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ABSTRACT During viral RNA synthesis by the viral RNA-dependent RNA polymerase
(vVRdRp) of vesicular stomatitis virus, the sequestered RNA genome must be released
from the nucleocapsid in order to serve as the template. Unveiling the sequestered
RNA by interactions of vRdRp proteins, the large subunit (L) and the phosphoprotein
(P), with the nucleocapsid protein (N) must not disrupt the nucleocapsid assembly.
We noticed that a flexible structural motif composed of an a-helix and a loop in the
N protein may act as the access gate to the sequestered RNA. This suggests that lo-
cal conformational changes in this structural motif may be induced by interactions
with the polymerase to unveil the sequestered RNA, without disrupting the nucleo-
capsid assembly. Mutations of several residues in this structural motif—Glu169,
Phe171, and Leu174—to Ala resulted in loss of viral RNA synthesis in a minigenome
assay. After implementing these mutations in the viral genome, mutant viruses were
recovered by reverse genetics and serial passages. Sequencing the genomes of the
mutant viruses revealed that compensatory mutations in L, P, and N were required
to restore the viral viability. Corresponding mutations were introduced in L, P, and
N, and their complementarity to the N mutations was confirmed by the minigenome
assay. Introduction of the corresponding mutations is also sufficient to rescue the
mutant viruses. These results suggested that the interplay of the N structural motif
with the L protein may play a role in accessing the nucleotide template without dis-
rupting the overall structure of the nucleocapsid.

IMPORTANCE During viral RNA synthesis of a negative-strand RNA virus, the viral
RNA-dependent RNA polymerase (VRdRp) must gain access to the sequestered RNA
in the nucleocapsid to use it as the template, but at the same time may not disrupt
the nucleocapsid assembly. Our structural and mutagenesis studies showed that a
flexible structural motif acts as a potential access gate to the sequestered RNA and
plays an essential role in viral RNA synthesis. Interactions of this structural motif
within the vRdRp may be required for unveiling the sequestered RNA. This mecha- Received 17 August 2018 Accepted 18
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genomic RNAs are sequestered in the nucleocapsid during viral RNA synthesis. NSVs
encode their own viral RNA-dependent RNA polymerase (vRdRp). During viral RNA
synthesis by vRdRp, the assembled nucleocapsid serves as the template, not the
released RNA genome (1, 2). The mechanism by which vRdRp gains access to the
sequestered genomic RNA to copy complementary RNAs is an unsolved question.

Vesicular stomatitis virus (VSV) is a prototypic NSV. VSV belongs to the Rhabdovirus
family and its genome encodes five viral proteins, nucleocapsid (N), phosphoprotein (P),
matrix (M), glycoprotein (G), and the large protein (L). vRdRp of VSV is composed of the
L and P proteins, whereas the nucleocapsid, assembled by polymerization of the N
proteins, serves as the template. The crystal structure of a nucleocapsid-like particle
(NLP) shows that the assembly of VSV nucleocapsid requires extensive interactions of
a long N-terminal arm and a large loop in the C-terminal domain of the N protein
between four neighboring subunits (3, 4). The RNA is sequestered between the
N-terminal and C-terminal domains that are formed mostly with a-helices. Some of the
bases in the sequestered RNA face the interior of the N protein such that they could not
be copied without first being exposed. One possible way is to induce an open N
conformation as observed in the structure of some RNA-free N subunits (5, 6). However,
that will also require untangling the interactions between the N subunits, which does
not seem feasible. Another possible way is to induce a local conformational change at
a proposed access gate in the N protein, which will not disrupt the overall structure of
the nucleocapsid. This proposed access gate is one of helices in the N-terminal domain,
helix 5, which covers the sequestered RNA. If vRdRp can induce a conformational
change of helix 5, the sequestered RNA would be exposed to serve as the nucleotide
template. The structure of the L protein has been solved (7), as well as the nucleocapsid
binding domain of the P protein bound to the nucleocapsid (8). The orientation of the
P domain bound to the nucleocapsid suggests that nucleocapsid bound vRdRp faces
the access gate of the sequestered RNA. In this position, VRARp may open the helix-5
access gate to release the sequestered RNA.

In this report, we tested the requirement of L-N interplay for viral RNA synthesis.
Mutagenesis studies confirmed that the structural motif consisting of the helix 5 and
the following loop may play a role in supporting viral RNA synthesis. Since the helix
5-loop motif is at one of the most flexible regions in the N protein, vRdRp could readily
induce a conformation change in this structural motif to unveil the sequestered RNA
when bound to the nucleocapsid. The local structural change induced by vRdRp will
not disrupt the overall structure of the nucleocapsid.

