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ABSTRACT

Ebola virus (EBOV) is a single-stranded negative-
sense RNA virus belonging to the Filoviridae fam-
ily. The leader and trailer non-coding regions of
the EBOV genome likely regulate its transcription,
replication, and progeny genome packaging. We in-
vestigated the cis-acting RNA signals involved in
RNA–RNA and RNA–protein interactions that reg-
ulate replication of eGFP-encoding EBOV minige-
nomic RNA and identified heat shock cognate pro-
tein family A (HSC70) member 8 (HSPA8) as an EBOV
trailer-interacting host protein. Mutational analysis
of the trailer HSPA8 binding motif revealed that this
interaction is essential for EBOV minigenome repli-
cation. Selective 2′-hydroxyl acylation analyzed by
primer extension analysis of the secondary structure
of the EBOV minigenomic RNA indicates formation of
a small stem-loop composed of the HSPA8 motif, a 3′
stem-loop (nucleotides 1868–1890) that is similar to a
previously identified structure in the replicative inter-
mediate (RI) RNA and a panhandle domain involving
a trailer-to-leader interaction. Results of minigenome
assays and an EBOV reverse genetic system rescue
support a role for both the panhandle domain and
HSPA8 motif 1 in virus replication.

INTRODUCTION

Ebola virus (EBOV) can cause large and highly lethal hu-
man disease outbreaks. Because of the scarcity of effec-
tive treatments against EBOV, there is an urgent need to
identify novel viral inhibitors that target specific viral pro-
cesses. As of yet, relatively little is known about the molec-
ular biology of EBOV replication, and, in particular, the
interplay between host factors and the viral genome. The
EBOV genome is a negative-sense, single-stranded RNA or-
ganized into a 3′ leader non-coding region (NCR), followed
by seven discrete transcriptional units encoding NP (nucleo-
capsid protein), VP35 (polymerase cofactor and interferon-
response modulator), VP40 (matrix protein), GP1,2 (gly-
coprotein), VP30 (transcriptional enhancer), VP24 (sec-
ondary matrix protein, ion channel and interferon-response
modulator), L (RNA-dependent RNA polymerase) and a 5′
trailer NCR (1,2). Each gene is separated by intergenic re-
gions of varying lengths that modulate transcript levels (3).

The NCRs of RNA virus genomes have highly conserved
primary and secondary structures (4–7). However, the func-
tions of EBOV NCRs are not well characterized. Repli-
con systems consisting of the complete trailer and leader
sequences and short segments of the L and NP protein
genes that flank a reporter gene such as chloramphenicol
acetyl transferase, green fluorescent protein, or luciferase
have been developed (8–11). In these systems, transcription
and replication from a replicon genome is supported by the
EBOV proteins NP, L, VP35, and VP30, which are driven
from co-transfected expression plasmids. Such systems al-
low examination of virus specific processes involving the
RNA and these proteins. Addition of VP40 and GP expres-
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sion plasmids can drive production of infectious VLPs (10).
Using the minigenome replicon systems and/or computer-
assisted secondary structure predictions, some functions
have been attributed to the NCRs. Computer modeling of
the EBOV trailer and leader indicate that a panhandle struc-
ture may form between the NCRs starting with base par-
ing of nucleotide (nt) 1 and 18 957. Almost identical hair-
pin structures for the leader of the EBOV genome and RI
RNA are possible (12). Computer modeling of EBOV mini-
RI RNA and mutational analysis suggested that the 3′-
terminal 20 nts of the EBOV leader are not essential for
infection (13). Chemical probing of the EBOV RI RNA
revealed a stem-loop within the 5′ end that is involved in
regulating transcription (14). Additional probing analyses
of mini-RI RNA suggest that the trailer and leader do not
interact, but that the terminal 55 nts of the leader are im-
portant for replication (15). Recently, a direct interaction
between VP30 and the 3′ leader has been described, sug-
gesting that VP30 clamps the RNA template to prevent
the polymerase complex (VP35/L) from dissociation and
allows productive transcription initiation in the presence
of secondary structures in the template (16,17). The opti-
mal RNA substrate for VP30 binding is a single-stranded
RNA that is linked to a stem-loop, as found in the region
of the replication promoter element of the EBOV genomic
leader (18). Other studies further emphasize the importance
of non-terminal EBOV RNA secondary structures in tran-
scription and replication. For instance, EBOV GP mRNA
editing is dependent on such secondary structures (19–21).
Interrupting secondary structure formation inhibits synthe-
sis of the mRNA encoding GP1,2, which mediates virion en-
try into host cells.

Host proteins bind to RNA secondary structures to
modulate lifecycle processes for many positive-sense RNA
viruses, such as hepatitis C virus (HCV) (22), hepatitis
A virus (23), poliovirus type 1 (24), dengue viruses (25),
bovine coronavirus (26), and murine hepatitis virus (27–
29). However, few host protein–viral RNA interactions have
been characterized for negative-sense, single-stranded RNA
viruses. Previously, the La autoantigen (Sjögren syndrome
antigen B) was shown to interact with the leader of ra-
bies virus (30), vesicular stomatitis New Jersey virus (31,32),
and rinderpest virus (32). La autoantigen is an RNA poly-
merase III transcription factor that shuttles between the nu-
cleus and cytosol and may play a role in mRNA stability
for translation. Interactions between the viral leader and La
autoantigen are thought to play a role in replication. Repli-
cation is increased when the concentration of La autoanti-
gen is increased (32) indicating a necessary functional role
for host proteins to directly interact with the negative-sense
viral genome. However, no specific viral RNA secondary
structures that interact with La or other host proteins have
been identified.

Host DNA topoisomerase 1 (TOP1) facilitates EBOV
genome transcription and replication (33). In the case of
retroviruses, such as human immunodeficiency virus-1 and
Rous sarcoma virus, TOP1 interacts with their viral genome
through a genomic RNA stem-loop, suggesting that the
TOP1-viral genome interaction directly regulates transcrip-
tion and replication (34–36). Whether a similar interaction
occurs with EBOV remains unclear, although, EBOV NP

and L genes both contain a potential TOP1 target sequence
(TCCTT) (33,37).

Considering the length (677 nt) and structural complex-
ity of EBOV trailer, host and viral factors likely interact
with trailer RNA motifs modulating the virus lifecycle. The
goal of this study was to determine the secondary struc-
ture of the EBOV 3E-5E-enhanced green fluorescent pro-
tein (3E-5E-GFP) minigenome RNA, identify host pro-
teins that interact with the EBOV trailer, define their RNA
binding motifs, and establish a functional role for the
protein–RNA interactions. 3E-5E-GFP minigenome RNA
secondary structure and host protein interactions were
examined using selective 2′-hydroxyl acylation analyzed
by primer extension (SHAPE) (38,39), antisense-interfered
SHAPE (aiSHAPE) (40), electrophoretic mobility shift as-
says (EMSA), siRNA, and mutational analysis, using both
the 3E-5E-GFP minigenome system and EBOV reverse ge-
netics.

