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The Ebola virus (EBOV) genome encodes for several proteins that are necessary and sufficient for replication
and transcription of the viral RNAs in vitro; NP, VP30, VP35, and L. VP30 acts in trans with an RNA secondary
structure upstream of the first transcriptional start site to modulate transcription. Using a bioinformatics
approach, we identified a region within the N terminus of VP30 with sequence features that typify intrinsically
disordered regions and a putative RNA binding site. To experimentally assess the ability of VP30 to directly
interact with the viral RNA, we purified recombinant EBOV VP30 to >90% homogeneity and assessed RNA
binding by UV cross-linking and filter-binding assays. VP30 is a strongly acidophilic protein; RNA binding
became stronger as pH was decreased. Zn>*, but not Mg>*, enhanced activity. Enhancement of transcription
by VP30 requires a RNA stem-loop located within nucleotides 54 to 80 of the leader region. VP30 showed low
binding affinity to the predicted stem-loop alone or to double-stranded RNA but showed a good binding affinity
for the stem-loop when placed in the context of upstream and downstream sequences. To map the region
responsible for interacting with RNA, we constructed, purified, and assayed a series of N-terminal deletion
mutations of VP30 for RNA binding. The key amino acids supporting RNA binding activity map to residues 26
to 40, a region rich in arginine. Thus, we show for the first time the direct interaction of EBOV VP30 with RNA
and the importance of the N-terminal region for binding RNA.

Ebola viruses (EBOV) are nonsegmented, negative-stranded
RNA viruses, which together with Marburg virus, constitute the
family Filoviridae (18). Filoviruses cause severe and lethal hem-
orrhagic fevers in humans and nonhuman primates and, as such,
are classified as biosafety level 4 (BSL-4) agents (11). Of the eight
proteins encoded by the EBOV genome, the L protein, VP35,
the N protein (NP), and VP30 are proposed to form a ribo-
nucleocapsid complex, along with the genomic RNA (10, 28).
The L protein bears the enzymatic activities required for tran-
scription and replication, whereas VP30 and VP35 are impli-
cated in regulation of transcription and replication (28, 41).
Although the NP is necessary for transcription, its role is still
unknown (28). Phosphorylation of VP30 positively regulates its
binding to NP and negatively regulates its transcriptional ac-
tivity (26). In addition, enhancement of transcription by VP30
requires a putative RNA secondary structure located within
nucleotides (nt) 54 to 80 of the leader region (44). Deletion of
the predicted RNA secondary structure permits VP30-inde-
pendent transcription of viral messengers (44). These reported
activities of VP30 suggest the possibility of a direct interaction
of VP30 with EBOV RNA in its role in transcription. In ad-
dition, the N terminus of VP30 contains a Zn>* binding Cys;-
His motif (25) and is rich in basic amino acids (34), which can
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interact with nucleic acid, and provided impetus for our studies
here. By analogy, a homologue of VP30, the M2-1 protein of
human respiratory syncytial virus (hRSV), has a Cys;-His motif
that binds hRSV leader RNA with an apparent dissociation
constant of 90 nM (8, 14). Mutation of three cysteine residues
of the Cys;-His motif led to a significant reduction of hRSV
recovery (39).

Recent publications with the minigenome system for EBOV
suggest at least two possible mechanisms that VP30 may use in
its transcriptional regulatory role. One possible mechanism
could be that VP30 interacts with one or more of the other
nucleocapsid proteins, polymerase, NP or VP35, and promotes
increased stability of the transcriptional complex. An increase
in the number of active transcription initiation complexes or
the increased stability of the transcriptional elongation com-
plex would yield higher levels of mRNA, which is the reported
role of VP30 (28). Muhlberger and coworkers looked for trun-
cated transcripts to determine whether VP30 had a role in
promoting transcriptional elongation but did not observe any
differences in the presence or absence of VP30 (44). Alterna-
tively, VP30 may interact directly with viral RNA(s) to regulate
transcription. In this model, VP30 could operate in one or
more ways, such as protection of synthesized transcripts from
degradation and turnover, stabilization of the genomic tem-
plate to enhance transcript synthesis by the polymerase, or
binding to RNA to recruit the other nucleocapsid proteins. We
test here the hypothesis that VP30 may directly interact with
RNA and thereby promote transcription. We therefore
searched the VP30 sequence for signatures and features typical
of RNA-binding proteins. After having identified a putative
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RNA binding motif within an intrinsically disordered region of
VP30, we expressed EBOV VP30, along with a series of dele-
tion constructs, in a bacterial expression system and purified
them to homogeneity. We used UV cross-linking and filter-
binding assays to examine their ability to bind RNA and dem-
onstrate for the first time the RNA binding activity of EBOV
VP30. We also mapped this activity to the N-terminal region of
VP30.

MATERIALS AND METHODS

Bioinformatics analysis of EBOV VP30. The VP30 sequences used in the
present study were retrieved from the VaZYMoLo (12) and RefSeq (30) data-
bases. The accession numbers are as follows: VAZy178 (strain Zaire), VAZy399
(strain Reston), and NC_006432.1 (strain Sudan). Hydrophobic cluster analysis
was carried out with the program DRAWHCA (5). Secondary structure predic-
tions were performed with PSI-PRED (24) and the Predict Protein Server (33).
Prediction of NORS (for nonregular secondary structure) regions was done with
the NORSp server (http://cubic.bioc.columbia.edu/servicess/NORSp) (23).

Disorder predictions based on the net charge hydrophobicity method (40) and
amino acid composition analysis were carried out as previously described (17).
The protein sequence was submitted to the Disembl (http:/www.dis.embl.de) (22),
Disopred2 (http://bioinf.cs.ucl.ac.uk/disopred) (43), Globplot (http://globplot
.embl.de) (21), FoldIndex (http://bip.weizmann.ac.il/fldbin/findex) (46), IUPred
(http://iupred.enzim.hu) (9), and RONN (http://www.strubi.ox.ac.uk/RONN)
(45) servers using the default settings. The PONDR server (http://www.pondr
.com) (19, 31, 32) was used to run both VL-XT and VS-L1 predictions using the
default parameters. Access to PONDR was provided by Molecular Kinetics
(IUETC, Indianapolis, IN).

