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ABSTRACT The filoviruses Marburg virus (MARV) and Ebola virus (EBOV) cause
hemorrhagic fever in humans and nonhuman primates, with high case fatality rates.
MARV VP30 is known to be phosphorylated and to interact with nucleoprotein (NP),
but its role in regulation of viral transcription is disputed. Here, we analyzed phos-
phorylation of VP30 by mass spectrometry, which resulted in identification of multi-
ple phosphorylated amino acids. Modeling the full-length three-dimensional struc-
ture of VP30 and mapping the identified phosphorylation sites showed that all sites
lie in disordered regions, mostly in the N-terminal domain of the protein. Minige-
nome analysis of the identified phosphorylation sites demonstrated that phosphory-
lation of a cluster of amino acids at positions 46 through 53 inhibits transcription.
To test the effect of VP30 phosphorylation on its interaction with other MARV pro-
teins, coimmunoprecipitation analyses were performed. They demonstrated the in-
volvement of VP30 phosphorylation in interaction with two other proteins of the
MARYV ribonucleoprotein complex, NP and VP35. To identify the role of protein phos-
phatase 1 (PP1) in the identified effects, a small molecule, 1E7-03, targeting a non-
catalytic site of the enzyme that previously was shown to increase EBOV VP30 phos-
phorylation was used. Treatment of cells with 1E7-03 increased phosphorylation of
VP30 at a cluster of phosphorylated amino acids from Ser-46 to Thr-53, reduced
transcription of MARV minigenome, enhanced binding to NP and VP35, and dramati-
cally reduced replication of infectious MARV particles. Thus, MARV VP30 phosphory-
lation can be targeted for development of future antivirals such as PP1-targeting
compounds.

IMPORTANCE The largest outbreak of MARV occurred in Angola in 2004 to 2005
and had a 90% case fatality rate. There are no approved treatments available for
MARYV. Development of antivirals as therapeutics requires a fundamental understand-
ing of the viral life cycle. Because of the close similarity of MARV to another member
of Filoviridae family, EBOV, it was assumed that the two viruses have similar mecha-
nisms of regulation of transcription and replication. Here, characterization of the role
of VP30 and its phosphorylation sites in transcription of the MARV genome demon-
strated differences from those of EBOV. The identified phosphorylation sites ap-
peared to inhibit transcription and appeared to be involved in interaction with both
NP and VP35 ribonucleoproteins. A small molecule targeting PP1 inhibited transcrip-
tion of the MARV genome, effectively suppressing replication of the viral particles.
These data demonstrate the possibility developing antivirals based on compounds
targeting PP1.
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arburg virus (MARV) and Ebola virus (EBOV) are members of the family Filoviridae,

order Mononegavirales, and cause highly lethal hemorrhagic fevers in human and
nonhuman primates (1). Human outbreaks of MARV infection occur regularly in Central
Africa; the largest and the most deadly outbreak was reported in Angola in 2004 to
2005 with a 90% case fatality rate (2). Currently, there are no approved vaccine or
antiviral therapies for humans infected with MARV.

The MARV genome is a negative-sense single-stranded RNA of approximately 19 kb
that encodes seven genes: NP (nucleoprotein), VP35, VP40, GP (glycoprotein), VP30,
VP24, and L (RNA-dependent RNA polymerase) (3, 4). MARV VP30 together with NP,
VP35, and L form the nucleocapsid complex. However, VP30 is dispensable for nucleo-
capsid formation (5, 6). Experiments with an EBOV minigenome demonstrated a VP30
requirement for transcriptional activity (7). In contrast, in an MARV minigenome system,
NP, VP35, and L were sufficient to achieve viral transcription and replication, rendering
VP30 nonessential (8-11). On the other hand, RNA interference (RNAi) knockdown of
VP30 in MARV-infected cells strongly suppressed the expression of all viral proteins and
reduced the release of progeny virus (12), pointing to an important role of VP30 in the
MARYV life cycle. Thus, the role of VP30 in the MARV life cycle remains unresolved.

We along with others previously demonstrated that EBOV VP30 is phosphorylated at
six N-proximal serine residues at positions 29 to 31,42, 44, and 46 and at threonine
residues at positions 143 and 146 (13, 14). Phosphorylation of VP30 blocks transcription
of EBOV genes (13, 15). This blockade is accompanied by a shift of polymerase activity
from transcription to replication (9, 14). Finally, we identified the role of cellular protein
phosphatase 1 (PP1) in dephosphorylation of EBOV VP30 and demonstrated that a
small-molecule compound, 1E7-03, targeting PP1 increases VP30 phosphorylation and
strongly inhibits replication of EBOV (14).

Investigation of the effects of mutations of putative phosphorylation sites in
plasmid-expressed MARV VP30 on its total phosphorylation resulted in identification of
several phosphorylation sites, most of which are located in the serine-rich region
spanning amino acids 40 to 51. Some of the identified phosphorylation sites were
demonstrated to be shared with EBOV VP30 (5). The role of MARV VP30 phosphoryla-
tion in viral transcription, however, remained unexplored. In this study, we performed
a comprehensive analysis of MARV VP30 phosphorylation using high-resolution mass
spectrometry (MS). We investigated the role of VP30 in viral transcription and deter-
mined the role of the identified phosphorylation sites. We also tested the PP1-targeting
compound 1E7-03 for the inhibition of MARV minigenome, for its effect on MARV VP30
phosphorylation in cultured cells, and for replication of MARV particles. We found that
the effect of MARV VP30 phosphorylation on transcription activity of viral polymerase
is different from the role of phosphorylation of EBOV VP30. We also found that 1E7-03
effectively inhibits replication of MARV particles.

RESULTS

Dynamic phosphorylation of the N-terminal part of MARV VP30. We analyzed
phosphorylation of vector-expressed VP30 and VP30 in MARV viral particles using mass
spectrometry. Flag-tagged MARV VP30 was expressed in 293T cells, immunoprecipi-
tated from cellular lysates, and resolved by 10% SDS-PAGE (Fig. 1A, lane 1). Previously,
we observed a strong increase in EBOV VP30 phosphorylation in cells treated with the
PP1-targeting compound 1E7-03 or a pan-phosphatase inhibitor, okadaic acid (14).
Thus, we also analyzed MARV VP30 phosphorylation in 293T cells treated with 1E7-03
or okadaic acid (Fig. 1A, lanes 2 and 3). Interestingly, either treatment resulted in a
reduced level of VP30 that can be associated with downregulation of RNA polymerase
Il activity (16-18), which drives the expression of VP30 from the cytomegalovirus
promoter. High-resolution liquid chromatography-tandem MS (LC-MS/MS) analysis of
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FIG 1 Analysis of MARV VP30 phosphorylation by LC-MS/MS. (A) Purification of Flag-tagged MARV VP30 for LC-MS/MS analysis. Cells were transfected with
a VP30-expressing plasmid, untreated (lane 1) or treated with 10 wM 1E7-03 overnight (lane 2) or 0.1 uM okadaic acid (OA) for 2 h (lane 3). Lane 4, molecular
weight (MW) markers. The arrow indicates the position of VP30. (B) MS/MS analysis of MARV VP30 conducted with Proteome Discoverer, version 1.4, and
the SEQUEST search engine. Peptides were in-gel digested with trypsin, eluted, and subjected to MS analysis on a Thermo linear trap quadrupole (LTQ)
Orbitrap XL mass spectrometer. Shown is the sequence of VP30. Peptides identified with high and low probability are shown in green and blue,
respectively, and the phosphorylated residues are indicated with asterisks. (C) Identified VP30 phosphopeptides. (D to F) MS/MS spectra of selected
phosphorylated and nonphosphorylated VP30 peptides: SSAESSPTNHIPR, ARPPsTFNLSKPPPPPK, and AALSLTCAGIR, as indicated. Lowercase letters indicate
phosphorylation (s) or alkylation (c). Color peaks indicate matched MS/MS fragments, where green indicates precursors, and blue and red indicate y and