MATERIALS AND METHODS

Cells and lysate preparation

The human kidney embryonic cell line, 293T (ATCC, Man-
assas, VA, CRL 3216) used in 3E-5E-GFP minigenome
assays was maintained in Dulbecco’s modified Eagle’s
medium (Lonza) supplemented with 10% calf serum
(Sigma-Aldrich, St. Louis, MO, USA) with 1% v/v
penicillin/streptomycin (LifeTechnologies, Grand Island,
NY, USA) at 37◦C in a 5% CO2 atmosphere. HeLa cells
(ATCC CCL-2) were similarly maintained and used for
EBOV infection assays as described below. Grivet (Chloro-
cebus aethiops) Vero E6 cells (ATCC #CRL-1586) were
maintained similarly and used for cell lysate preparation
for EMSA as previously described (40). Lysates were col-
lected by scraping 20 T-175 flasks of confluent cells into
20–30 ml of phosphate-buffered saline (PBS) followed by
centrifugation at 1000 × g for 5 min. Pellets were resus-
pended in 2.5 ml of hypotonic buffer consisting of 10 mM
HEPES (Sigma-Aldrich) 1.5 mM MgCl2 (Sigma-Aldrich),
10 mM KCl (Sigma-Aldrich) and 0.2 mM PMSF (Sigma-
Aldrich) and incubated on ice for 5 min. Non-ionic deter-
gent (IGEPAL 620, Sigma-Aldrich) was added to a final
concentration of 0.5% (v/v), and the suspension was vor-
texed twice for 30 s followed by incubation on ice for 10
min. The suspension was centrifuged at 3000 × g for 10 min
to obtain a clarified lysate. Supernatant was removed and
glycerol was added to a final concentration of 5% (v/v). Su-
pernatants were aliquoted, frozen immediately on dry ice
and stored at −80◦C. A portion of the lysate was quanti-
fied using the Pierce BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA).

Polymerase chain reaction, in vitro transcription, site-
directed mutagenesis and primers

Primers listed in Table 1 were used for EMSA template
preparation, protein pull-down assays, and site-directed
mutagenesis for minigenome assays as indicated. Transcrip-
tion templates for EMSAs were generated by polymerase
chain reaction (PCR) amplification using the EBOV 3E-5E-
GFP plasmid as a template. PCR products were resolved by
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3–4.5% low melting temperature agarose gel electrophoresis
(Seakem GTG, Sigma-Aldrich) and purified using the QI-
Aquick Gel Extraction Kit (Qiagen, Valencia, CA, USA).
Products were dialyzed to remove excess salt and used as
templates for transcription with the MEGAscript T7 kit
(Thermo Fisher Scientific, Waltham, MA, USA) follow-
ing the manufacturer’s protocol. Radiolabeled probes were
prepared by transcription in the presence of UTP-�32P.
Depending upon the length of the probe, PCR products
were purified by either phenol:chloroform extraction and
ethanol precipitation or MEGAClear transcription clean-
up kit (Thermo Fisher Scientific, Waltham, MA, USA) and
subsequently quantified.

Electrophoretic mobility shift assays

Five micrograms of protein lysate was incubated with 1.4
pmol of radiolabeled probe in a final volume of 20 �l.
Reactions were incubated at 22◦C for 20 min in 1× reac-
tion buffer consisting of 100 mM KCl, 10 mM Tris pH
7.6, 5 mM MgCl2, 1 mM DTT, 500 ng Poly (I)-(C) (Ther-
moFisher Waltham, MA, USA). Reactions with unlabeled
specific wild-type (wt) competitor and non-specific tRNA
competitor at 10, 25, 50 and 100× molar excess were car-
ried out in parallel. The 20 �l reaction was loaded onto
a 1× Tris Borate EDTA buffer, 6% non-denaturing poly-
acrylamide gel and electrophoresed for 2.5 h. Gels were
transferred to Whatman 3CHR paper (Whatman, Maid-
stone UK), dried at 80◦C under vacuum for 2 h, and ex-
posed to a phosphorimager screen (GE Healthcare Life Sci-
ences, Little Chalfont, UK). At least three independent as-
says were performed per probe. Typhoon 9410 software was
used to analyze the gels and determine relative signal inten-
sities of the shifted bands. Background subtracted signal in-
tensity for each sample was determined as a ratio to wt in
the absence of competitor. Relative average intensities were
calculated and compared by paired t-tests using GraphPad
Prism.

Protein pull-down and identification

The 1–116 probe (50 pmol) was biotinylated using the Pierce
RNA 3′ End Biotinylation Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s pro-
tocol. This probe was purified by size-exclusion chromatog-
raphy using ProbeQuant G-50 microcolumns (GE Health-
care Life Sciences) and incubated with streptavidin mag-
netic Dynabeads (Thermo Fisher Scientific, Waltham, MA,
USA) in binding buffer for 1 h at 23◦C with constant rock-
ing. Lysate was prepared as described above and incubated
with the prepared Dynabeads. Beads were harvested with
a magnetic separator and washed in binding buffer three
times. Protein was eluted by boiling in 2× lithium dode-
cyl sulfate buffer for 5 min. Samples were loaded on a 4–
12% 3-(N-morpholino)propanesulfonic acid (MOPS) poly-
acrylamide gel and electrophoresed for 1 h at 200 V. The
gel was silver-stained followed by mass-spectrometry of the
whole lane for control and the 1–116 probe samples. Pep-
tide fragments were generated, and protein identities were
determined by amino acid sequence homology.

Immunoprecipitation-reverse transcriptase-PCR

Immunoprecipitation-Reverse Transcriptase-PCR (IP-RT-
PCR) was performed as described previously (41). Briefly,
Vero E6 lysate was incubated with 1–116 probe followed by
immunoprecipitation with 0.5 �g of anti-HSPA8 (HSC70)
antibody (SantaCruz Biotechnology, Dallas, TX, USA) and
Protein G Dynabeads (Thermo Fisher Scientific, Waltham,
MA, USA) and three rounds of washing with binding
buffer. Bound material was eluted from the beads in 100
�l of elution buffer (50 mM Tris–HCl, pH 7.5, 10 mM
EDTA, 1% sodium dodecyl sulphate (SDS)) at 70◦C for 10
min. The eluate (20 �l) was loaded on SDS-MOPS 4–12%
gels and probed for HSPA8. The remainder was digested
by 96 �g of proteinase K for 30 min at 37◦C, extracted by
phenol:chloroform, and precipitated with ethanol. The pel-
let was resuspended in 20 �l of deionized RNAse-DNase
free water, and 500 pmol of the resuspension were reverse
transcribed using Superscript III (Thermo Fisher Scien-
tific, Waltham, MA, USA) followed by PCR with HiFi Taq
(Thermo Fisher Scientific, Waltham, MA, USA) and the
1–116 primer set (Table 1). Negative control samples were
processed in parallel by excluding the 1–116 RNA.

