as potential candidates for anti-
EBOV/filovirus drug development by targeting VP35, and
shed light on the understanding of EBOV and filovirus
replication and pathogenesis.
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