RESULTS

The flexible structural motif in the N protein. When the N and P proteins of VSV
were expressed in Escherichia coli, a nucleocapsid-like particle (NLP) could be
purified (9). The crystal structure of the NLP revealed that the N protein has an
extended N-terminal arm and a large C-terminal loop (3). The nucleocapsid is
assembled by extensive interactions between the N subunits to sequester the viral
RNA in the core (4). Once the nucleocapsid is assembled, the overall structure is
fairly stable except for two regions as shown in Fig. 1. Based on the B factors, the
C-terminal loop and the helix 5/subsequent loop (helix 5-loop) are the most flexible
regions in the NLP. The structural motif composed of the helix 5-loop forms the
access gate to the sequestered RNA. In the NLP, the sequestered RNA is inaccessible
if the helix 5-loop gate is in place. On the other hand, the flexible C-terminal loop
is shown to interact with the nucleocapsid-binding domain of the P protein (8). This
interaction, however, still maintains the sequestering of the viral RNA. During the
viral RNA synthesis, vVRARp must gain access to the sequestered RNA in order to use
it as the nucleotide template. Since the helix 5-loop motif covers the sequestered
RNA and is flexible, the sequestered RNA may be locally released if a conformational
change of the helix 5-loop motif could be induced by vRdRp, which could be
accomplished without interrupting the nucleocapsid assembly.
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FIG 1 Flexibility in the N protein. (A) A B-factor putty drawing of the N protein structure in the
nucleocapsid-like particle. The regions colored red also have a large diameter, which corresponds to
higher B factors and are associated with higher structural flexibility. The sequestered RNA was shown as
a stick model. (B) Closeup look at the helix 5-loop motif. The red color of the models also corresponds
to high B factors. Selected residues are shown as stick models and labeled. The drawings were prepared
with PyMOL (49).

Role of the helix 5-loop motif. As shown in Fig. 1, several residues are exposed on
the surface of the helix 5-loop motif. Residues Arg153, Met157, Cys164, Lys165, and
Asn168 are located on the helix 5, whereas Glu169, Phe171, and Leu174 are located on
the loop. An alanine-scanning mutagenesis was carried out to verify the role of each
residue in viral RNA synthesis. After each mutation was introduced in the plasmid
expressing the N protein, the activity of viral RNA synthesis was quantitated in a
minigenome assay (10) (Fig. 2). Mutations of most residues in helix 5 did not signifi-
cantly change the activity, but obvious reduction was observed by the Met157Ala
mutation. On the other hand, mutation of residues on the loop dramatically reduced
the activity of viral RNA synthesis. This observation strongly suggests that the loop in
this structural motif may play an important role in supporting viral RNA synthesis by
vRdRp.

To ensure ubiquitously distributed protein concentrations, the protein expression
level of N mutants was measured by Western blot (Fig. 2C). Most N mutants showed a
similar level of protein expression, except for L174A, which had a 33% expression level
compared to the wild-type (wt) N protein. For most of the N mutants, the protein
expression level was not the main factor responsible for reduction of viral RNA
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FIG 2 Role of each exposed residue. (A) lllustration of the minigenome construct and a list of alanine mutations for the surface-exposed residues in the helix
5-loop motif. Cys164 was also mutated to an alanine (green) as a control. (B) Luciferase activities in the minigenome assays. The mutations of the N protein

in pN and controls are labeled. (C) Protein expression levels of N mutants in the minigenome assays a

synthesis. In case of L174A, the reduction in N protein expression may not play a major
role in the reduction of viral RNA synthesis.

Nucleocapsid assembly of N mutants. To examine the effects of N mutations on
the assembly of the nucleocapsid, these mutations were introduced in our expression
system of a NLP (9). The crystal structure of the NLP revealed the molecular interactions
in the nucleocapsid (3), and NLP recapitulates the assembly of nucleocapsid as found
in VSV virion (11). The N mutants were coexpressed with the P protein in E. coli and
NLPs were purified as described previously (9). The elution position of the N mutant
complexes in the size exclusion chromatography confirmed that the N mutants formed
the same NLP as the wild-type N protein (Fig. 3A). Electron micrographs of negative-
stain images of the NLPs clearly showed the ring-like structure of mutant NLPs, which
contains 10 N subunits and is the same as that of the wild-type NLP (Fig. 3B).
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FIG 3 (A) Elution profile of NLPs from an S200 size exclusion column. The light blue line corresponds to wt NLP, the red line corresponds to E169A, the dark

green line corresponds to F171A, and the light green line corresponds to L174A. (B) TEM images, class

averages, and selected particles of the E169A, F171A,

and L174A. Class averages were prepared with EMAN2, and particles were selected to show that the mutants still assemble in the same way as the wt rings

(10 subunits in each assembly).
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FIG 4 RT-qPCR quantification of mRNA, cRNA, and vRNA from the minigenome assay. Reduction in viral
RNA levels of the E169A, F171A, and L174A mutants compared to the wt N, respectively, was calculated
using 2-24¢T values. The log, of 2724¢T is plotted on the vertical axis to show the relative reduction of
RNA, and the shade for each viral RNA species is shown.