EBOV minigenome assays

The EBOV 3E-5E-GFP minigenome system was kindly
provided by Dr. Kawaoka, University of Wisconsin-
Madison (10,42). The 1945 nt EBOV eGFP minigenome
RNA comprises trailer (nt 1–677), a partial NP gene (nt
677–742), eGFP (nt 742–1455), a partial L gene (nt 1455–
1891) and leader (nt 1891–1945) sequences. HEK 293T cells
were seeded at 4.5 × 105 cells and incubated overnight at
37◦C and 5% CO2. Cells were transfected using the cal-
cium phosphate method by combining an equal volume of
a solution containing 0.25 M CaCl2 and minigenome plas-
mids to 2× HBSS (0.28 M NaCl, 0.05 M HEPES, 0.0015 M
Na2HPO4

. 7 H2O) dropwise. The plasmids were in the fol-
lowing ratios per well: p3E-5E-GFP (1 �g), pCAGGSNP
(500 ng), pCAGGSVP30 (300 ng), pCAGGSVP35 (500
ng), pCAGGSL (4 �g) and pT7 (1 �g). After 15 min in-
cubation, the mixture was added to cells. At 48 h post-
transfection, cells were harvested, washed, and resuspended
in 1% pluronic acid and 4% paraformaldehyde fixative for
analysis by flow cytometry (Becton Dickenson, CA, USA).
Measurements were gated relative to VP35-negative con-
trol samples. Statistical analysis was performed by one-way
ANOVA using Graphpad Prism 6.0 (GraphPad Software).

Northern blot analysis

Total RNA from minigenome assay cells was extracted with
TRIzol (Thermo Fisher Scientific). Five microgram of to-
tal RNA was digested with RQ1 DNase (Promega) for 1
h at 37◦C. The RNA samples were electrophoresed for 1
h at 100 V in a 1× MOPS and 6% formaldehyde agarose
gel and transferred to Hybond-N+ membrane (GE Health-
care Life Sciences). Probes specific for genomic and RI
RNAs (Table 1) were labeled with 32P ATP using T4 Polynu-
cleotide Kinase (Promega). Membranes were prehybridized
for 1 h in PerfectHyb Plus Buffer (Sigma-Aldrich), and
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Table 1. Primers

Primers for EMSA assays

EMSA probe name (nt) Forward (5′-3′) Reverse (5′-3′)
1-50 taatacgactcactatagtggac atggtcgcacacaaaaatttaaaaataaatc
1-116 taatacgactcactatagtggac attgaccacgctcatcagaaggc
91-191 taatacgactcactatataggagc actgtaaaatcagaaatacctt
180-319 taatacgactcactatataggattttac tgtcgttttaaaaacggtga
288-411 taatacgactcactatataggattaag cagatggaatagtgttttggtt
394-508 taatacgactcactatatagaaacac gcaacataataaactctgca
504-627 taatacgactcactatatagttgcg atttaaataacgaaaggagtccc
595-730 taatacgactcactatatagtataatatag atagtatcctgatacttgcaa
A30URev taatacgactcactatagtggac gcacacaaaaatttaaaaaAaaatcta

Primers for single position nucleotide mutations for 3E-5E eGFP minigenome constructs

Point mutation Forward (5′-3′) Reverse (5′-3′)
A26U caaaaaagaagaaatagTtttatttttaaatttttg caaaaatttaaaaataaaActatttcttcttttttg
U27A caaaaaagaagaaatagaAttatttttaaatttttg caaaaatttaaaaataaTtctatttcttcttttttg
U28A caaaaaagaagaaatagatAtatttttaaatttttg caaaaatttaaaaataTatctatttcttcttttttg
U29A caaaaaagaagaaatagattAatttttaaatttttg caaaaatttaaaaatTaatctatttcttcttttttg
A30U caaaaaagaagaaatagatttTtttttaaatttttg caaaaatttaaaaaAaaatctatttcttcttttttg

Primers for double mutations for 3E-5E eGFP minigenome constructs

Mutations Forward (5′-3′) Reverse (5′-3′)
A26U/U27A caaaaaagaagaaatagTAttatttttaaatttttg
A26U/U27A caaaaatttaaaaataaTActatttcttcttttttg
A26U/U28A caaaaaagaagaaatagTtAtatttttaaatttttg
A26U/U28A caaaaatttaaaaataTaActatttcttcttttttg
A26U/U29A caaaaaagaagaaatagTttAatttttaaatttttg
A26U/U29A caaaaatttaaaaatTaaActatttcttcttttttg
A26U/A30U caaaaaagaagaaatagTtttTtttttaaatttttg
A26U/A30U caaaaatttaaaaaAaaaActatttcttcttttttg

Northern blot probes
Genomic probe
CGGTGATAGCCTTAATCTTTGTG
Replicative Intermediate probe
GGTTATTACACCTAATCTCTTATTTTACACAAAGATTAAGGCTA
TCACCGTTTTTAAAACGACAAATTAAAGTAATGATAATTATAAAAAAC

siRNA reagents
Gene Catalog number Vendor, catalog number
HSPA8 On Target siRNA 4 Dharmacon/Thermo Scientific, LQ 017609060002
HSPA8 On Target siRNA 5 Dharmacon/Thermo Scientific,

LQ-017609-07-0002
HSPA8 On Target siRNA 6 Dharmacon/Thermo Scientific,

LQ-017609-08-0002
HSPA8 On Target siRNA 7 Dharmacon/Thermo Scientific,

LQ-017609-09-0002

SHAPE primers
Position (nt) Name Sequence
1925-1945 P1 cggacacacaaaaagaaagaag
1571-1592 P2 ccttggttttgaacttgaacac
1242-1263 P3 cttatggtgttcaatgcttttc
978-999 P4 cggcagacaaacaaaagaatgg
563-584 P5 cctctctccctgcgtgataatc
284-305 P6 ggtgatagccttaatctttgtg

LNA for aiSHAPE
Position (nt) Name Sequence

1900-1912 3′ LNA1 +ctt+tt+gt +gtg+cga
1923-1938 3′ LNA2 +caa+aaa+ga+aa+gaa+gaa

3E-5E eGFP, 3E-5E plasmid containing enhanced green fluorescent protein; aiSHAPE, antisense-interfered SHAPE; EMSA, gel electrophoresis mobility
shift assay; F, forward; LNA, Locked nucleic acid; R, reverse; SHAPE, selective 2′-hydroxyl acylation analyzed by primer extension.
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probe was added and hybridized overnight at 45◦C for ge-
nomic and 55◦C for RI, respectively. Membranes were ex-
posed to phosphor screen overnight, imaged on GE Ty-
phoon FLA 9500 variable mode imager and quantified with
ImageQuant software (GE Healthcare). Signal was normal-
ized to VP35(-) sample for the genomic probe and normal-
ized to wt sample for the RI probe.

siRNA screens

Various siRNAs targeting HSPA8 (Table 1) were used to
transiently reverse-transfect HeLa cells (10 000 cells per
well, 96-well format) in triplicate at a 30 nM final concen-
tration, using HiPerfect reagent (Qiagen) as previously de-
scribed (43). Cells were washed the following day. Twenty-
four hours later, cells were infected with EBOV-ZsGreen at
multiplicities of infection of 20, 50 or 150 for 24 h. Cells
were fixed with 10% formalin (Val Tech Diagnostics), and
stained for high-content quantitative image-based analysis.
The assay was repeated twice. In three wells on each plate,
cells were transfected with a negative control siRNA (NT,
siCONTROL Non-Targeting siRNA #2, Dharmacon D-
001210-02).