b ions, respectively.
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tryptic peptides extracted from the gel identified 47% of MARV VP30 protein sequence
excluding the N-terminal part containing a Flag tag and the C-terminal part (Fig. 1B,
green and red indicate peptides identified with high and low confidence, respectively,
and the N-terminal Flag tag sequence is italicized). Analysis of posttranslational mod-
ifications using Proteome Discover, version 1.4, identified phosphorylation of Ser-46,
Ser-47, Ser-50, Ser-51, Thr-53, Ser-63, Thr-64, Ser-68, Thr-102, Thr-172, and Ser-173 (Fig.
1B, indicated with asterisks); the corresponding peptides are listed in Fig. 1C. The
MS/MS spectra of peptides containing representative phosphorylated residues Ser-47
and Ser-63 and a nonphosphorylated peptide (residues 186 to 196) are shown in Fig.
1D to F.

To analyze phosphorylation of VP30 in MARV particles, we propagated the virus in
293T cells and purified samples in a sucrose gradient. Viral preparations were inacti-
vated by heating at 95°C in 4% SDS for 15 min, and MARV proteins were analyzed by
10% SDS-PAGE (Fig. 2A). The protein gel was cut into equal fragments, and peptides
were extracted after in-gel trypsinization and analyzed by high-resolution LC-MS/MS as
described above. We detected VP30 with 57% coverage (Fig. 2B) and identified 12
phosphorylated serine and threonine residues (Fig. 2C), including Ser-8, Ser-63, Thr-64,
Ser-68, Thr-118, Ser-130, Ser-132, Ser-134, Thr-172, Ser-173, Ser-179, and Thr-181. The
MS/MS spectra of peptides containing representative phosphorylated residues Ser-8,
Ser-63, and Ser-130 are shown in Fig. 2D to F. Interestingly, the identified phosphory-
lation sites in MARV virion-associated VP30 only partially overlapped those in plasmid-
expressed VP30 as a cluster of amino acids from Ser-46 to Thr-53 was not phosphor-
ylated. These data suggested that the cluster is dynamically phosphorylated, as recently
described for the cluster of N-terminal amino acids in EBOV VP30 (19).

Comparison of VP30 sequences across filoviruses (Fig. 3) demonstrated that except
for Ser-50, all the identified phosphorylation residues are conserved in the Ravn virus,
which is the only other member, in addition to MARV, of the genus Marburgvirus.
However, among the other filoviruses, including EBOV, which belong to the genus
Ebolavirus, only one site appeared to be conserved.

Small-molecule targeting of protein phosphatase 1 increases phosphorylation
of MARV VP30. To determine if treatment with PP1 inhibitors, a PP1-targeting com-
pound 1E7-03 and okadaic acid, increases phosphorylation of MARV VP30, we quanti-
fied the detected phosphopeptides using SIEVE, version 2.1, software that performs
label-free quantification. Nonphosphorylated peptide AALSLTCAGIR (in which the low-
ercase “c” indicates alkylation) was used for normalization (Fig. 4A) and phosphopep-
tides ARPPSTFNLSKPPPPPK and SSAESSPTNHIPR (in which the lowercase “s” indicates
phosphorylated residues) were quantified (Fig. 4B and C). Treatment of cells with
1E7-03 or okadaic acid significantly increased the levels of SSAESSPTNHIPR and de-
creased the levels of ARPPSTFNLSKPPPPPK (Fig. 4D). These data demonstrate that
small-molecule targeting of PP1 induced phosphorylation in the cluster of phosphor-
ylated amino acids from Ser-46 to Thr-53 of MARV VP30.

Most of the identified VP30 phosphorylation sites are located in disordered
regions. The full-length three-dimensional structure of MARV VP30 has not been
experimentally determined. Only the structures of the C-terminal domains of MARV
VP30 (PDB accession number 5T3W), EBOV VP30 (residues 142 to 266, PDB accession
number 2I8B; residues 142 to 271, PDB 5DVW), and Ebola virus Reston VP30 (residues
142 to 266, PDB accession number 3V70) (20, 21) have been solved. For structural
insight and a fuller understanding of the implication of the identified MARV VP30
phosphorylation sites, we modeled the structure of full-length (281 amino acids) MARV
VP30 protein (GenBank accession number YP_001531157) using the Rosetta/Robetta
protocols (22). The constructed three-dimensional structure demonstrated that VP30
comprises two distinct domains, residues 1 to 129 and residues 130 to 281 (Fig. 5, gold).
Fine-mapping revealed structured domains alternating with unstructured domains.
Most of the N terminus, specifically, residues 1 to 18 and residues 26 to 72, was found
to be intrinsically disordered. This region was found to be followed by an ordered
region (residues 75 to 115). These two subdomains form domain 1. A disordered region
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FIG 2 Analysis of MARYV virion-associated VP30 phosphorylation by LC-MS/MS. (A) Purification of MARV for LC-MS/MS analysis. (B) MS/MS analysis of MARV
VP30 conducted with Proteome Discoverer, version 1.4, and the SEQUEST search engine. Peptides were in-gel digested with trypsin, eluted, and subjected
to MS analysis on a Thermo LTQ Orbitrap XL mass spectrometer. Shown is the sequence of VP30. Peptides identified with high and median probabilities are
shown in green and blue, respectively, and the phosphorylated residues are shown with black asterisks. (C) Identified VP30 phosphopeptides. (D to F) MS/MS
spectra of representative phosphorylated peptides from virion-derived MARV VP30: MQQPRHRsR, ARPPsTFNLSKPPPPPK, and SPQDcGsPSLSK, as indicated.
Lowercase letters indicate phosphorylation (s) or alkylation (c). Color peaks indicate matched MS/MS fragments, whereby green indicates precursors, and blue
and red indicate y and b ions, respectively.
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FIG 3 Comparison of MARV VP30 (GenBank accession number P35258) with Ravn virus VP30 (RAVV) (Q1PDC6),
EBOV VP30 (EBOV) (Q05323), human respiratory syncytial virus M2-1 (HRSV) (P04545), and human metapneumo-
virus M2-1 (HMPV) (Q8QN58) proteins. Multiple-sequence alignment was done using Clustal Omega. The blue box
in the top group of sequences indicates a region rich in arginines and lysines unique for filoviruses, which supports
the role of this protein as a transcription antitermination factor. The red box in the second group indicates a zinc
finger motif, and the blue box in this group indicates another region rich in arginines and lysines, followed by a
leucine-rich region which indicates its role as an oligomerization domain. Note that two leucines are also conserved
in RSV and HMPV. The common core roughly corresponds to residues 132 to 253 of MARV VP30. The symbols
indicate various levels of sequence conservation: asterisk, fully conserved; semicolon, conserved between groups
of amino acids with strongly similar properties; period, conserved between groups of amino acids with weak
similarity. Dashes indicate gaps in sequence alignment. The phosphorylated residues identified in the current study
are shown in brown.