Cloning of the EBOV VP30 gene. The gene coding for VP30 of EBOV Zaire
strain Mayinga (EBOV-Z) was amplified by using total RNA isolated from Vero
EG6 cells infected with EBOV-Z (a gift from Captain Timothy Nelle) under BSL-4
conditions. EBOV-Z-infected cells were treated with TRIzol reagent to isolate
the total RNA as described by the manufacturer (Invitrogen, Carlsbad, CA). The
EBOV-Z VP30 gene was amplified from total RNA by using reverse transcrip-
tion-PCR and Pfx polymerase (Invitrogen). The primers used (5'-CCG GCC
ATG GAA GCT TCA TAT GAG AG AGGA CG-3' and 5'-CCT CGA GAG
GGG TAC CCT CAT CAG ACC ATG AGC-3") were complementary to the 5’
and 3’ ends of the coding sequence (in italics) for EBOV-Z VP30. All primers
contained the recognition site for either Ncol or Xhol restriction endonucleases
(underlined). The blunt-ended VP30 amplicon obtained from PCR was ligated
directly into pCR-Blunt II-TOPO as described by the manufacturer (Invitrogen).
Plasmid DNA containing the desired insert was isolated, and the insert DNA was
excised by Ncol/Xhol digestion. The insert was ligated into pET19b, which
allowed for the desired insert to be excised by Xbal/Xhol digestion and sub-
cloned into pET21b. The resulting final construct pET-VP30 (EBOV-Z) was
confirmed by restriction analysis and DNA sequencing using a 3100 genetic
analyzer (Applied Biosystems, Foster City, CA) and found to be the gene coding
for EBOV-Z VP30 fused with a C-terminal His, tag.

Construction of deletion mutants. Deletions of the VP30 gene were con-
structed with the BD In-Fusion PCR cloning kit (BD Biosciences, San Jose, CA).
Primer design was done according to the BD In-Fusion Dry-Down PCR cloning
kit user manual from BD Biosciences. Primers were synthesized and purified at
IDT (Coralville, IA). The following forward primers were used for creating each
mutant, VP30A1-11, 5'-CCG GCG ATG GCC ATG GGC GCT GCC AGA
CAG CAT TCA A-3'; VP30A1-26, 5'-CCG GCG ATG GCC ATG GGC GCA
CGA TCA TCA TCC AGA A-3'; VP30A1-40, 5'-CCG GCG ATG GCC ATG
GGC CCA TCA AGG AGC GCC TCA-3"; VP30A1-59, 5'-CCG GCG ATG
GCC ATG GGC GTT GAA CCA TTA ACA GTT CCT CCA-3'; VP30A1-72,
5'-CCG GCG ATG GCC ATG GGC CCG ACC TTG AAA AAA GGA TTT
TTG T-3'; VP30A1-90, 5'-CCG GCG ATG GCC ATG GGC CAG TTG GAG
AGT TTA ACT GAT AG-3'; and VP30A1-106, 5'-CCG GCG ATG GCC ATG
GGC ACT TGT GGA TCA GTA GAA CAA CA-3'. The reverse primer used
in conjunction with each forward primer was 5'-GGT GGT GCT CGA GAG
GGG TAC CCT CAT CAG ACC A-3'. In brief, the 5" end of the forward and
reverse primers for cloning of the truncated VP30 gene fragments into pET22b
vector share 15 bases of sequence homology with the sequences on either side of
the site of amplification and one extra base that recreated Ncol and Xhol sites.
Two additional nucleotides were added to the primer design that introduced an
additional Gly after the first amino acid in each mutated protein. PCR was
performed with HiFi Tag DNA polymerase (Invitrogen) for 25 cycles to amplify
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the VP30 gene fragments. PCR products were purified with a PCR purification
kit (QIAGEN, Valencia, CA). The fragments were cloned into pET22b at the
Ncol and Xhol sites. Recombination between pET22b and PCR products was
carried out according to the BD In-Fusion cloning procedure in the BD In-
Fusion Dry-Down PCR cloning kit user manual. The reaction mixtures were
digested with Dpnl and transformed into DHS5a-competent cells. Resultant
colonies were screened by PCR, and their coding sequences were confirmed by
DNA sequencing. Plasmids containing VP30 fragments were transformed into
BL21(DE3) (Novagen, San Diego, CA), selected for ampicillin resistance, and
examined for their ability to express proteins of the correct size.

Construction of site-directed mutations in VP30. Primers were designed to
introduce the site-directed mutations into pET-VP30 according to the
QuikChange multi-site-directed mutagenesis kit from Stratagene (La Jolla, CA).
The primer (IDT) sequences (nucleic acid substitutions underlined), named by
the corresponding amino acid mutations, were: R28A, 5'-GAC CAC CAT GTT
CGA GCA GCA TCA TCA TCC AGA GAG AAT TAT C-3'; R32A, 5'-GAG
CAC GAT CAT CAT CCG CAG AGA ATT ATC GAG GTG-3'; R36A,
5'-CAT CCA GAG AGA ATT ATG CAG GTG AGT ACC GTC AAT CAA
G-3'; R40A, 5'-GAA TTA TCG AGG TGA GTA CGC TCA ATC AAG GAG
CGC CTC AC-3'; R28A/R32A, 5'-GAG CAG CAT CAT CAT CCG CAG
AGA ATT ATC GAG GTG-3'; and R32A/R36A/R40A, 5'-CAT CCG CAG
AGA ATT ATG CAG GTG AGT ACG CTC AAT CAA G-3'. Colonies were
screened by DNA sequencing for the required mutations. The quadruple mutant,
R28A/R32A/R36A/R40A, was constructed by sequential cloning of each muta-
tion until all four were obtained in a single clone.