EBOV reverse genetics

cDNA clones encoding EBOV/H.sapiens-tc/COD/1976/Y
ambuku-Mayinga (EBOV; GenBank #AF086833) wt and
variants thereof (A30U, A26U/A30U or the 5′ terminal 50
nt deletion variant) were constructed by standard cloning
techniques. For recovering recombinant viruses, HEK 293T
cells in 6-well plates were transfected in duplicate with
1 �g of full-length EBOV cDNA clone-encoding plas-
mid and support plasmids (1 �g of pCAGGS-NP, 0.5 �g
of pCAGGS-VP35, 0.3 �g of pCAGGS-VP30, 2 �g of
pCAGGS-L and 1 �g of pCAGGS-T7) using Lipofec-
tamine 2000 (Invitrogen Carlsbad, CA, USA) according
to the manufacturer’s instructions. As a negative control,
pCAGGS-L was omitted from one of the samples. At day
5 post-transfection, supernatants were collected, cell debris
was removed by centrifugation, and an aliquot of the virus-
containing media (termed passage 1) was used to infect a
fresh monolayer of Vero E6 cells. One week later, when cy-
topathic effects were observed in the wt-EBOV samples, su-
pernatants (termed passage 2) were harvested, cleared by
centrifugation, and stored at −80◦C. Vero E6 cells that did
not exhibit cytopathic effects (those transfected with the
EBOV mutants) were replenished with fresh growth me-
dia and incubated for an additional 3 days. Supernatants
were harvested, cleared by centrifugation and stored at
−80◦C. All EBOV rescue experiments were conducted un-
der Biosafety Laboratory 4 (BSL-4) conditions.

EBOV infections

Virus-containing supernatants (wt-EBOV and mutants
thereof) were used to infect Vero E6 or HeLa cells in 96-
well plates (15 000 cells/well). Cells were inoculated with
virus for 1 h, washed with PBS, and replenished with fresh
growth media. Cells were fixed 48 h later, blocked with 3%
bovine serum albumin in PBS, and stained with murine

monoclonal antibodies against EBOV GP1,2 (6D8, 1:1000
dilution) and with Alexa Fluor 488-conjugated antibodies
(1:1000 dilution, Life Technologies). Infected cells were also
stained with Hoechst 33342 and HCS CellMask DeepRed
(Life Technologies) for nuclei and cytoplasm detection, re-
spectively. Infection rates were determined by high-content
quantitative image-based analysis on an Opera quadru-
ple excitation high sensitivity confocal reader (model 3842
and 5025; Perkin-Elmer, Waltham, MA, USA) as described
(44). All infections were conducted under BSL-4 conditions.

Sequencing

RNA was extracted using the Zymo DirectZol kit (Zymo
Research) following the manufacturer’s instructions, includ-
ing the optional on-column DNase-treatment. RNA was
prepared for sequencing and enriched for EBOV-specific
reads using the Illumina TruSeq RNA Access kit with modi-
fications to the manufacturer’s recommended procedures as
described previously (45). Libraries were sequenced on an
Illumina MiSeq desktop sequencer using a version 2, 300
cycle kit (2 × 150) and analyzed using in-house scripts.

3E-5E-GFP minigenome RNA synthesis for SHAPE

DNA templates for in vitro transcription were generated by
PCR amplification of plasmids encoding the EBOV 3E-5E-
GFP minigenome and the corresponding replicon mutants,
using primers listed in Table 1. All PCR experiments were
performed using Platinum® Taq DNA polymerase High
Fidelity (Thermo Fisher Scientific, Waltham, MA, USA).
Transcripts were synthesized with the T7-MEGAscript sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA) fol-
lowing the manufacturer’s protocol. RNAs were purified by
denaturing 8 M urea/5% polyacrylamide gel electrophore-
sis, followed by elution and ethanol precipitation. Purified
RNAs were dissolved in sterile water and stored at −20◦C.

Selective 2′-hydroxyl acylation analyzed by primer extension

Six pmol of RNA were heated at 90ºC for 3 min and slowly
cooled to 4◦C. The volume was adjusted to 150 �l in a fi-
nal buffer of 50 mM Tris–HCl (pH 8.0), 100 mM NaCl, 5
mM MgCl2. Samples were incubated at 37◦C for 15 min.
Folded RNA was divided into two equal portions (72 �l
each) treated with 8 �l of 20 mM 1-methyl-7-nitroisatoic
anhydride (1M7) (46) in anhydrous DMSO (+) or DMSO
alone (−). Tubes were incubated at 37◦C for 5 min, and
RNA was precipitated at −20◦C with 60 ng/�l of glyco-
gen, 0.3 M sodium acetate (pH 5.2), and three volumes of
cold ethanol. Precipitated RNA was collected by centrifu-
gation and resuspended in 10 �l of water. SHAPE primers
(3 pmol) labeled with Cy5 (for modified samples) or Cy5.5
(for unmodified samples) (Table 1) in 7 �l water were an-
nealed to the RNA at 85◦C for 1 min, 60◦C for 5 min,
and 35◦C for 5 min. RNA was reverse transcribed at 50◦C
for 50 min with 100 U of reverse transcriptase (Superscript
III, Thermo Fisher Scientific, Waltham, MA, USA), 1× re-
verse transcription buffer, 5 mM DTT and 500 mM dNTPs
(Promega). RNA was hydrolyzed with 200 mM NaOH for 5
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min at 95◦C, and reactions were neutralized with an equiv-
alent volume of 2 M HCl. Sequencing ladders were pre-
pared using the SequiTherm EXCEL DNA cycle sequenc-
ing kit (Epicentre, Madison, WI, USA) according to the
manufacturer’s instructions. SHAPE primers were labeled
with WellRED D2 and LI-COR IRDye-800 dyes. Modi-
fied and control samples were mixed with the sequencing
ladders, precipitated as above, dried, and resuspended in
30 �l of deionized formamide. Primer extension products
were analyzed on a CEQ 8000 Genetic Analysis System
(Beckman Coulter, Fullerton, CA, USA) as previously de-
scribed (47). Electropherograms were processed using the
open-source SHAPEfinder program ver. 1.0 following the
software developer’s protocol, including the required pre-
calibration for matrixing and mobility shift for each set of
primers as previously described (42). Briefly, the area under
each negative peak was subtracted from that of the corre-
sponding positive peak. The resulting peak area difference
at each nt position was divided by the average of the high-
est 8% of peak area differences, calculated after discount-
ing any results greater than the third quartile plus 1.5× the
interquartile range. Normalized intensities were introduced
into open-source RNAstructure version 5.7 (48).

Antisense-interfered SHAPE (aiSHAPE)

Locked nucleic acid (LNA)/DNA chimeras were purchased
from Exiqon, Woburn, MA, USA, and the sequences of
which are provided in Table 1. Chimeras were added at
10× molar excess after folding the RNA. Samples were
subsequently incubated at 37◦C for 15 min prior to 1M7
treatment (see above). To quantify alterations induced by
antisense oligonucleotides, raw data were processed as de-
scribed above.