at residues 116 to 148 was found to connect domain 1 to the C-terminal domain 2.
Domain 2 was found to be mostly structured but with three short disordered fragments
at residues 206 to 210, 272 to 274, and 276 to 281 imparting flexibility. Disorder
mapping using RONN software (23) confirmed the results from Rosetta/Robetta (data
not shown). Next, we superimposed the modeled structure of MARV VP30 on the crystal
structure of the EBOV VP30 C-terminal domain (PDB accession number 2I8B) (Fig. 5,
blue) for comparison. The superimposition showed a close similarity of the C-terminal
domains of EBOV and MARV VP30. This common core is also shared by M2-1 transcrip-
tion antiterminator proteins of human respiratory syncytial virus (HRSV) (PDB accession
number 4C3D) and human metapneumovirus (HMPV) (PDB accession number 4CS7)
(24, 25). Similar to findings for HRSV and HMPV, the domain was found to be rich in
lysines and arginines to bind RNA. This was further supported by the presence of the
zinc finger (ZnF) domain common to these proteins (Fig. 3). The N terminus of MARV
VP30, which was found to be disordered, is likely to be engaged in interaction with RNA
and is accessible for phosphorylation.

Mapping of the 18 identified phosphorylation sites to the three-dimensional struc-
ture showed that nearly all of the phosphorylation sites are located in the unstructured
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Ratios of the ion peaks for ARPPSTFNLSKPPPPPK and SsAESSPTNHIPR peptides in 1E7-03- or okadaic
acid-treated cells to that in nontreated cells. Values are means =+ standard deviations based on three
samples. Peaks were integrated, and a P value was calculated using SIEVE, version 2.1.*, P = 8.7 X 1073,
P =43 X 10",

N-terminal domain: Ser-8 is in the flexible N terminus; Ser-46, Ser-47, Ser-50, Ser-51, and
Thr-53 are in a random coil; Ser-63 is just before a B-strand; Thr-64 is in the B-strand;
Ser-68 is in a coil immediately following the B-strand; and Thr-102 is in a coil (Fig. 5).
Residues Thr-118, Ser-130, Ser-132, and Ser-134 lie in the long loop connecting to the
ordered C-terminal domain, Thr-172 and Ser-173 are located on a short linker loop in
the C-terminal domain, and Ser-179 and Thr-181 lie on ordered helices but are
otherwise accessible (Fig. 5). Analysis of the identified phosphorylation sites for the
relative solvent accessibility using a previously published approach (26) demonstrated
that they are generally moderately to very accessible (Table 1). These values are
consistent with the extended and flexible nature of the N terminus of MARV VP30.
VP30 is required for effective transcription of MARV. Previous studies demon-
strated that only NP, VP35, and L are required for MARV transcription and replication
whereas VP30 is dispensable (8-11). We explored these findings further by using an
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FIG 5 Mapping of the identified phosphorylation sites on the modeled three-dimensional structure of
MARV VP30. The modeled full-length structure of MARV VP30 is shown in gold. The molecule comprises
the unstructured N-terminal half and the ordered C-terminal half. The indicated phosphorylated residues
show oxygen atoms in red. The superimposed structure of the C-terminal half of EBOV VP30 is shown in
cyan.

improved MARV minigenome that utilized a Renilla luciferase reporter gene together
with codon-optimized support plasmids. This system shows a better signal-to-noise
ratio and higher expression of the reporter gene than nonoptimized plasmids (27). First,
the minigenome system was optimized to achieve the greatest activity of Renilla
luciferase in the MARV minigenome by comparing at least three different concentra-
tions for all support plasmids expressing NP, VP35, VP30, and L, as well as MARV
minigenome and T7 polymerase. The Renilla luciferase activity was normalized to that
of a firefly luciferase expressed from a cotransfected plasmid. As expected, the absence
of either L or T7 or minigenome completely abolished MARV minigenome transcription
in both Vero-E6 and 293T cells (Fig. 6A and B, graphs). Lack of a VP30 expression vector
resulted in significant 27% and 33% reductions in MARV transcription in Vero-E6 and
293T cells, respectively. These data were further confirmed by analysis of Renilla
luciferase protein expression by Western blotting, which demonstrated its reduced

TABLE 1 Relative solvent-accessible surface area values of MARV VP30

Position? Residue rSASA value®
8 Ser 0.57
46 Ser 0.44
47 Ser 0.15
50 Ser 0.30
51 Ser 0.16
53 Thr 0.25
63 Ser 0.18
64 Thr 0.57
68 Ser 0.42
102 Thr 0.67
118 Thr 0.17
130 Ser 0.83
132 Ser 0.41
134 Ser 0.26
172 Thr 0.64
173 Ser 0.19
179 Ser 0.19
181 Thr 0.09

aThe majority (14 out of 18) of the identified phosphorylation sites are located in unstructured and flexible
regions. Thr-181, which lies in the structured C-terminal domain inside a helical turn, is poorly exposed.
Nevertheless, this, as well as all other phosphorylated residues, is solvent accessible. Ser-130 lies on a highly
flexible loop and has a high relative solvent-accessible surface area (rSASA) value.

bThe average rSASA value based on all 18 phosphorylation sites is 0.36.
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FIG 6 VP30 is required for effective transcription. Luciferase signal in the absence of VP30 was normal-
ized to that in the presence of VP30 in Vero-E6 (A) and 293T (B) cells. Top panels show minigenome
analysis; bottom panels show Western blot analysis of Renilla luciferase expression. Values are means =+
standard errors of the means based on triplicate samples. *, P < 0.05 for comparisons of results to those
with the full set of plasmids (one-way analysis of variance and Dunnett’s test). The experiments in panels
A and B were performed three times, resulting in essentially similar data.

luciferase expression in the absence of VP30 (Fig. 6A and B, blots). Thus, VP30 is
required for effective MARV transcription, but, in contrast to EBOV VP30, lack of MARV
VP30 does not completely abolish transcription.