Expression and purification of wild-type and mutant VP30. Wild-type and
mutant VP30 proteins were expressed in BL21(DE3) cells by the autoinduction
method as described by Studier (38), with the following modifications. Tryptone
was used instead of NZ amine in making ZYM 5052 media. For the optimization
of autoinduction, cells were cultured in a 500-ml volume. Cells were harvested by
centrifugation, lysed in 100 pl of 1X sample buffer (100 mM Tris [pH 6.8], 2%
sodium dodecyl sulfate [SDS], 5% B-mercaptoethanol, 15% glycerol, 0.01 mg of
bromophenol blue/ml, and 4 M urea), and subjected to SDS-polyacrylamide gel
electrophoresis (PAGE). For the purification, bacterial cells were grown in 500
ml of medium at 37°C and harvested after 24 h by centrifugation at 7,000 rpm for
10 min. The pellet was resuspended in 15 ml of phosphate-buffered saline on ice.
A total of 0.2 mg of lysozyme (Sigma, St. Louis, MO)/ml was added, and cells
were lysed at 4°C for 45 min. Cells were further lysed by douncing for 10 min and
sonication for 1 min, three times, with a 2-min interval on ice. Insoluble material
was collected by centrifugation at 30,000 X g for 30 min. The pellet was resus-
pended in 15 ml of buffer A (20 mM Tris [pH 8.0], 1 M NaCl, 8 M urea, 0.1 mM
EDTA, 1.0 mM dithiothreitol [DTT], 1 ml of protease inhibitor cocktail [Sigma],
and 5 mM imidazole) and mixed on a platform shaker for about 1 h at room
temperature. The mixture was sonicated again as described above and centri-
fuged at 30,000 X g for 30 min at 4°C. The supernatant was collected and loaded
onto 1 ml of Ni-NTA resin (QIAGEN) which was pre-equilibrated with buffer A.
The column was washed with 10 ml of buffer A and then 10 ml of buffer A
containing 50 mM imidazole. The protein was eluted from the column with 10 ml
of buffer A containing 1 M imidazole. One-milliliter fractions were collected,
examined by SDS-PAGE, and quantified by the Bradford method (Bio-Rad,
Hercules, CA). The eluted fractions with approximately more than 90% purity
were taken and diluted to a uniform concentration of 0.02 mg/ml and dialyzed
consecutively against 2 liters of buffer B (40 mM HEPES [pH 7.4], 1 M NaCl, 20
mM BME, protease inhibitor cocktail, 50 uM ZnCl,, 10% glycerol, and 0.1%
CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}) with
3,2, 1, and 0 M urea each for 24 h at 4°C. The protein fractions were dialyzed
twice at 4°C in 2 liters of buffer C (40 mM HEPES [pH 7.4], 200 mM NaCl, 1.0
mM DTT, protease inhibitor cocktail, 50 wuM ZnCl,, and 10% glycerol) for a
total of 24 h. Then, 0.76 pg of protein in 1X sample buffer was loaded for
SDS-PAGE and Western blot analysis. For Western blot analysis of VP30, we
used a mouse monoclonal anti-His tag antibody for the primary (Sigma) and an
anti-mouse immunoglobulin G coupled with alkaline phosphatase for the sec-
ondary antibody. The alkaline phosphatase was developed in situ on nitrocellu-
lose membrane with BCIP/NBT substrate (Sigma).

For additional purification of the VP30 by gel filtration, 3 ml of VP30 eluted
from the Ni-NTA resin and dialyzed as described above was concentrated to 300
wl with a Centricon-10 (Millipore, Billerica, MA) and passed through a
Sephacryl S400HR (Sigma) column pre-equilibrated with buffer A. Then, 1-ml
fractions were collected while eluting the column with buffer A.

RNA substrates and 3P end labeling. RNAs were synthesized by IDT (Cor-
alville, IA) with the EBOV Zaire strain leader sequence (5'-UUUUGUGUGC
GAAUAACUAUGAGGAAGAUUAAUAAUUUCCUCUC; NCBI accession
no. AY354458). A total of 0.67 pmol of EBOV leader (L) (+)36-80 RNA was
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end labeled with polynucleotide kinase (New England Labs, Ipswich, MA) in a
150-ul reaction for 1 h in nuclease-free buffers with 0.2234 wCi of [**P]ATP
(Perkin-Elmer, Wellesley, MA) at 37°C. 3?P-unincorporated nucleotides were
removed by passing the reaction through a G-25 spin column (Perkin-Elmer).
The RNA was heated for 15 min at 85°C and cooled to 4°C slowly (0.4°C/min) in
a thermocycler in 150 mM NaCl. Typically, the probes had a specific activity of
0.1425 pCi/pmol RNA.

UV cross-linking. In a standard reaction, a 49 nM concentration of >*P end-
labeled RNA was preincubated with 142 nM VP30 in nuclease-free reaction
buffer (40 mM HEPES [pH 7.4], 150 mM NaCl, 25 mM KCI, 1 mM DTT, and 5%
glycerol) at 37°C for 15 min. The RNA-VP30 complexes were covalently cross-
linked by exposing binding reactions to 1.8 kJ of UV light (Hoeffer UVC500, GE
Health Care Biosciences Corp., Piscataway, NJ). Unbound RNA was digested
with 50 U of RNase A (Ambion, Austin, TX) at 37°C for 30 min. Reactions were
stopped by adding 5 sample buffer (1X sample buffer is 100 mM Tris [pH 6.8],
2% SDS, 5% B-mercaptoethanol, 15% glycerol, 0.01 mg of bromophenol blue/
ml, and 4 M urea). Reactions were heated to 95°C and separated by SDS-12%
PAGE. Gels were dried, and the results were visualized by exposure to autora-
diographic film or by using a Storm 840 phosphorimager (GE Healthcare Bio-
Sciences Corp.). Signals were quantified by using ImageQuant TL (GE Health-
care Bio-Sciences Corp.). Then, 0.075 wCi of '*C protein marker (Amersham
Biosciences, Pittsburgh, PA) was loaded, along with samples, for calculating the
apparent molecular mass of the complex.

To study the ability of VP30 to bind to EBOV leader RNA under different pH
conditions, reaction buffers were made with 40 mM PIPES (pH 5.8 and 6.8), 40
mM morpholinepropanesulfonic acid (pH 7.0 and 7.4), and 40 mM Tris, (pH 7.8,
8.0, and 8.4). For the Zn>" chelator treatments, 15 uM 1,7-phenanthroline and
1,10-phenanthroline in dimethyl sulfoxide (DMSO; 10% total) were preincu-
bated with VP30 at 37°C in the reaction buffer for 15 min before the addition of
the end-labeled RNA. A reaction with 10% DMSO without chelators was in-
cluded as a positive control.