3E-5E-GFP minigenome RNA 3D modeling

The secondary structure of the EBOV 3E-5E-GFP
minigenome RNA predicted by RNAstructure soft-
ware version 5.7 (48) and chemical probing data from
SHAPE were used to generate 10 three-dimensional
(3D) models for the trailer-to-leader panhandle interac-
tion in the wt-EBOV genome and variants, A30U and
A26U/A30U, using open-source RNAComposer, version
1.0 (http://rnacomposer.cs.put.poznan.pl/). The quality
of predicted models was evaluated using open-source
MolProbity and KiNG tools (49,50).

RESULTS

Electrophoretic gel mobility shift assays indicate binding of
host-cell proteins to the EBOV trailer

Identification of regions of the EBOV trailer that interact
with host proteins was performed by EMSA (Figure 1A)
using the primers listed in Table 1. Initially, probes trun-
cated at the 3′ end of the trailer were evaluated to iden-
tify host protein binding regions (Supplementary Table).
Because each of the larger truncated probes was positive,
further EMSAs were performed to define minimal RNA
regions of the trailer. Overlapping probes were evaluated
in triplicate (Supplementary Table). Background-corrected

signal intensity was compared to wt probe and averaged
for the replicates. Ribonucleoprotien (RNP) complex for-
mation of probe 1–50 was reduced in the presence of 100×
molar excess of tRNA with a 35% reduction in binding (P
= 0.024) indicating that the complex can be competed, but
only at high concentrations. No reduction in RNP complex
formation was observed when competed with wt, unlabeled
probe 1–50 (Figure 1B). The 1–116 probe was significantly
competed with unlabeled wt probe at 10×, 25×, 50× and
100×, and 100× tRNA (Figure 1C). The 1–730 probe fol-
lowed a similar pattern as the 1–116 probe and could be sig-
nificantly competed with wt unlabeled probe and 50× and
100× tRNA (Figure 1D). The data suggests that the RNP
complex formation is specific because low to moderate con-
centrations of wt competitor and the highest concentrations
of tRNA were required for significant competition.

HSPA8 interacts with the 1–116 probe

The 1–116 probe was chosen for use as bait in pull-down
assays. Host proteins were eluted from the beads, resolved
and analyzed by mass-spectrometry (Figure 2A). Rattus
norvegicus (peptide score 171.72), Bos taurus (peptide score
94.62) and Mus musculus (peptide score 370.75) HSPA8
were identified as specifically binding to the 1–116 probe
by peptide score and selectivity when compared to the con-
trol lane (Figure 2B). Other host proteins binding specifi-
cally to the 1–116 probe included ATP5A, mitofilin, alde-
hyde dehydrogenase and COPS8, but not as consistently or
with lower peptide scores (data not shown). IP-RT-PCR
confirmed the HSPA8:1-116 interaction (Figure 2C and
D). Specific 1–116 probe PCR products were detected only
when cell lysates and 1–116 probe were immunoprecipitated
with anti-HSPA8 antibody. 1–116 probe could not be de-
tected by PCR in control samples excluding antibody, thus
supporting a specific interaction between HSPA8 and the
1–116 probe. Following identification of HSPA8, a litera-
ture search was performed indicating that HSPA8 interacts
with a pentanucleotide motif, 5′AUUUA3′, (51–54). Closer
examination of the EBOV trailer sequence identified three
of these motifs at nt positions 26–30, 620–624 and 669–673.
Here, these are referred to as HSPA8-binding motifs 1, 2
and 3, respectively.

Mutational analysis of 5′AUUUA HSPA8 motif 1 is neces-
sary for efficient transcription and replication

Based on the EMSA data, HSPA8 motif 1 was chosen for
further functional analysis. Variants of motif 1 were gen-
erated containing either a single point mutation or clus-
tered multiple point mutations. The effect of these variants
on EBOV transcription/replication was examined in the
context of the 3E-5E-GFP minigenome assay using 293T
cells. The 3E-5E-GFP minigenome assay is a transfection-
based replicon system. Expression plasmids encoding the
EBOV VP30, VP35, L and NP proteins are co-transfected
with a plasmid encoding the 3E-5E-GFP minigenome that
is driven by a T7 promoter and an expression plasmid en-
coding the T7 polymerase (T7pol). The minigenome is de-
scribed in detail in Watanabe et al. (10). Briefly the 5′ and
3′ ends of the EBOV genome flank a eGFP open reading

http://rnacomposer.cs.put.poznan.pl/
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Figure 1. EMSAs of the EBOV trailer demonstrating interaction with host proteins. (A) Representative EMSA using probe 1–50 in the presence of cold
1–50 competitor and tRNA. The black arrow indicates the complex used for quantification. (B) Relative average background-corrected intensity of at
least three independent experiments using the 1–50 probe compared to wt probe. (C) Relative quantification of probe 1–116 competition with increasing
concentration of unlabeled 1–116. (D) Relative quantification of probe 1–730 competition with increasing concentration of unlabeled 1–730. * indicates
statistical significance.

Figure 2. The host protein HSPA8 binds to the EBOV genome trailer. (A) Representative silver-stained gel used for mass-spectrometry analysis. Number
1 indicates the area where specific bands were identified)). (B) Summation of the mass-spectrometry data identifying HSPA8. (C) IP-RT-PCR results
confirming interaction between HSPA8 and the EBOV genome trailer. Line labeled as ‘NEG’ indicates parallel samples that excluded the HSPA8 antibody.
(D) Western blot confirming immunoprecipitation of HSPA8, NEG indicates parallel control samples that excluded the HSPA8 antibody.
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frame (ORF) as a reporter gene and is replication and tran-
scription competent. Single-nucleotide changes in motif 1
of the minigenome indicated that an A30U (5′AUUUU3′)
mutation resulted in a statistically significant (P < 0.0001)
decrease in both the total number of GFP-positive cells
(47% decrease, Figure 3A) and in the mean fluorescence in-
tensity of the GFP signal (43% decrease) (Figure 3B). The
A26U/A30U double mutant (5′UUUUU3′) motif resulted
in a significant decrease in GFP-positive cells (75%, P <
0.0001, Figure 3A and B).

Northern blots specifically targeting the genome and RI
RNAs were performed on the wt and mutant minigenome
samples to determine which step of the virus lifecycle
was impacted by mutagenesis of motif 1. Based on previ-
ous identification of VP35 as essential for replication and
transcription in an EBOV minigenome assay, (55), a con-
trol omitting expression of VP35 (VP35(−)) was included
to determine the level of T7pol produced minigenome
RNA. This control is necessary to determine the level of
minigenome produced by the viral proteins. If the mutant
does not impact minigenome synthesis, then the northern
blot signal intensity will be increased when compared to
VP35(−) and equal to the wt sample. If the mutant im-
pacts minigenome RNA synthesis, then the northern blot
signal intensity will be lower than wild type or equal to the
VP35(−) signal or greater than the wt signal. The data indi-
cate that four of five single point mutations, A26U, U28A,
U29A and A30U, in motif 1 reduced minigenome RNA
synthesis. The A30U mutant demonstrated the greatest im-
pact and was below the VP35(−) signal (Figure 3C and Sup-
plementary Figure S1A), however the U27A mutant did
not impact minigenome RNA synthesis. The double mu-
tants A26U/U27A, A26U/U28A, and A26U/A30U also
reduced minigenome RNA synthesis when compared to wt.
These data indicate that motif 1 is involved in minigenome
RNA synthesis.