VP30 phosphorylation inhibits transcription of MARV genome. We next deter-
mined the role of the identified VP30 phosphorylation sites in MARV polymerase
activity. We used plasmid-expressed VP30 with an N-terminal Flag tag to replace the
nine phosphorylation sites identified by MS (Ser-46, Ser-47, Ser-50, Ser-51, Thr-53,
Ser-63, Thr-64, Ser-68, and Thr-102) with alanines. None of the substitutions affected
VP30 expression (Fig. 7, bottom panel). Testing of the constructs in the minigenome
system using luciferase signal demonstrated that alanine substitutions of Ser-46, Ser-47,
Ser-50, Ser-51, and Thr-53 significantly increased (P < 0.05) MARV transcription by 40
to 70% (Fig. 7, top).

We next mimicked VP30 phosphorylation by generating VP30 aspartic acid mutants,
S46D and S51D. None of the mutations affected VP30 expression or minigenome
transcription (Fig. 8A). We also tested the effect of a cluster of alanine and aspartic acid
mutations in the residues shown to affect transcription, Ser-46, Ser-47, Ser-50, Ser-51,
and Thr-53 (hereafter designated cluster Ser-46 -Thr-53), and residues previously shown
to be critical for the interaction of VP30 with NP (5) Ser-40 and Ser-42 (cluster
Ser-40/Ser-42). Consistently with the data on individual mutants, alanine mutants of
both clusters (designated S46-T53A and S40/42A, respectively) resulted in a significant
increase in transcription (Fig. 8B). In contrast, aspartic acid substitutions resulted in no
effect (cluster Ser-40/Ser-42) or a significant reduction of transcription (cluster Ser-46—
Thr-53) (Fig. 8B, S40/42D and S46-T53D, respectively). The minigenome analysis was
repeated with increasing concentrations of VP30 wild type (WT) or the mutants (Fig. 8C).
We observed a proportionate increase in transcription for the alanine mutants of both
clusters but no effect for VP30 WT and no effect or a marginal reduction for the aspartic
acid mutants. Taken together, these data suggest that phosphorylation of MARV VP30
inhibits transcription of the viral genome.

VP30 phosphorylation is necessary for its binding to NP and VP35. Previously,
phosphorylation of MARV VP30 Ser-40 and Ser-42 was shown to be critical for inter-
action of VP30 with NP (5). Here, we determined whether additional phosphorylated
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FIG 7 VP30 dephosphorylation increases MARV transcription. At top, effects of alanine substitutions for
Thr and Ser phosphorylation sites on minigenome activity are shown. Luciferase signals of mutated
minigenomes were normalized to the signal of nonmutated minigenome (100%). Bottom panels show
expression of the mutated VP30 constructs as analyzed by Western blotting. The VP30 Western blot
image was spliced from two different gels run in parallel because of the limited number of samples which
could be loaded on one gel and to place the samples in the order consistent with the discussion in the
rest of the manuscript. The GAPDH Western blot image was spliced from two different gels run in parallel
because of the limited number of samples which could be loaded on one gel. Values are means *+
standard errors of the means based on triplicate samples. *, P < 0.05 for comparisons of results to those
with the nonmutated (wild-type [WTI]) VP30 (one-way analysis of variance and Dunnett’s test). The
experiment was performed at least three times, resulting in essentially similar data.

residues, Ser-46, Ser-47, Ser-50, Ser-51, and Thr-53, directly identified by MS and shown
to be required for the viral polymerase activity in this study are also involved in NP
interaction. We cotransfected 293T cells with NP and WT VP30 or the mutants S40/42A,
S46-T53A, S40/42D, and S46-T53D and analyzed lysates by coimmunoprecipitation
assays (Fig. 9A). Both sets of alanine substitutions decreased binding to NP while
aspartic acid substitutions mimicking phosphorylation did not affect the interaction
(Fig. 9B). These results suggest that VP30 phosphorylation facilitates its binding to NP.
Since EBOV VP30 also binds to VP35 (9), we tested the binding of MARV VP30 mutants
to VP35. WT VP30 or the mutants and VP35 bearing an influenza virus hemagglutinin
tag (HA-VP35) were expressed in 293T cells, and their interaction was analyzed by
coimmunoprecipitation assays (Fig. 9C). In contrast to EBOV where phosphorylated
VP30 inhibited interaction with VP35 (9), both MARV VP30 alanine and aspartic acid
substitutions significantly reduced VP30 interaction with VP35 (Fig. 9D). The reduction
of binding associated with aspartic acid substitutions may suggest that a charged
amino acid substitution does not fully mimic phosphorylation in the interaction with
VP35. These data suggest that VP30 phosphorylation residues located at the clusters
Ser-40/Ser-42 and Ser-46-Thr-53 are critical for VP30 binding to both NP and VP35.
These data contrast with findings for EBOV for which phosphorylation of VP30 disso-
ciates it from the polymerase complex due to disrupted interaction with VP35 (9).

Small-molecule targeting of phosphatase 1 decreases transcription of MARV
genome. We previously demonstrated that the PP1-targeting compound 1E7-03 in-
creased phosphorylation of EBOV VP30 and shifted EBOV polymerase activity from
transcription to replication with subsequent dramatic inhibition of viral replication (14).
Here, we tested the effect of 1E7-03 on transcription of MARV minigenome. Treatment
of Vero-E6 cells with 3 uM 1E7-03, which was determined to be noncytotoxic (14),
resulted in a more than 50% decrease in luciferase signal (Fig. T0A). This effect of 1E7-03
is consistent with the effects of VP30 omission from the minigenome system, which
showed a reduction of transcription (Fig. 6).
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FIG 8 VP30 phosphorylation inhibits transcription. The effects of alanine and aspartic acid single (A) and
cluster (B and C) substitutions of phosphorylated serine residues in VP30 on minigenome activity
normalized to activity with nonmutated VP30 (100%) are shown in the graphs. For the experiments
shown in panels A and B, a single VP30 concentration of 25 ng was used, whereas for the experiment
shown in panel C, three different concentrations of VP30 (25, 50 and 75 ng) were used. Expression of the
mutated VP30 constructs was analyzed by Western blotting (A and B, bottom panels). Values are means +
standard errors of the means based on triplicate samples. *, P < 0.05 for comparisons of results to those
with the nonmutated (wild-type [WT]) VP30 (one-way analysis of variance and Dunnett’s test). The
experiments were performed three times, resulting in essentially similar data.