Filter binding. VP30 protein was serially diluted in buffer C and incubated
with RNA at 37°C for 15 min in reaction buffer (40 mM HEPES [pH 7.4], 150
mM NaCl, 25 mM KCI, 1 mM DTT, and 5% glycerol). The reactions were slot
blotted onto nitrocellulose membrane (0.2-wm pore size; Bio-Rad), which was
prewet with reaction buffer at room temperature. Membranes were washed with
250 pl of reaction buffer and air dried. Background contribution of nonspecifi-
cally bound RNA was measured by filtering the whole reaction in the absence of
protein. The signals were quantified by using a Storm phosphorimager as de-
scribed above. The apparent dissociation constant (K,;) was calculated by fitting
a sigmoid binding curve to the empirical data using the Origin program version
7 (Origin Lab Corp., Northampton, MA). The apparent K, corresponds to the
concentration of VP30 protein required to obtain half-saturation, assuming the
complex formation obeys a simple bimolecular equilibrium. Another assumption
made was that the complex did not dissociate during filtration.

RESULTS

Bioinformatic analysis of VP30. Examination of the EBOV
(strain Zaire) VP30 sequence using hydrophobic cluster anal-
ysis, revealed the presence of two structured domains (amino
acids [aa] 45 to 119 and 141 to 267), typically enriched in
hydrophobic clusters (Fig. 1A). Three disordered regions de-
pleted in such clusters were observed: they span residues 1 to
44, 120 to 140, and 268 to 288 (Fig. 1A). Hydrophobic cluster
analysis carried out on two other EBOV VP30 sequences
(strains Reston and Sudan) revealed the same overall modular
organization as for the Zaire strain (data not shown). The
three intrinsically disordered regions were also predicted by
using ab initio methods as detailed in Materials and Methods.
Analysis of the 1-50 region by the net charge/hydrophobicity
method (40) confirmed that this region is intrinsically unstruc-
tured. Analysis of the deviation in amino acid composition of
the disordered N-terminal region indicated that it is depleted
in order-promoting residues (W, C, Y, V, I, L and F) and
enriched in disorder-promoting residues (R, G, Q, P, K, E, D,
and S), with arginine being highly over-represented (four times
more represented than in globular proteins) (data not shown).
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Further, there was no predicted secondary structure elements
in the 1-50 region (Fig. 1B). A region with no regular second-
ary structure and exposed to the solvent is predicted within aa
1 to 97. However, the presence of a Cys;-His type zinc-finger
motif in the 72-90 region (Fig. 1B) prevents meaningful pre-
dictions of disorder within this latter region. Indeed, metal-
binding regions may have features of disordered regions but
can be stabilized upon binding to ions, thus leading to gain of
structure (40).

It has long been noticed that PONDR can highlight poten-
tial molecular recognition elements; these elements are re-
gions within an intrinsically disordered protein that have a
propensity to bind to a partner and thereby to undergo induced
folding (i.e., a disorder-to-order transition) (3, 4, 13, 29). Po-
tential binding sites appear as sharp drops in the middle of long
disordered regions (for examples, see reference 29). Notably,
analysis of the PONDR VL-XT prediction for the 1-45 region
indicates the presence of such a drop within residues 26 to 32
(Fig. 1A), supporting a predicted role for this short stretch in
binding to a partner/ligand. The occurrence of a zinc-finger
motif—an evolutionary conserved motif in proteins with RNA
processing functions—downstream of the N-terminal intrinsi-
cally disordered region, together with the enrichment in argi-
nine residues, supports the hypothesis that the ligand could be
RNA. Notably, the hydrophobic cluster analysis indicates that
the 26-32 region does not exhibit clear structural propensities,
suggesting that this region could be involved in a disorder-to-
order transition upon binding to RNA without, however, gain-
ing any regular secondary structure elements.

Altogether, these results suggest that the N-terminal region
of VP30 has the sequence properties that typify intrinsically
disordered regions and possesses a putative binding site within
residues 26 to 32. This site may act in synergy with the zinc-
finger motif located in the proximity.

Expression and purification of VP30. EBOV VP30 was ex-
pressed in BL21(DE3) cells, and expression was controlled by
the autoinduction method as previously described (38). Opti-
mum induction occurred after a 24-h incubation at 37°C (data
not shown). Additional incubation to 48 h did not yield higher
levels of recombinant protein. Most of the VP30 protein was
expressed as inclusion bodies, and we were unable to identify
conditions that resulted in soluble recombinant protein (data
not shown). Thus, we used denaturing conditions to purify
VP30, since native conditions failed to purify it (data not
shown). Nickel affinity chromatography was used in the puri-
fication procedure (Fig. 2A). Yields typically ranged from 200
to 280 pg from a 500-ml culture. The protein fractions were
refolded by using a slow renaturation procedure that we have
used successfully for several retroviral integrases (1, 2, 15, 42)
and hantaviral N proteins (16, 36). Human immunodeficiency
virus type 1 (HIV-1) integrase was included as a refolding
control in each purification, as well as the vector alone, which
provided a negative control for subsequent studies. Since VP30
has been shown to be a Zn*" binding protein (25), we included
Zn** ion in all of the buffers used for refolding.

High-molecular-mass bands, higher than that expected for
VP30, were observed in all preparations of VP30 at approxi-
mately 100, 135, and 250 kDa (Fig. 2A). In addition, these
higher molecular mass bands were detected by Western blot
analysis of the VP30 protein with an anti-His, antibody (Fig.
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FIG. 1. (A) The top panel shows a hydrophobic cluster analysis plot of Zaire EBOV VP30 (accession no. VAZy178). Conventions are explained
(or detailed) in the caption. Globular regions are characterized by a thick distribution of hydrophobic clusters, while unstructured regions are poor
or devoid of hydrophobic clusters. Consistently predicted disordered regions are indicated by a black bar under the plot. The bottom panel shows
a PONDR VL-XT prediction of the region spanning residues 1 to 45. The threshold of significance for disorder prediction is set to 0.5. The sharp
drop in the prediction, encompassing residues 26 to 32, is indicated by a pink bar. These latter residues are also highlighted in the hydrophobic
cluster analysis plot using the same color code. (B) Primary structure of Zaire EBOV VP30 (accession no. VAZy178). Consistently predicted
disordered regions are underlined. Residues belonging to the potential RNA binding site are indicated in pink, while residues building up the

Cys,-His zinc finger are indicated in green. Predicted secondary structure elements are also shown.