To assess the impact of motif 1 in RI RNA synthesis, a
northern blot specifically targeting the RI RNA was de-
veloped (Figure 3D and Supplementary Figure S1B). RI
RNA is not produced by T7pol and will only be produced
when the appropriate complement of viral proteins and a
suitable RNA template is present, therefore the northern
blot signal intensity for wt RI RNA was used as a basis of
comparison. Mutants U28A, A30U and A26U/A30U de-
creased RI RNA synthesis when compared to wt sequence.
Mutants A26U, U27A, U29A, A26U/U27A, A26U/U28A
and A26U/U29A demonstrated variable but near wt levels
of RI RNA synthesis. These data indicate that motif 1 also
plays a role in RI RNA synthesis. Interestingly, the VP35(−)
control indicates that VP35 is also required for RI RNA
synthesis.

Transfection-based viral replicons reflect basic viral pro-
cess, but do not reflect all aspects of the viral lifecy-
cle. Therefore, evaluation of the mutations with the great-
est effect in the 3E-5E-eGFP minigenome assay, A30U,
A26U/A30U and an additional �2–56 mutant, was car-
ried out using a full-length infectious clone (Table 2). The
A26U/A30U and �2–56 mutants could not be recovered in
four of four replicates. However, the A30U EBOV variant
was rescued in 3/4 replicates, although with slower kinetics.
Sequence analysis of one of three replicates indicated an ‘A’

insertion at position 6579 in 87% of viral RNAs, which is in
the GP ORF. As expected, wt-EBOV was recovered in all 4
replicates. These data support the importance of motif 1 in
the virus lifecycle.

EMSA and siRNA support HSPA8’s role in the virus lifecycle

Based on 3E-5E minigenome assay data, the A30U mutant
was evaluated for RNP formation by EMSA, using the 1–
116 probe. As shown in Figure 3E and F significant com-
petition was observed with cold wt competitor similar to
the initial experiments described above. Competition with
cold tRNA did not reach significance at 10 or 25× molar
concentration, but was observed at 50 and 100× molar con-
centration suggesting specificity of the interaction between
HSPA8 and the trailer in this probe. EMSA of the 1–116
probe containing the A30U point mutation indicated a 72%
decrease in RNP formation (P < 0.01, one-way ANOVA Std
Dev 0.06) (Figure 3E and F), compared to wt probe. RNP
complex formation was competed with both unlabeled wt
probe and tRNA supporting our hypothesis that A30 of
motif 1 is necessary for RNP complex formation (P < 0.01
one-way ANOVA, GraphPad Prism).

Chemical modulation and siRNA screening was per-
formed to verify the role of HSPA8 in the virus lifecycle.
Cells were pre-treated with oxymatrine, which is used as
an HCV inhibitor that modulates HSPA8 mRNA stability
(56), but failed clinical trial evaluation (57). Oxymatrine-
treated cells were infected at an MOI of 3 with EBOV. Oxy-
matrine treatment of cells minimally reduced viral titer, and
semi-quantitative western blot did not support reduction of
HSPA8 expression (data not shown). Thus, a previously es-
tablished siRNA screening assay (43) was used to evaluate
four commercially available siRNAs against HSPA8. On-
Target siRNA5 reduced relative EBOV infection when com-
pared to No siRNA and negative control siRNA at an MOI
20, 50 and 150 (Figure 3G).

SHAPE indicates that HSPA8 motif 1 forms a stem-loop
structure

SHAPE interrogates RNA secondary structure by exam-
ining backbone flexibility (directly related to base pairing)
at each nucleotide position via reactivity with a specific
electrophilic reagent (39). We applied this technique to the
EBOV 3E-5E-GFP minigenome RNA, which contains all
essential cis-acting elements for efficient GFP translation
and EBOV minigenome replication in vitro (8,10,55).

Reactivity to the SHAPE reagent 1M7 for EBOV
minigenome RNA is shown in Figure 4A (Supplementary
Figure S2). The most reactive residues, and thus, the least
structurally constrained residues have a reactivity >0.8. Nu-
cleotide positions with reactivities <0.2 are indicative of
fully base-paired residues.

Minimum free-energy modeling using SHAPE data as
pseudo free energy constraints indicated formation of a
panhandle duplex structure between trailer and leader (Fig-
ure 4A). This long-range RNA–RNA interaction spans the
first and last 50 nt of trailer and leader, respectively. The
trailer-to-leader panhandle is interrupted by an internal
bulge on the leader side (nt 1929–1931) and a three-way
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Figure 3. Role of the HSPA8 motif 1 in the EBOV lifecycle. (A) Representation of relative percentage of GFP-positive cells transfected with motif 1 single
and double mutants. (B). Representation of median fluorescence intensity (MFI) for GFP-positive cells infected with motif 1 single and double mutants.
(C) Summation of northern blot results representing the levels of minigenome RNA synthesis for motif 1 mutants (D) Summation of northern blot results
representing the levels of RI synthesis for motif 1 mutants. (E). Summary of EMSA data comparing wt 1–116 probe to the HSPA8 motif 1 A30U single
nucleotide mutant. (F) Representative EMSA for wt vs. A30U mutant. (G) siRNA targeting of HSPA8.
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Figure 4. Secondary structure of nt 1–1945 of EBOV 3E-5E minigenome RNA. (A) Processed SHAPE reactivities are presented as a function of nucleotide
position. Red notations are expected to fall into single-stranded regions, whereas bases indicated in white correspond predominantly to either double-
stranded regions or putative tertiary interactions. Gray nucleotides correspond to residues for which no SHAPE signal values were measured either due
to pausing during reverse transcription or the position of 3′ primer hybridization. Data shown are an average of at least three experiments. Individual
RNA domains have been annotated trailer-to-leader interaction, HSPA8 motifs 1–3 and the nt 1868–1890 hairpin. * cont. GFP indicates a break in the
structure which contains the GFP open reading frame. (B) Structural response of the trailer-to-leader panhandle to antisense oligomers. The secondary
structure of the wt EBOV minigenome RNA is indicated according to SHAPE predictions. Gray residues represent formation of an extensive stop during
reverse transcription at the position of LNA hybridization. The position of two LNA/DNA chimeras hybridized to the leader is indicated with blue lines.
RNAstructure predicted alteration of the trailer structure is indicated below. Residues resulting in a reactivity increase (red) or decrease (blue) are indicated.
(C) Step plot representing the reactivity difference noted within nt 1–50 of the trailer in SHAPE and aiSHAPE experiments. (D) Structural map of the
�2–56 EBOV minigenome RNA mutant. Domains unaffected by introducing the deletion as compared to wt-EBOV minigenome RNA are indicated.
Nucleotide reactivities are color-coded as shown in the key and numbered every 10 nt. * cont. GFP indicates a break in the structure which contains
the GFP open reading frame. (E and F) Structural map of the trailer-to-leader interaction for the A30U and A26UA30U mutants, respectively. Sites of
mutation are indicated with arrows.
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Table 2. Infectious EBOV clone rescue results

Experiment Replicate A30U A26UA30U �2–56 deletion
Experiment 1 Replicate 1 Not recovered Not recovered Not recovered

Replicate 2 100% infectivity at passage 2 (Insertion of A at nt 6579) Not recovered Not recovered
Experiment 2 Replicate 1 63% infectivity at passage 2 Not recovered Not recovered

Replicate 2 42% infectivity at passage 2 Not recovered Not recovered

junction (nt 22–38 and 1912–1921). The three-way junction
embeds a short stem-loop (nt 28–37) containing HSPA8
motif 1.