We have previously demonstrated that treatment of cells with 1E7-03 or okadaic
acid significantly increases the levels of phosphorylated VP30 peptides (Fig. 4D). To
confirm whether the interactions of VP30 with NP and VP35 are modulated by phos-
phorylation, we performed coimmunoprecipitation experiments on lysates transfected
with VP30 and NP or VP35 in the presence of the PP1-targeting molecule 1E7-03, the
phosphatase inhibitor okadaic acid, or dimethyl sulfoxide (DMSO). Both inhibitors
caused a significant increase in VP30-NP (Fig. 10B and C) and VP30-VP35 interactions
(Fig. 10D and E). These data support our previous findings, which showed that alanine
substitutions reduce interactions with NP and VP35 (Fig. 9). Prior studies with EBOV
VP30 demonstrated a similar increase in interaction of phosphorylated VP30 with NP;
however, they also demonstrated a decreased interaction with VP35 which results in a
switch from transcription to genome replication (9). Thus, phosphorylated VP30 re-
mains bound to the nucleocapsid by strengthening its interactions with both NP and
VP35. These data demonstrate that the PP1-targeting molecule 1E7-03 facilitates
binding of phosphorylated VP30 to the polymerase complex, further supporting our
hypothesis that phosphorylated VP30 acts as a repressor of MARV transcription.

Treatment with 1E7-03 inhibits replication of MARV particles. To test the effect
of 1E7-03 on replication of MARV particles, Vero-E6 cells were infected with the virus at
a multiplicity of infection (MOI) of 0.01 PFU/cell and treated daily with 3 uM 1E7-03
starting at the day of infection or 24 h prior to the infection, the regimens found to be
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FIG 9 VP30 interacts with NP and VP35. Coimmunoprecipitation was performed of Flag-VP30 phosphor-
ylation mutants with NP (A and B) or HA-VP35 (C and D). 293T cells expressing Flag-tagged VP30
constructs and NP or HA-tagged VP35 were lysed at 48 h posttransfection, and protein complexes were
immunoprecipitated (IP) overnight at 4°C using mouse anti-Flag affinity gel or mouse anti-HA agarose.
An aliquot for expression control (whole-cell lysate [WCL]) was collected from the cell lysate before
precipitation. Western blot analysis performed with anti-NP and anti-Flag antibodies (A, green). (C)
Western blotting was performed with anti-HA (green) and anti-Flag (red) antibodies visualized with a
LiCor Odyssey Imaging System. Panels B and D show the quantification of immunoprecipitated Flag-VP30
and NP and of Flag-VP30 and HA-VP35, respectively, performed in Image Studio Lite software. Precipi-
tation of VP30 WT by NP/HA-VP35 was set to 100%. Values are means * standard errors of the means
based on duplicate samples. *, P < 0.05 for comparisons of results to those with the nonmutated
(wild-type [WTI]) VP30 (one-way analysis of variance and Dunnett’s test). The experiments were per-
formed at least two times, resulting in essentially similar data.

the most effective in our previous study with EBOV (14). Treatment with the vehicle
(DMSO) had no effect on MARV replication (data not shown). Control infected cells,
which did not receive the treatment, showed a prominent and pronounced cytopathic
effect starting at day 6 postinfection, but 1E7-03-treated cells did not show any
cytopathic effect up to day 8 (Fig. 11A). Titration of MARV in supernatants showed that
1E7-03 treatment that was started at the time of infection significantly reduced viral
titers. On day 2, the reduction was 1.6 log,,, and on day 8, the reduction was 1.7 log,,
(Fig. 11B). Adding the compound starting at 24 h prior to infection resulted in no
detectable virus until day 2 postinfection, equating to at least a 1.3-log,, reduction of
viral titer, and very low virus titers on the subsequent days. For example, on days 4, 5,
and 6 postinfection, the relative reductions in the viral titers were 2.3, 2.7, and 3.2 log,,
respectively. Thus, 1E7-03 effectively suppressed MARV replication.

DISCUSSION

EBOV replication requires NP, polymerase L, and its cofactor VP35, whereas viral
transcription also needs transcription factor VP30 (11). An early study suggested that
MARV VP30 is not required for transcription and replication of MARV minigenome that
required only NP, L, and VP35 proteins (10). However, a rescue of recombinant MARV
from cDNA required VP30 (28). A more recent study showed that the addition of VP30
to NP, L, and VP35 plasmids increased the efficacy of MARV replication (29). More-
over, small interfering RNA (siRNA)-mediated knockdown of MARV VP30 in MARV-
infected cells significantly reduced production of all viral proteins and release of
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FIG 10 Treatment with 1E7-03 reduces transcription by promoting binding of phosphorylated VP30 with
NP and VP35. (A) Effects of 1E7-03 treatment on minigenome activity. The luciferase signal was normalized
to activity in nontreated cells (100%). (B to E) Coimmunoprecipitation of Flag VP30 WT with NP or HA-VP35,
as indicated. Western blot analysis with anti-NP and anti-Flag antibodies (green) (B) and with anti-HA
(green) or anti-Flag (red) antibodies (D) was visualized with a Li-Cor Odyssey imaging system. Quantification
of immunoprecipitated Flag-VP30 and NP and Flag-VP30 and HA-VP35 from the experiments shown in
panels B and D, respectively, was performed in Image Studio Lite software. Precipitation of VP30 WT by
NP/HA-VP35 was set to 100%. Values are means * standard errors of the means based on duplicate
samples. *, P < 0.05 for results compared to those with the DMSO control (one-way analysis of variance and
Dunnett’s test). The experiment shown in panel A was performed three times, and the experiments shown
in panels B to E were performed at least two times, resulting in essentially similar data.

viral particles (12). In our study, the absence of an MARV VP30 supporting plasmid
reduced but did not completely abrogate the luciferase activity in an MARV
minigenome system as we observed 27% and 33% reductions in Vero E6 and 293T
cells, respectively (Fig. 6A and B).

Previous studies demonstrated that EBOV VP30 phosphorylation inhibits transcrip-
tion but enhances replication, suggesting the switch of the polymerase activity from
transcription to replication upon VP30 phosphorylation (9, 14). A previous study used
an indirect method involving alanine substitutions of phosphorylated serine residues in
a plasmid encoding MARV VP30, followed by treatment with phosphatase, to demon-
strate that the protein is phosphorylated on serine residues within amino acids 40 to 46
and 47 to 51 (5). Here, we used a direct, label-free quantitative proteomic approach to
identify VP30 phosphorylation sites both in cells transfected with a VP30-encoding
plasmid, as in all filovirus studies to date (5, 13, 14, 30-32), and, for the first time for any
filovirus, in purified viral particles. Analysis of plasmid-expressed VP30 in 293T cells
identified phosphorylation of Ser-46, Ser-47, Ser-50, Ser-51, Thr-53, Ser-63, Thr-64,
Ser-68, Thr-102, Thr-172, and Ser-173. Treatment with phosphatase inhibitors, okadaic
acid and the PP1-targeting 1E7-03 compound, induced phosphorylation of a peptide
containing Ser-46, Ser-47, Ser-50, Ser-51, and Thr-53 residues but did not affect phos-
phorylation of a peptide containing residues Ser-63, Thr-64, and Ser-68 (Fig. 4) or a
peptide with residue Thr-102 (data not shown). This observation suggests that MARV
VP30 is phosphorylated on its N-terminal serine-rich region and that this phosphory-
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FIG 11 1E7-03 inhibits replication of MARV. Vero-E6 cells were infected with MARV at an MOI of 0.01
PFU/cell and treated daily with 1E7-03 at 3 uM starting at 24 h prior to the infection or during the
infection. (A) Bright-field microscopy of cell monolayers infected with MARV and treated with 1E7-03
starting at the indicated time points. Monolayers on days 1 to 4 are not shown due to the lack of visible
cytopathic effect. (B) MARYV titers in supernatants of infected monolayers treated with 1E7-03 starting at
the indicated time points. Values are means = standard deviations based on triplicate samples. *, P <
0.05 for results compared to those in the untreated cells (Student’s t test). The dotted line indicates the
limit of detection of the assay.

lation is likely to be controlled by cellular PP1, which is similar to our previous
observation with EBOV VP30 (14).