2B). The fractions from the Ni-NTA chromatography were
pooled, dialyzed, concentrated to 300 wl, and gel filtrated
through a 50-ml Sephacryl 200 column in buffer A (data not
shown). Analysis of the eluted fractions showed the presence
of the higher-molecular-mass complexes, which suggested that
they were oligomers of VP30. To confirm the identity of the
bands, the high-molecular-mass bands visualized in SDS-
PAGE analyses were isolated, and their identity was confirmed

by matrix-assisted laser desorption ionization—time of flight
spectroscopy. The protein match searches for each of the four
major bands visualized by SDS-PAGE (Fig. 2A) matched the
EBOV VP30 with a protein score of 101 to 105 (data not
shown). The presence of the higher-molecular-mass bands in
the SDS-PAGE suggests that VP30 forms stable oligomers,
since strong denaturing conditions of 4 M urea in the 1X
sample buffer and boiling were not able to dissociate the oli-
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FIG. 2. (A) Silver-stained SDS-PAGE analysis of purified VP30.
Protein was purified by nickel affinity chromatography from
BL21(DE3) cells expressing VP30 in lane 2 and from cells with vector
alone (V) in lane 3. (B) Western blot analysis of purified VP30. Puri-
fied VP30 was separated by SDS-12% PAGE and transferred to ni-
trocellulose membrane. The second lane shows VP30 detected with
anti-His, monoclonal antibody coupled with alkaline phosphate en-
zyme. Prestained molecular mass marker is shown in lane 1.

gomers completely. Overall, these results reflect a purity of ca.
90%, as determined by SDS-PAGE analysis.

Analysis of RNA-VP30 interaction. VP30-dependent tran-
scriptional activity depends on an RNA secondary structure
formation at the position encompassing nt 54 to 80 in the
antigenome (44). We hypothesized that VP30 may interact
directly with RNA within this leader region. A synthetic RNA
probe of the EBOV leader (nt 36 to 80), EBOV L(+)36-80,
was used to probe the ability of VP30 to interact with RNA.
We used the positive-sense viral RNA since we hypothesized a
transcriptional control through a posttranscriptional mecha-
nism. EBOV L(+)36-80 contains the predicted secondary
structure (54-80) and has an additional 18-nt extension at the
5" end (Fig. 3A). The RNA and VP30 were assembled in
nuclease-free reaction mixtures at 37°C for 15 min, which was
followed by UV irradiation, and then subjected to autoradiog-
raphy. Autoradiography revealed a major band of 35 kDa,
together with some additional higher-molecular-mass bands
(Fig. 3B, lane 3), which correspond to the VP30-RNA complex
monomer and oligomer conformations of VP30. A bacterial
culture with vector alone was included as a mock purification
for possible background contaminants. These protein prepara-
tions did not show any detectable bands in the UV cross-
linking assay (Fig. 3B, lane 1). In addition, bovine serum al-
bumin, included as a negative control, was not able to form a
complex with the RNA probe (Fig. 3B, lane 2). We also used
a nonspecific RNA (NS RNA) in these studies. The NS RNA
was obtained through a reiterative process of submitting se-
quences to MFOLD that might minimize secondary structures
and to contain a higher concentration of C rather than G. This
NS RNA showed lower binding levels in comparison to an
EBOV-specific RNA for competing with VP30-RNA complex
in a filter-binding assay (Fig. 3Aiii and C). This shows that
VP30-RNA interaction is more specific to EBOV RNAs.
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RNA probe, with an additional small stem-loop at the 5" end (1 and 2)
differing in the base pairing of the 5’ stem-loop. The free energy (dG)
for each structure in kilojoules is given above each structure. (B) Anal-
ysis of RNA binding activity of purified VP30. Proteins purified from
BL21(DE3) with vector alone (V, lane 1) or vector with VP30 (lane 3)
were incubated for 10 min with 49 nM EBOV L(+)36-80 RNA at 37°C
and cross-linked with 1.8 kJ of UV light. Complexes were separated on
SDS-12% PAGE and subjected to phosphorimaging as described in
Materials and Methods. (C) Competition of VP30-RNA interaction
with specific and nonspecific RNA. Complexes formed from VP30 and
radiolabeled RNA [EBOV L(+)36-80] were challenged by addition of
5% 107 M to 1.6 X 10~° M nonlabeled EBOV L(+)36-80 RNA and
a nonspecific RNA. RNA-protein complex was then captured onto
nitrocellulose membrane by filtration and phosphorimaged. The error
bar represents the standard deviation for each reaction.

Optimization of ionic strength, metal ion, and pH in VP30-
RNA binding assays. The reaction conditions for the interac-
tion of VP30 with RNA were titrated with NaCl, pH, and
magnesium to optimize RNA binding levels. The NaCl con-
centration was titrated from 50 to 400 mM, and the potassium
chloride concentration was titrated from 100 to 0 mM. The
highest level of VP30-RNA interaction was observed at 150
mM NaCl and 25 mM KCI (data not shown). The RNA bind-
ing activity was reduced to the nondetectable levels when NaCl
concentrations reached 400 mM.

Mg>" ion concentrations were also examined from 0 to 12.5
mM, with salt concentrations at 150 mM NaCl and 25 mM
KCl. The reaction without Mg>" ion showed the highest activ-
ity, with threefold-higher activity than the reaction performed
at 1.25 mM MgCl, (data not shown). The increase in Mg " ion
concentration to 12.5 mM reduced the activity significantly
(data not shown).