The region upstream of the leader forms a stem-loop
structure (nt 1868–1890) with an AU-rich apical loop, sim-
ilar to the RI hairpin previously identified as a putative
VP30 binding site (14). Residues A1874–U1879 of this hair-
pin reacted more strongly with 1M7 than residues U1880–
U1883. Thus, the possibility exists that this hairpin (nt
1879–1884) forms an H-type pseudoknot structure with the
5′ upstream complementary region (nt 1863–1868). Pseu-
doknots play a critical role in many biological activities,
from regulation of viral gene expression to catalysis of
mRNA splicing and repeat-addition processivity of hu-
man telomerase (58,59). Subsequent experiments involving
LNA-directed displacement of the putative pseudoknot in-
teraction (aiSHAPE) (40) did not change reactivity of apical
loop residues or flanking regions (data not shown). Con-
ceivably, weaker reactivities of the apical loop of this hair-
pin can be attributed to intraloop base-stacking interaction
between A:U residues.

HSPA8 motifs 2 (nt 620–624) and 3 (nt 669–673) are lo-
cated in an unstructured single-stranded region forming the
internal loop (nt 612–625, nt 662–674) of a hairpin preced-
ing the GFP sequence (Figure 4A). Importantly, the GFP
sequence base pairs independently (Supplementary Figure
S2).

aiSHAPE data substantiate the EBOV trailer-to-leader pan-
handle interaction

To validate the trailer-to-leader interaction, we applied
aiSHAPE (40). Experimentally, one strand of an RNA du-
plex is displaced by hybridizing an antisense DNA/LNA
oligonucleotide, and disrupted RNA–RNA interactions are
characterized by enhanced 1M7 reactivity of the displaced
nucleotides.

Two chimeric LNA/DNA oligonucleotides, 3′-LNA1
and 3′-LNA2 (Table 1), were hybridized to the leader (nt
1889–1911 and nt 1925–1939) to disrupt base pairing inter-
action with the trailer (wt + 2LNAs). In the control sam-
ple, these oligonucleotides were omitted (wt). aiSHAPE in-
dicated changes in chemical reactivity within trailer residues
(Figure 4B). In particular, nts C5–A37 and U43–A51 of
the experimental sample (wt + 2LNAs) were more sensi-
tive to 1M7 modification (median reactivity 0.49) than the
corresponding residues in the control sample (wt, median
reactivity of 0.27). Moreover, nts A38–U42 of wt + 2LNAs
were less reactive (median value 0.39) than their wt coun-
terparts (median value 0.54). The RNAstructure algorithm,
when provided with pseudo energy constraints retrieved
from aiSHAPE experiments, predicted that in the absence
of its interacting 3′ partner, the trailer forms an independent
stem-loop structure involving nts C5–G48 (Figure 4B). The

stem of this hairpin is mainly composed of A:U base pairs
interrupted by only two G:C pairs and one G:U wobble.

The specificity of the aiSHAPE strategy was verified by
formation of an extensive barrier to reverse transcription
at the sites of LNA/DNA hybridization, as revealed during
capillary electrophoresis separation of the reverse transcrip-
tion products (data not shown). The 1M7 reactivity pro-
file in the presence of both LNAs indicated minor off-site
changes, which could reflect perturbation of tertiary con-
tacts within EBOV minigenome RNA (Supplementary Fig-
ure S3).

Mutating the EBOV trailer affects the structural conforma-
tion of the trailer-to-leader panhandle structure

We performed structural analysis of EBOV minigenome
RNA mutants �2–56, A30U and A26U/A30U to address
how changes introduced within the trailer affect the con-
formation of the trailer-to-leader panhandle. Although the
lack of trailer sequence-induced structural rearrangements
in deletion mutant �2–56 (Figure 4D; Supplementary Fig-
ures S4 and 5), certain structural domains specific for wt
EBOV minigenome RNA remained unchanged. These in-
clude a bifurcated stem-loop at the 5′ terminus (nts 38–
204), a stem-loop occluding HSPA8 motifs 2 and 3 (nts 552–
624) and the hairpin structure previously proposed as VP30-
binding site (nts 1813–1835) (Figure 4D). In contrast, the
A30U mutation within motif 1 affected only the conforma-
tion of the trailer-to-leader panhandle (Figure 4E and Sup-
plementary Figure S6). This single nucleotide substitution
eliminated formation of the nt 28–37 hairpin (containing
HSPA8 motif 1 in wt RNA), and introduced an A:C mispair
(nt A15, C1931), and an asymmetric internal loop (nt 22–
24 and 1925) (Figure 4E). Similarly, the A26U/A30U point
mutations caused structural rearrangements of the panhan-
dle duplex, again eliminating the nt 28–37 stem-loop and
introducing a mismatch at position 15 and an additional in-
ternal loop (G19–U23 and C1924–U1928) (Figure 4F and
Supplementary Figure S7).

Three-dimensional modeling of the EBOV minigenome
trailer-to-leader panhandle structure

A 3D structural model of the EBOV trailer and leader
was generated using RNAComposer (60) (Figure 5). Since
the server does not accept sequences >500 nts, a 174-nt
derivative sequence was created by deleting the sequences
downstream of nt 66 and upstream of nt 1847 and closing
the remaining short helical region (G63–A66 and U1847–
C1850) with a -G-A-G-A tetraloop. A dot-bracket nota-
tion generated by RNAstructure software was manually ad-
justed to account for this deletion, and subsequently pro-
vided to RNAComposer. Ten 3D RNA models were gen-
erated and analyzed, taking into account their secondary
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Figure 5. Three-dimensional projection models of the trailer-to-leader interaction in EBOV minigenome wt, A30U and A26UA30U RNAs. The 170 nt of
internally deleted EBOV wt and mutant minigenome RNA are depicted. Specific cis-acting motifs and domains are color-coded as shown in the key. The
models indicate that the previously defined VP30-binding site stem-loop is near to HSPA8 motif 1. A30U and A26UA30U mutations affect the spatial
arrangement between these stem-loop structures.

structure topology, sequence homology, structure resolu-
tion, and free energy. In addition, the quality of predicted
models was evaluated using MolProbity (4.3) and KiNG
tools (49,50). The models with the best topological score
are presented in Figure 5, indicating the position of trailer,
leader, HSPA8 motif 1 and the nt 1868–1890 hairpin. The
wt model reveals close spatial arrangement of HSPA8 mo-
tif 1 (green) with the hairpin (blue). The presence of trailer
A30U and A26U/A30U mutations changed the distance
between these RNA motifs. The model presented here pro-
vides useful insight into how RNA substructures may inter-
act during the course of EBOV replication.