To further analyze the functionality of the MARV VP30 phosphorylation site, the
phosphorylated residues were replaced with alanines. Consistently with the proteomics
observations, replacement of Ser-46, Ser-47, Ser-50, Ser-51, or Thr-53 resulted in a
significant increase of transcriptional activity (Fig. 7 and 8). In contrast, alanine substi-
tutions for the additional newly identified phosphorylation residue Ser-63, Thr-64,
Ser-68, or Thr-102 had no effect, suggesting that only the N-terminal phosphorylation
is important for MARV transcription. Furthermore, analysis of purified MARV particles,
while confirming part of the identified phosphorylation sites, demonstrated the lack of
phosphorylation in the N-terminal cluster comprising Ser-46, Ser-47, Ser-50, Ser-51, and
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FIG 12 A putative model of the role of VP30 phosphorylation in MARV transcription. The phosphorylated
form of VP30 (red, left) binds to NP and VP35 and suppresses transcription. The dephosphorylated form
of VP30 (green, right) is dissociated from NP and VP35 and does not inhibit transcription. The phos-
phorylated form of VP30 may work as a repressor of MARV polymerase by associating with NP and VP35.
Treatment of cells with 1E7-03 prevents dephosphorylation of VP30 by PP1 that results in suppression
of MARV transcription.

Thr-53, which inhibit transcription (Fig. 7 and 8) and are involved in interaction with NP
and VP35 (Fig. 9). Interestingly, a recent study demonstrated that alanine substitution
of the corresponding amino acids in the N terminus of EBOV VP30 increased transcrip-
tion of EBOV minigenome (33), indirectly supporting our results. Taken together, these
data suggest that these amino acids are dynamically phosphorylated, as also recently
demonstrated for serine 29 of EBOV VP30 (19).

Interactions of EBOV VP30 with NP and VP35 are critical for stabilization of nucleo-
capsid (34) and synthesis of RNA (9, 34). A recent study demonstrated that the VP30
binding region of EBOV NP is conserved across filoviruses, including MARV (34).
Previous studies demonstrated that EBOV VP30 phosphorylation strengthens VP30
interaction with NP (13) and facilitates transport of the nucleocapsid proteins to the
sites of RNA synthesis (9) while its dephosphorylation enhances binding to VP35 (9) and
viral leader RNA (35), thus promoting the initiation of transcription (15, 19). Here, we
demonstrate that MARV VP30 phosphorylation also enhances VP30 binding to NP, as
alanine but not aspartic acid substitutions weaken this interaction (Fig. 9A and B), which
is consistent with a previous study (5). Unexpectedly and unlike results with the EBOV
VP30, alanine substitutions also weakened the interaction of MARV VP30 with VP35 (Fig.
9C and D), suggesting that dephosphorylation of MARV VP30 diminishes its interaction
with VP35. Aspartic acid substitutions also diminished this interaction, suggesting that
substitution of charged amino acids does not fully mimic phosphorylation. Moreover,
in the presence of the PP1-targeting molecule 1E7-03, which prevents VP30 dephos-
phorylation, interactions of VP30 WT with both NP and VP35 were strengthened. These
data demonstrate that the most effective transcription of MARV occurs when VP30 is
dephosphorylated, which is accompanied by its dissociation from NP and VP35. We
propose a model in which dissociation of a dephosphorylated form of VP30 from NP
and VP35 facilitates efficient transcription by the polymerase complex (Fig. 12). In
contrast, phosphorylated VP30 binds to both NP and VP35, reducing transcription. This
model can explain the transcriptional activity only if VP30 is dynamically phosphory-
lated, as was previously demonstrated for the P protein of respiratory syncytial virus
(36) and more recently for EBOV VP30 (19). According to this model, the dephospho-
rylated form of MARV VP30 promotes high-level transcription of genome, while its
phosphorylated form works as a repressor of the polymerase activity. The model is
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further confirmed by comparison of the phosphorylation status of plasmid-expressed
VP30 with that in purified viral particles, which demonstrated the lack of phosphory-
lation of the N-terminal cluster of amino acids 46 to 53 (Fig. 2). As such, VP30
incorporated in viral particles does not interact with NP and VP35 through specific
phosphorylation and does not act as a repressor of transcription, allowing the virus to
quickly start a new cycle of infection upon entering a cell. Keeping the production of
mRNA in infected cells, in which VP30 is phosphorylated, at an optimal level might
ultimately be beneficial for the virus as excessive production of viral RNA would induce
a strong innate immune response.

Two members of the Pneumovirinae family of the order Mononegavirales, respiratory
syncytial virus (HRSV) and human metapneumovirus (HMPV), have an M2-1 protein,
which is considered to be a counterpart of filovirus VP30. HRSV M2-1 was identified as
the first transcription elongation factor in the order Mononegavirales and was found to
be essential for replication of viral particles (37), but its HMPV analog appeared to be
dispensable for virus replication (38). The core domain of RSV M2-1 comprised of
residues 58 to 177 (M2-1.4_,,,) was demonstrated to be structurally homologous to the
C-terminal domain of EBOV VP30 (24). Moreover, the ordered oligomerization and the
presence of core domains alternating with disordered segments in our structural model
of MARV VP30 are reminiscent of the similar structural features identified in the crystal
structure of HMPV M2-1 (25). These common features suggest a common mechanism
that uses structural flexibility to allow conformational changes for recruitment of these
proteins to the viral transcriptional machinery. The location of the majority of phos-
phorylation sites of MARV VP30 in the predicted disordered regions is remarkable and
indicates the importance of structural flexibility for the phosphorylation and/or regu-
latory role of the phosphorylation sites.

We previously showed that the PP1-targeting molecule 1E7-03 increases phosphor-
ylation of EBOV VP30, disabling transcription but increasing genome replication and
ultimately suppressing replication of EBOV particles (14). This study shows that for
MARYV, the mechanism of the antiviral effect is different as the compound inhibited
transcription by sequestering both NP and VP35 away from the polymerase complex,
leading to a dramatic suppression of viral growth. Therefore, targeting the interaction
of PP1 with EBOV and MARV VP30 effectively blocks replication of both viruses, despite
the differences in VP30-mediated regulation of transcription/replication of the two
viruses.