The optimal pH was assessed from pH 5.8 to 9.3 in reactions
of VP30 and EBOV L(+)36-80 RNA. No Mg*" was used in
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FIG. 4. Influence of Zn** on VP30-EBOV leader RNA binding
activity. VP30 was incubated with 32 nM EBOV L(+)36-80 RNA.
(A) Effect of EDTA in the refolding buffer. VP30 was dialyzed in the
presence of 50 wM ZnCl, (lane 3) or 10 mM EDTA (lane 4). (B) In-
fluence of Zn>" chelator on EBOV L(+)36-80 RNA interactions.
VP30 was treated with a Zn** chelator, 1,10-phenanthroline (lane 5),
and nonchelator 1,7-phenanthroline (lane 6). '*C molecular mass
markers (M) are shown in lanes 1 in both panels A and B.

these reactions, and the salt concentrations were held at 150
mM NaCl and 25 mM KCI. The lowest pH tested had the
highest activity, suggesting that low pH values favor the VP30-
RNA interaction (data not shown).

Requirement of Zn>* ion. VP30 has been shown to be a
Zn*" binding protein by colorimetric assays (25). To test
whether Zn** was required for the RNA binding activity of
VP30, we refolded denatured Ni-affinity-purified VP30 in the
presence or absence of ZnCl,. VP30 was refolded in two sets,
with one set having 50 uM ZnCl, in the buffer B and buffer C
and the other set without ZnCl, but with 10 mM EDTA. Both
sets had the same concentrations of wild-type VP30 protein
and were dialyzed at 4°C with stepwise lowering of urea con-
centration as described in Materials and Methods. The protein
refolded in the presence of EDTA had only negligible binding
activity (Fig. 4A, lane 4). However, the protein refolded in the
presence of ZnCl, bound RNA (Fig. 4A, lane 3). In addition,
we tested the Zn?" chelators, 1,10-phenanthroline, and as a
control, the structural analog 1,7-phenanthroline. Hence, 1,10-
phenanthroline chelates Zn** very effectively and should ab-
late RNA binding ability if the Zn®" binding Cys,-His motif is
involved. However, its structural analog 1,7-phenanthroline
has no significant chelating abilities and should not interfere
with Zn*" chelation and this motif (20). Only reactions with
the nonchelating 1,7-phenanthroline showed VP30-RNA bind-
ing (Fig. 4B). The positive control reaction with 10% DMSO
had no significant difference in activity compared to the reac-
tion without (Fig. 4B, lanes 3 and 4).

Specificity of VP30’s interaction with RNA. To further ex-
amine the substrate preferences of VP30, substrates were de-
signed within the region of nt 34 through 95 so as to create
substrates with the stem-loop, double-stranded RNAs, as well
as substrates with 3’ or 5’ extensions of the stem-loop (Fig. 3A
and 5A). In addition to the secondary structure predicted at
the position from nt 56 to 79, an additional stem-loop is pre-
dicted with MFOLD for EBOV L(+)36-80 at the 5" end at nt
37 to 48 (Fig. 3A). MFOLD secondary structure predictions
for the EBOV L(—)36-80 sequence showed a secondary struc-
ture from nt 38 to 60, a single-strand region from 60 to 80, and
two nucleotide extensions at the 5’ end (Fig. 5Ai). EBOV
L(+)51-95 has a 3’ single-strand extension of 17 nt in addition

J. VIROL.
A
dG=-T7.1
-~ D
ﬁBED d[i=—‘i[}.0 dG=-7.1
- - - ~ D
o (5] £ =1 L1 =1 =]
- E wl BE E EE 2
L1 (4]
-88 o E 5
! - 3] o o
! = B = =1
1 g TH0g — B 0¢« o
' 2 i 2 ] P e
g P8° 2
3 | |
! 2 i - :
; E: Em g g
8 g 8 g
i. EBO L{ -)36-80 il EBO L{ +)51-95 iii. EBO L{ -)51-95 (1)
dG=-67
P S dG =-10.0 dG=-7.1
- -] a ®
g : ‘/ o -
25,5 2 B3 "EED
% g g% - B EU R
< ] ﬁ & gs e gu
ad_ Bsd ¢ 2958 590
gs_- 3 § g 8§ 8
iv. EBOL(-)51-95(2) v.EBOL{+)54-80  vi. EBO L(-)54-80
B
g120
b=
e
100
I
2 80 A
m
= 60 -
Er
i3] A
g a0
&
v 20 4
g
2 0 e
1 2 3 4 5 6 7 8 9 10
= = = wy wy w = = = =L
® ® & g9 9 g ® = 2z 4
¥} =] [¥-1 —_ — — 8 =+ -+ [=2}
o b @ 0 n in o0 pal
i X ] i P i) + T )
3 o3 < = 3 5 3 = ¥
2 8 g 2 B ¢ 8 & 3
m i ol g o g

FIG. 5. (A) Secondary structure prediction of RNA substrates used
in VP30 interaction studies. The structure was predicted by MFOLD
program version 3.2. Two different conformations were predicted for
probes EBOV L(+)51-95 (subpanels iii and iv). The free energy (dG)
for each structure in kilojoules is given above each structure. (B) RNA
binding activity of VP30 with single-stranded and double-stranded
RNAs. RNA-protein complexes were captured on nitrocellulose mem-
branes and exposed to a phosphor screen. The average pixel value
obtained for VP30 with probe EBOV L(+)36-80 was taken as 100%,
and the relative percentage was calculated for other reactions. The
error bar represents the standard deviation for each reaction.

to 5 nt at the 5’ end, prior to the single secondary structure
from 56 to 79 (Fig.5Aii). EBOV L(—)51-95 has a 5-nt exten-
sion at the 3’ end and a 17-nt extension at the 5’ end in
addition to the secondary structure. Two alternate MFOLD
structures were predicted for EBOV L(—)51-95, one with a
second stem-loop structure at the 5’ end (Fig. 5Aiii and iv).
EBOV L(+)54-80 had minimal 5’ or 3’ extensions predicted
within its secondary structure (Fig.5Av). EBO L(—)54-80 was
predicted to have two nucleotide extensions at both ends
(Fig.5Avi). Double-stranded RNAs were prepared by mixing
together these complementary RNAs.
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Filter-binding assays were used to explore the substrate pref-
erence of VP30. For comparison purposes, the filter-binding
signal obtained for the probe EBOV L(+)36-80 was taken as
100%, and the relative signal was calculated for the other
RNAs. Surprisingly, only the substrates that were predicted to
have either 5" or 3’ extensions from the secondary stem-loop
structure showed VP30 binding activity (Fig. 5B, lanes 1, 2, 4,
and 5). The RNA substrate with the shortest 5" or 3’ extension
had only negligible activity (Fig. 5B, lanes 7 and 8). Finally, we
tested the interaction of VP30 with double-stranded RNA.
Double-stranded RNAs showed only negligible activity com-
pared to the single-stranded RNA probes (Fig. 5B, lanes 3, 6,
and 9). Taken together, these data suggest that VP30 had very
low affinity to the predicted stem-loop or to double-stranded
RNA.