DISCUSSION

Accumulation of viral proteins during infections often leads
to cellular stress and upregulation of heat shock protein
expression (61). The role of HSPs in the viral lifecycle is
only just being unveiled (62–64). Numerous studies also in-
dicate that specific interactions of host proteins with viral
secondary and tertiary RNA motifs modulate the lifecycle
(65,66). In this manuscript, we provide novel insight into the
structural conformation of EBOV NCRs, identify a specific
RNA motif within the trailer that interacts with a host cell
chaperone, HSPA8, and define the role of this protein/RNA
interaction in viral replication.
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EMSA (Figure 1), followed by protein pull-downs, mass
spectrometry, and IP-RT-PCR (Figure 2) allowed us to
identify and confirm that HSPA8 interacts with the first 50
nts of the EBOV trailer region. HSPA8, a member of the
HSC70 family, is a host chaperone that assists mis-folded
polypeptide chains to (re)fold into functional proteins and
is crucial for cell survival during stress (60). HSC70 also
interacts with HCV particles; HSC70 downregulation sig-
nificantly reduced virus production either via modulation
of viral assembly or release (61). In addition, HSC70 was
shown to be part of a protein complex that includes HCV
NS5A and host proteins HSP70 and HSP40 (62) and was
demonstrated to assist the NS5A/HSP70 complex essen-
tial for HCV IRES-mediated translation. HSC70 is also re-
cruited to reovirus viral factories (63) and is present in in-
fluenza A virus (64), and vesicular stomatitis Indiana virus
viral particles (65).

The pentanucleotide motif 5′AUUUA3′ is an HSPA8-
interacting motif (51–54). Sequence analysis of the 3E-5E-
GFP minigenomic RNA suggested three putative HSPA8
motifs in the trailer. However, the exact structural confor-
mation of these regions was undefined. Thus, using chem-
ical acylation techniques and site-directed mutagenesis, we
determined the secondary structure of 3E-5E-GFP EBOV
minigenome RNA and demonstrated that its 5′ and 3′
NCRs form complex long-range RNA interactions includ-
ing a trailer-to-leader panhandle (Figure 4A and Supple-
mentary Figure S2). Closer analysis indicates that motif 1
forms part of a small stem-loop (nts 28–37) that is in near
proximity to the VP30 binding stem-loop (nts 1868–1890).
To further investigate the role of the 5′ terminal 50 nt in the
5′–3′ interaction and the importance of HSPA8 motif 1, a
deletion mutant (�2–56) was evaluated by chemical prob-
ing and in the context of an EBOV infectious clone. SHAPE
data indicate that deleting trailer sequences caused struc-
tural changes within the 3E-5E-GFP minigenome RNA,
mainly due to the release of the leader sequences for base
pairing with complementary regions (Figure 4D; Supple-
mentary Figures S4 and 5). These structural rearrange-
ments did not affect the topology of other RNA domains.
Experiments with the infectious clone system indicated that
EBOV mutant �2–56 was not viable (Table 2). Since HSPA8
motif 1 is located within the 5′ terminal 50 nts of the
trailer, it is difficult to unambiguously determine if the pan-
handle structure or the HSPA8 motif 1 is necessary for
virus growth, but such data do reinforce the importance of
HSPA8 motif 1.

Probing analysis of the A30U and A26U/A30U
minigenome RNAs showed that HSPA8 motif 1 point
mutations affect the panhandle conformation, eliminating
the nt 28–37 stem-loop containing HSPA8 motif 1 (Figure
4E and F). No other RNA domains outside of the 5′–3′
interaction were changed (Supplementary Figures S6 and
7), suggesting that the trailer-to-leader interaction forms
an independent structural/regulatory element essential for
efficient virus replication. Hybridization of LNA/DNA
chimeras to the leader did not induce extensive structural
changes within upstream domains. These data suggest
that the trailer-to-leader panhandle might indeed function
as an autonomous element (Supplementary Figure S3).
The infectious clone system experiments also indicated

that EBOV mutant A26U/A30U was not viable. On the
other hand, the A30U mutant was rescued but with slower
kinetics. Sequence analysis indicated an A insertion into
the the GP open reading frame in 87% of the viral RNAs
at position 6579. The effect of this insertion, if any, on viral
replication remains to be determined (Table 2).

Automated 3D structure modeling of the trailer-to-leader
interaction in the wt 3E-5E-GFP minigenome RNA im-
plied a close association of HSPA8 motif 1 with the 1868–
1890 hairpin, recently shown to bind VP30 (18) (Figure 5).
The first 21 nts of the interacting 5′-3′ regions form an ex-
tended arm that is positioned orthogonally to the inter-
acting HSPA8/1868–1890 motifs. The spatial proximity of
these elements suggests a potential molecular bridging be-
tween HSPA8/VP30 and their specific RNA-binding mo-
tifs. A30U and A26U/A30U mutations changed the spa-
tial arrangement between these stem-loop structures possi-
bly disrupting these complex long-range interactions (Fig-
ure 5).

Mutational analysis of HSPA8 motif 1 further confirmed
its importance in the EBOV lifecycle (Figure 3A and B).
In particular, single- and double- point mutations indicated
that residue A30 plays an essential role in viral replication
and transcription. Furthermore, northern blot data indi-
cated a reduction in both minigenome and RI RNA pro-
duction of the A30U mutant (Figure 3D and Supplemen-
tary Figure S1). The A26U/A30U double mutation also
resulted in reduced RI RNA and minigenome synthesis.
Since the RI RNA serves a template for synthesis of the
minigenome RNA, reduction in minigenome RNA most
likely directly affects production of RI RNA. In addition,
EMSA analysis of the A30U mutant demonstrated reduced
host protein/viral RNA/RNP complex formation (Figure
3E). It is interesting that siRNA-directed (Figure 3G) or
chemical inhibition (data not shown) of HSPA8 moder-
ately reduced infectivity and viral titer, respectively, whereas
EBOV genome mutagenesis that targets the HSPA8 binding
motif led to nonviable virus.

Taken together, our structural probing, mutagenesis and
reverse genetics data indicate that the conformation of the
EBOV trailer and its interactions with host cell HSPA8 are
essential regulators of the EBOV lifecycle. Our studies indi-
cate that HSPA8 plays a critical role in production of viral
genomic and RI RNAs. During transcription and replica-
tion, the viral genome must become a template for synthe-
sis of progeny RNA. This process involves uncoating or at
least relaxation of the viral RNP. Host factors likely inter-
act with the viral RNP to maintain proximity of necessary
factors and aid complex formation to initiate and complete
these processes (67–69). It is likely that many of these in-
teractions are weak and transient, acting as scaffolds for
virus-driven processes. These transient interactions may as-
sist proper RNA folding for RI RNA synthesis, transcrip-
tion complex formation, or proper confirmation of packag-
ing signals to drive discrimination by viral components to
ensure effective packaging of full-length genomes and re-
duction of defective particles.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkw825/-/DC1
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