The role of phosphorylation of viral proteins in the viral live cycle has been
increasingly recognized, as demonstrated for multiple viruses, including influenza A
virus (39), Newcastle disease virus (40), hepatitis C virus (41), dengue virus (42), and Rift
valley virus (43), among others. While phosphatases are involved in multiple normal
physiological reactions of cells, targeting of their noncatalytic sites, which prevents
their interaction with only certain substrates, including viral proteins, may be a viable
approach to develop broadly specific antivirals. The 1E7-03 small-molecule compound
that was used in this study is nontoxic, presumably because it targets only one PP1
noncatalytic site and probably prevents the interaction of PP1 holoenzyme with EBOV
VP30, whereas the host cell PP1 regulatory subunits typically bind PP1 through several
interacting sites with a much higher affinity (44). As such, the approach may be viable
for development of broad-spectrum antivirals.

In summary, this study demonstrates the following: (i) a direct identification of novel
phosphorylation sites of MARV VP30 by MS, some of which are dynamically phosphor-
ylated, (ii) that phosphorylated VP30 works as a repressor of transcription activity, (iii)
that the repressor activity of VP30 is a result of its binding to NP and VP35, (iv) that the
binding to NP and VP35 occurs through VP30 phosphorylation, and (v) that dephos-
phorylation of VP30 can be prevented by a small molecule targeting noncatalytic sites
of PPs, which results in effective inhibition of viral replication. It should be noted that
while identification of phosphorylation sites and testing of the antiviral effects of
1E7-03 were performed with live MARY, investigation of mechanisms of the effects
were performed with a minigenome, rather than live virus, which is a potential
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limitation of the study. Overall, these data suggest that regulation of transcription
activity of MARV is different from that of EBOV.

MATERIALS AND METHODS

Viruses and cell lines. MARV strain Angola was obtained from the Special Pathogens Program,
National Microbiology Laboratory, Winnipeg, Canada, and passaged in Vero-E6 cells. All work with MARV
was performed in biosafety level 4 (BSL-4) facilities of the Galveston National Laboratory. Vero-E6 and
293T cells were obtained from ATCC (Manassas, VA). 293T cells were maintained in Dulbecco’s modified
Eagle medium (DMEM)-high glucose and supplemented with 10% fetal bovine serum (FBS) and 0.1%
gentamicin sulfate (Corning, Manassas, VA); cells were plated on PureCoat amine flat-bottom multiwell
plates (Corning). Vero-E6 cells were maintained in modified Eagle medium (MEM), supplemented with
10% FBS, 1% sodium pyruvate, 1% MEM nonessential amino acids (Sigma, St. Louis, MO), and 0.1%
gentamicin sulfate and plated on tissue culture-treated 6- or 24-well plates. All other cell culture reagents
were from Thermo Fisher Scientific (Waltham, MA).

Purification of MARV particles. 293T cells were infected with MARV at a multiplicity of infection 0.1
PFU/cell and incubated for 5 days. Supernatants of infected cells were clarified from cell debris by
low-speed centrifugation and then subjected to ultracentrifugation through a 25% sucrose cushion (2 h,
+4°C, 175,000 X g). Pellets were resuspended in STE buffer (10 mM Tris, 1 mM EDTA, 0.1 M NaCl) and
further purified by ultracentrifugation in a 20 to 60% sucrose gradient (1.5 h, +4°C, 288,000 X g). The
virus-containing band was collected, and MARV virions were washed from sucrose by dilution in STE
buffer, followed by ultracentrifugation (1 h, +4°C, 175,000 X g). The obtained viral particles were
suspended in STE buffer with 4% SDS and heat inactivated at 95°C for 15 min. Virus inactivation was
confirmed by inoculation of Vero-E6 cell monolayers with an aliquot of inactivated virus preparation or
a live virus control and by microscopic observation of cytopathic effect for up to 10 days.

Mass spectrometry and data analysis. Flag-tagged VP30 was expressed in 293T cells and immu-
noprecipitated with anti-Flag antibodies (Sigma). Recombinant Flag-tagged VP30 or proteins of the
purified virus were resolved by 10% SDS-PAGE. Mass spectra of peptides were obtained with a
data-dependent four-event scan method, which included survey Fourier transform (FT)-MS parent scans
followed by sequential data-dependent FT-MS/MS scans on the three most abundant peptide ions from
the parent scan. Protein identification was carried out with Proteome Discoverer, version 1.4, software
using the SEQUEST engine for a protein database search and the International Protein Index (IPl) Human
Protein Database (version 1.79). A sequential database search was performed using the human FASTA
database. Only peptides with a cross-correlation (XCorr) cutoff of 2.6 for [M + 2H]2+, 3.0 for [M + 3H]3~,
and higher charge states were applied. These SEQUEST criteria resulted in a 1 to 2% false discovery rate
(FDR). FDR was determined by searching a decoy database. SIEVE, version 2.1, software (Thermo Fisher
Scientific) was used for label-free quantitative analysis of the high-resolution MS spectra produced by
Orbitrap MS scans.

Modeling MARV VP30 structure. The three-dimensional structure of the full-length MARV VP30 was
obtained using the Rosetta/Robetta suite of protocols (22, 45) and the sequence of MARV strain Musoke
(GenBank accession number P35258). The BLAST/PSI-BLAST suite of programs was used to identify
boundaries of domains, the units of protein folding. This involved mapping the sequence against the
Pfam database; when a domain with a reasonable match was identified, it was further used for
template-based structural modeling. Domains with no reasonable match were modeled using Rosetta
fragment assembly methodology. In either case, the multiple obtained structures were refined against
the novel Rosetta force field (22, 45). The best 10 structures, assessed by energy minimization, were
generated by the protocol, and the top five of them were likely to include the accurate structure
according to Critical Assessment of Structure Prediction (CASP) competition analyses (46, 47). The final
structure was selected by visual inspection and analyzed and validated by the Rosetta/Robetta output
and PSIPRED (48) and RAMPAGE (49); the structures were visualized and further analyzed within Chimera
(50). Relative solvent-accessible surface area (rSASA) values were calculated using parameter-optimized
surfaces (POPS) as previously described (51, 52) (Table 1).

Analysis of virus replication in the presence of 1E7-03. Triplicate monolayers of Vero-E6 cells were
treated with 3 wM 1E7-03 for 24 h before infection or at the time of infection with MARV at an MOI of
0.01 PFU/cell. Both treatment groups were then treated with 3 uM 1E7-03 every 24 h for 10 days. A total
of 100 ul of supernatant was collected from each well every 24 h and frozen at —80°C until the titration.
To determine the titers of MARV in supernatants, aliquots were titrated using a standard plaque assay
procedure using Vero-E6 monolayers and an overlay of MEM containing 2% FBS and 0.5% methylcellu-
lose. Monolayers were incubated at 37°C for 11 days, the overlay was removed, and the cells were fixed
and stained with 0.25% crystal violet in 10% buffered formalin (Thermo Fisher Scientific). Plaques were
counted and are expressed as the number of PFU/milliliter.