The RNA interacting domain of VP30 maps to N terminus.
VP30 has a highly basic N terminus, which also contains a
Zn*" binding motif as mentioned previously (25, 34). Indica-
tions provided by the bioinformatics analysis for EBOV VP30,
together with the observed higher affinity for RNA at low pH
values, suggested a role for the N terminus in this interaction.
To test this hypothesis, we constructed a series of deletion
mutations in the N terminus. Each mutant was purified under
identical conditions and refolded at the same concentration as
that of the wild-type protein (Fig. 6A). Three independent
experiments yielded 90% or more homogeneous protein. As
with the wild-type VP30, higher oligomeric complexes were
detected by SDS-PAGE analysis of mutant proteins (Fig. 6A).

The purified VP30 mutant proteins were examined for their
ability to interact with RNA at a concentration of 0.2 pg each
in a 40-pl total volume by using UV cross-linking assay. Only
the mutant proteins, VP30A1-11 and VP30A1-26, were active
for RNA binding by UV cross-linking. The proteins with de-
letions from positions 27 through 106 had no detectable RNA
binding activity (Fig. 6B). This suggests that the amino acids at
the positions from 27 to 40 are important for the RNA inter-
action. To explore the potential of the arginine residues within
this region to be involved in the observed RNA binding, we
made the following VP30 mutants; R28A, R32A, R36A and
R40A. Each mutant was purified and refolded under identical
conditions and concentrations as that of the wild-type protein
(Fig. 7B). In addition to the single mutants, we made a double
mutant (R28A/R32A), a triple mutant (R28A/R32A/R40A),
and a quadruple mutant (R28A/R32A/R36A/R40A). We used
UV cross-linking and/or filter binding to probe the activity of
each mutant (data not shown). Three of the single amino acid
mutants—R28A, R32A, and R36A—showed an RNA binding
affinity similar to the wild-type VP30; however, the binding
activity of R40A was reduced fourfold (Table 1). The apparent
K, values were measured by filter binding since UV cross-
linking does not provide this level of sensitivity.

Binding affinity of the wild type and substitution mutants of
VP30. The apparent dissociation constants of the wild-type
VP30 protein was calculated from the filter-binding assay data.
EBOV L(+)36-80 RNA (7.9 nM) was titrated with increasing
concentrations of WT VP30 (9.52 X 10" M to 5.2 X 107”7
M). The apparent dissociation constants of VP30 mutants
R28A, R32A, R36A, and R40A were calculated by titrating
EBO L(+)36-80 RNA (7.9 nM) with purified mutant proteins
(6.0 X 107 ''M to 8.6 X 10~ ** M) using a filter-binding assay.
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FIG. 6. (A) VP30 and N-terminal deletions of VP30 purified by
nickel affinity chromatography. Molecular mass markers (M) are
shown in lane 1. (B) UV cross-linking assay of VP30 wild type (WT)
and VP30 N-terminal deletions with VP30-EBOV L(+) RNA. The
RNA binding affinity of each VP30 mutated protein was measured
with EBOV L(+)36-80 RNA. Reactions were assembled and UV
cross-linked as described in Materials and Methods.

The apparent K,, determined as the concentration at which
half-saturation is obtained, was averaged and calculated from
three replicate values by using the Origin program (Fig. 7A
and Table 1).

DISCUSSION

Several lines of evidence suggested a direct interaction of
VP30 with RNA in its role in transcriptional regulation of
EBOV. As a first step toward studying the function of VP30,
we carried out a bioinformatics analysis of the VP30 sequence
in order to unveil possible RNA-binding motifs. This led us to
identify three intrinsically disordered regions. Further analysis
of the N-terminal disordered region pointed out the presence
of a short amino acid stretch (residues 26 to 32) possibly
involved in binding to a ligand. The presence of a zinc-finger
motif downstream of this binding motif, as well as the relative
enrichment of this region in arginine residues, suggests that the
ligand could be RNA. After purifying a series of EBOV VP30
deletion proteins, we experimentally confirmed this prediction.
The results presented here represent the first report of the
biochemical purification of the EBOV VP30 protein and of its
RNA binding activity.
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FIG. 7. (A) Saturation curve of VP30. VP30 was titrated from
9.52 x 107" M to 5.2 X 1077 M with 7.9 nM 5’ end-labeled EBOV
L(+)36-80 RNA. The percentage of total RNA bound is plotted
against the concentration of VP30 in a logarithmic scale. The y axis
shows the percentage of RNA bound, and the x axis shows the molar
concentration of VP30. (B) VP30 and VP30 mutants purified by nickel
affinity chromatography. A prestained molecular mass marker is shown
in lane 1.

Denaturation followed by renaturation has been adopted
previously for the elucidation of RNA binding activity of the
hRSV M2-1 protein (8). A similar method was adopted for the
purification of highly insoluble VP30 protein. The VP30 pro-
tein was shown to have a strong propensity to form oligomers,
as judged by both SDS-PAGE and gel filtration. The purity of
the protein was estimated to be 90%. Two assays, UV cross-
linking and filter binding, were developed to assess VP30’s
ability to interact with RNA.

The RNA interaction observed in vitro was independent of
the presence of Mg®" ions. However, the binding activity of
VP30 was dependent on the presence of Zn** ion that was
added during refolding of the protein. Moreover, preincuba-
tion of the protein refolded in the presence of Zn?** with Zn**
chelators abolished the RNA binding activity. Interaction of
VP30 with RNA was strongly dependent on pH, and higher
RNA binding activity was observed at a lower pH. It is possible
that at the lower pH, the highly basic amino acids at the N
terminus become more protonated and thus provide more
affinity for the VP30 for interaction with the negatively charged
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RNA. The RNA binding was observed at the low ionic con-
centration range tested, with the higher ionic strength abro-
gating the RNA interaction completely.