Construction of mutated VP30 plasmids. DNA fragments containing alanine or aspartic acid
substitutions of the phosphorylated serine and threonine residues identified by mass spectrometry, as
well as serine residues at positions 40 and 42 and serine/threonine residues at positions 46, 47, 50, 51,
and 53, were synthesized by Integrated DNA Technologies (Coralville, IA). The synthesized DNA frag-
ments were digested with Notl and Xhol restriction enzymes and cloned into a pCAGGS-Flag-VP30
plasmid kindly provided by Christopher Basler (Icahn School of Medicine at Mount Sinai). Aspartic acid
substitutions of S46 and S51 were introduced by overlap PCR (53) using Pfx polymerase (Thermo Fisher
Scientific) with two sets of external primers complementary to the 5’ and 3’ ends of the pCAGGS-Flag-
VP30 sequence and two internal primers containing the mismatched bases. After sequence confirmation,
the mutated plasmids were digested with Notl and Xhol restriction endonucleases and cloned back into
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pCAGGS-Flag-VP30 vector. Mutated VP30 plasmids were transfected in 293T cells using TransIT-LT1
transfection reagent (Mirus, Madison, WI) at 3 ul per ug of plasmid DNA, and the cell lysates were
harvested at 48 h posttransfection by resuspension in 5X passive lysis buffer (Promega, Madison, WI).

Analysis of VP30 protein by Western blotting. Cell lysates were denatured at 95°C for 5 min and
separated by NuPAGE 4 to 12% Bis-Tris gels along with a Novex sharp prestained protein standard, and
proteins were transferred to nitrocellulose membrane using an iBlot Gel transfer system (all items from
Thermo Fisher Scientific). Membranes were blocked with 5% milk in phosphate-buffered saline contain-
ing 0.1% Tween 20 (PBST) for 1 h and incubated with M2 mouse monoclonal antibody specific for Flag
at a 1:1,000 dilution (F1804; Sigma-Aldrich) and secondary anti-mouse IgG antibodies conjugated to
horseradish peroxidase at a 1:3,000 dilution (Cell Signaling Technology, Danvers, MA). Protein bands
were visualized using chemiluminescent Pierce ECL Western blotting substrate (Thermo Fisher Scientific),
scanned using a Li-Cor Odyssey Fc imaging system, and quantified with Image Studio Lite, version 5.2
(Li-Cor Biotechnology, Lincoln, NE).

Minigenome experiments. The MARV minigenome expressing a Renilla luciferase reporter gene and
pPCAGGS plasmid expressing firefly luciferase were kindly provided by Christopher Basler. The codon-
optimized support plasmids expressing MARV NP pCAGGS-NPco, VP35 pCAGGS-VP35co, VP30 pCAGGS-
VP30co, and L pCAGGS-L and the plasmid expressing T7 RNA polymerase pC-T7 were provided by
Jonathan S. Towner (Centers for Disease Control and Prevention, Atlanta, GA) and kindly shared by
Thomas Ksiazek (University of Texas Medical Branch at Galveston, TX). Vero-E6 cells and 293T cells were
seeded to approximately 50% confluence and transfected with the following amounts of plasmids: 250
ng of pCAGGS-NPco, 25 ng of pCAGGS-VP35co, 25 ng of pCAGGS-VP30co or pCAGGS-Flag V30 or its
mutants, 250 ng of pCAGGS-Lco, 100 ng of pC-T7co, or 300 ng of MARV minigenome and 2 ng of
pCAGGS-firefly luciferase plasmid. In addition, the cells were treated with 3 uM 1E7-03 or DMSO as
indicated in the text. The plasmids were transfected with Lipofectamine 3000 reagent (Thermo Fisher
Scientific) at a ratio of 1:2 per the manufacturer’s protocol. At 48 h posttransfection, cells were lysed with
passive lysis buffer to measure transcription by a dual-luciferase reporter assay (Promega). To express
activity of the minigenome, Renilla luciferase activity was normalized to firefly luciferase activity, and the
resulting value was expressed as percent activity relative to that of the nonmutated VP30 plasmid.
Minigenome expression was also confirmed by performing Western blot analysis using primary poly-
clonal rabbit antibodies specific for Renilla luciferase (PA5-322; Thermo Fisher Scientific) and IRDye
800CW-labeled goat anti-rabbit IgG secondary antibodies (Li-Cor Biotechnology).

Coimmunoprecipitation assays. Synthetic DNA containing an HA tag at the N terminus of VP35 was
generated by Integrated DNA Technologies and cloned into Notl and Xhol restriction sites in pCAGGS
vector. 293T cells cotransfected with 2 ug each of pCAGGS-NPco or pCAGGS-HA-VP35 and either
pCAGGS-Flag-VP30 or mutants or empty vector were collected 48 h later by lysing cells in Pierce
immunoprecipitation (IP) Lysis/Wash Buffer and Halt Protease and Phosphatase Inhibitor Cocktail,
EDTA-free (100X) (Thermo Fisher Scientific). For coimmunoprecipitation assays done in the presence of
PP1 inhibitors, DMSO or 3 uM 1E7-03 or 0.1 uM okadaic acid was added 24 h prior to harvesting of
lysates. Lysates were clarified by low-speed centrifugation, and immunoprecipitation of Flag-VP30 or
HA-tagged VP35 proteins was performed using anti-DYKDDDDK (Flag) affinity gel (Bimake.com, Houston,
TX) or a Pierce HA tag IP/co-IP kit (Thermo Fisher Scientific) per the manufacturer’s protocols. Total
protein in lysates was quantified by a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific). Approximately 400 g of total protein lysate was incubated with 20 ul of washed affinity Flag
gel resin or anti-HA agarose slurry and incubated overnight at 4°C. Immunoprecipitated lysates, as well
as whole-cell lysates, were denatured and analyzed by Western blotting using the following primary
antibodies diluted at 1:1,000 in StartingBlock T20 (Tris-buffered saline [TBS]) blocking buffer: rabbit
anti-Flag polyclonal antibody (catalog number F7425), mouse monoclonal anti-FLAG M2 antibody, and
rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) polyclonal antibody (9545) (all, Sigma-
Aldridge); rabbit anti-NP polyclonal antibody (IBT Bioservices, Rockville, MD); rabbit HA-probe polyclonal
antibody (sc-805; Santa Cruz Biotechnology, Dallas, TX); mouse beta-3 tubulin monoclonal antibody
(32-2600; Thermo Fisher Scientific). After three washes with PBST (0.1%), the blots were incubated with
either IRDye 680RD-labeled goat anti-mouse IgG or IRDye 800CW-labeled goat anti-rabbit IgG secondary
antibodies (Li-Cor Biotechnology) for 1 h, scanned in a Li-Cor Odyssey Fc imaging system, and quantified
by Image Studio Lite, version 5.2, software (Li-Cor Biotechnology).
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