One of the important characteristic features of filoviral tran-
scription start signals is that each has a predicted stable RNA
secondary structure (27, 34). Even though the function of most
of these secondary structures is not known, the transcriptional
activity of EBOV requires VP30 and the presence of sequences
surrounding the transcription initiation site of NP gene in the
leader region (44). We hypothesized that VP30 binds to the
stem-loop of the leader sequence. However, we determined
that VP30 had a lower binding activity for the stem-loop region
or double-stranded RNA, suggesting that VP30 does not bind
to the stem or loop region in the leader RNA. Our data suggest
that the 3’ or 5’ extensions were required for VP30 binding,
which implies that VP30 interacts outside the stem-loop or that
these regions may require the formation of complex structures
with the step-loop. It may also simply require a free 5'-end.
With the exception of EBOV L(+)36-80 and EBOV L(—)51-
95, all substrates had only linear 3" or 5" extensions based on
MFOLD predictions. However, both EBOV L(+)36-80 and
EBOV L(—)51-95 probes had single-strand regions predicted
in the 5’ extensions. This suggests that VP30 may require the
regions within the predicted single-strand regions of the RNA
substrates. Weik et al. have previously shown that the deletion
of the stem-loop destroys the VP30-dependent transcription
(44). Recently, it has been shown that VP35, another key
component required for the transcription and replication of
EBOV, binds double-stranded RNA (6). It is possible that the
VP30 acts as a regulator for VP35 and prevent VP35 stalling at
the double-strand regions of the RNA, by virtue of its lower
affinity for such regions, and thus allowing transcription to
continue. Further studies are needed to completely elucidate
the role of VP30 in EBOV transcription.

The presence of the Cys;-His motif and the enrichment in
basic amino acids in the N terminus led us to postulate that the
RNA interacting domain of VP30 is in the N terminus. Exper-
iments showed that VP30 proteins with N-terminal deletions
from 26 to 40 were inactive for RNA binding. This strongly
suggests that residues 26 to 40 are important for the RNA
interaction of VP30. VP30 has tyrosine (35 and 39) as well as
arginine (28, 32, 36, and 40) residues therein. Moreover, the
RXRSXXS motif spanning residues 27 to 33 of EBOV VP30 is
highly conserved in filoviruses (Fig. 8). Notably, R40A, but
none of the other arginine residues, showed an ~4-fold in-
crease in its K, which suggests its involvement in RNA bind-
ing. Furthermore, our Zn®" chelation studies suggest that
Cys;-His motif also plays a role in RNA binding. The absence
of RNA binding activity of the proteins, VP30A1-40 and
VP30A1-59, which still possess the Cyss-His motif, suggests

TABLE 1. Apparent dissociation constants for wild-type VP30 and
substitution mutants of VP30

Protein
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ZAIRE (21)
MARBURG (33)
RESTON (21)
SUDAN (26)

HDHHVRARSSSRENYRGEYROSRSASQVRVPTVFHKKRVE
-NHHFRARSMSSTRSSTESSPTNHIPRARPPSTFNLSKP-
YENPSRSRSLSRDPNQVDRROPRSASQIRVPNLFHRKKTD
----- RTRSISRDKTTTDYRSSRSTSQVRVPTVFHKK---

FIG. 8. Amino acid alignment of the N terminus of VP30 from
published filovirus sequences. The sequences of VP30 for the Zaire (aa
21 to 61), Marburg (aa 33 to 78), Reston (aa 21 to 61), and Sudan (aa
26 to 58) viruses were aligned by using Vector NTI (version 9.1)
software.

that a Cys;-His motif alone does not have RNA binding activ-
ity. Hence, the RNA binding domain may result from three-
dimensional arrangement of these two regions. The fact that
the activity of VP30 was strongly dependent on the presence of
Zn** ions suggests that the intact Zn>*-bound Cys,-His motif
may be required for the interaction of the protein with RNA,
albeit indirectly. As with the EBOV VP30 protein, the RNA
binding domain of M2-1 protein of hRSV was mapped to aa 59
to 85 within the N terminus (8). The Cys;-His domain of M2-1
protein present in the first 30 amino acids was not required for
the RNA binding activity of M2-1 (8). Interestingly, residues 29
to 31 and serine residues at positions 42, 44, and 46 have been
shown to be phosphorylated and involved in modulating the
transcriptional activity of EBOV VP30 (26). Hence, phosphor-
ylation of VP30 might lead to a block in RNA binding activity
and thus of transcription.

The dissociation constant of VP30-RNA interaction was
comparable to the dissociation constants calculated for the
M2-1 protein of hRSV-RNA interaction (8) and for other viral
RNA binding proteins of RNA viruses. For example, the dis-
sociation constant of Hantaan virus nucleocapsid protein has
been reported to be 14 nM when the sodium chloride concen-
tration was kept at 100 mM (35). Similarly the purified HIV-1
Tat protein interacts with TAR RNA with an apparent disso-
ciation constant of 10 nM (37). The NS1 protein of influenza A
virus on the other hand, interacts with double-stranded RNA
with an apparent dissociation constant of 1 pM (7). Compar-
ison of these dissociation constants shows that VP30 binds
RNA with a rather high affinity, which is comparable to that of
other RNA binding proteins of RNA viruses.

In summary, we show for the first time the direct interaction
of VP30 with RNA. In addition, we show the importance of the
N-terminal region of VP30 for this activity and the lower af-
finity of VP30 for stem-loop and double-stranded RNA re-
gions. Current efforts are under way to build upon these bio-
chemical studies in order to further elucidate the role of the
RNA binding domain using the minigenome reporter systems.
The information obtained here will prove valuable in mapping
these complex interactions within the context of the cell.

A structural study either by nuclear magnetic resonance or
X-ray crystallography of VP30 will be important in elucidating
role of the two regions shown here to be involved in RNA
binding.
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