Specific effects of N mutants on viral RNA synthesis. There are three types of viral
RNA synthesized during VSV infection: mRNA during transcription, and cRNA/VRNA
during replication. To dissect which specific types of viral RNA synthesis were affected
by the N mutations, each species of the viral RNAs were quantitated by RT-gqPCR in the
minigenome assay (Fig. 4). The minigenome contains the leader and trailer sequences
of the full-length genome and the luciferase reporter gene. As shown in Fig. 4, the
levels of mRNA and cRNA were reduced the most when N mutants were included in the
minigenome assays. Since VRNA could also be produced by the minigenome plasmid,
the level of VRNA in this assay would be the mixture of two sources. Based on the
changes in the VRNA levels, the level of mRNA was changed to a large degree
compared to the wild type, consistent with the reduction in luciferase activities. For
L174A mutant that has a reduced level of protein expression, the vVRNA level was similar
to that when the wt N was included in the minigenome assay, suggesting that effects
on viral RNA synthesis was not due to the protein level of the N mutant.

Compensatory mutations in other viral proteins. If the loop residues are involved
in supporting viral RNA synthesis by vRdRp, it may be expected that compensatory
mutations in other viral proteins can restore the activity of viral RNA synthesis by
vRdRp. To identify the compensatory mutations, each of the mutations in the loop was
introduced in the N gene of the genome of the parent VSV and mutant viruses were
rescued by reverse genetics (12). At first, the mutant viruses were passaged five times
in BHK-21 cells at 31°C at a low MOI of 0.01 to avoid the potential formation of defective
interfering (DI) particles. In the last round, mutant viruses were harvested 24 h postin-
fection, and virus titers were determined by plaque assays. Subsequently, mutant
viruses passaged at 31°C were used to infect BHK-21 cells at 37°C with a multiplicity of
infection (MOI) of 1.0, followed by three more passages using an MOI of 0.01 and
titering by plaque assays. Serial passages were continued until the virus titers reached
107 PFU/ml (similar to wt VSV). The viruses from the last round were plaque purified in
Hela cells, and the genome was sequenced for each mutant virus (Table 1). Compen-
satory mutations were identified in the L protein of all three mutant viruses, confirming

TABLE 1 Mutations identified in rescued viruses passaged at 37°C

Virus Passage N gene(s) P gene L gene
Ni (E169A) 14 M166l, R179H 1753M
Nii (F171A) 26 L11ov R998Q
Niii (L174A) 18 L174V S264Y R728K

November 2018 Volume 92 Issue 22 e01417-18

Journal of Virology

jviasm.org 5


https://jvi.asm.org

Li et al.

10° 5
> i
=
S 10°H {»
< ]
Q ]
@ ﬁ
o L  p—
“G_J -~
e
E
- 3
10
10?
10' 4 T T T T T T T T T T T T T 1
& o O OF N2 N0 ARG 2 0 0
0 (I 8 500 2

$®

FIG 5 Verification of compensatory mutations. Luciferase activities were measured in minigenome
assays. The horizontal axis is labeled as follows: controls, P169a (pN-E169A, pP, and pL), P169b (pN-E169A,
pP, and pL-1753M), P169c (pN-M166I/E169A/R179H, pP, an pL-1753M), P171a (pN-F171A, pP, and pL),
P171b (pN-F171A, pP, an pL-R998Q), P171c (pN-L110V/F171A, pP, and pL-R998A), P174a (pN-L174A, pP,
and pL), P174b (pN-L174A, pP, and pL-R728K), P174c (pN-L174V, pP-S264Y, and pL-R728K), and P174d
(pN-L174A, pP-5264Y, and pL-R728K). Mutations introduced in the plasmids that express the correspond-
ing proteins or the wt plasmids are indicated in parentheses.

the critical role of the helix-loop motif in the interplay between the N and L protein to
support viral RNA synthesis. In addition, a compensatory mutation was also found in
the P protein in mutant Niii (Leu174Ala). This is also consistent with the role the
helix-loop motif in supporting vRdRp activities because the interactions of P with N
contribute to the activity of viral RNA synthesis (13, 14). More interestingly, mutations
were also identified in the N protein (Table 1). This suggests that optimal correlations
between L and N are required for efficient viral growth. No mutations were found in M
and G proteins.

We noticed that the mutant viruses passaged at 31°C did not grow well when they
were first transferred to 37°C. This indicates that the initial compensatory mutations
meet the minimum requirements to restore the viral RNA synthesis. Further compen-
satory mutations are required to fully restore the activity of vRdRp or effective virus
assembly at 37°C.

Verification of the compensatory mutations. Compensatory mutations identified
in the rescued mutant viruses were introduced in the plasmids expressing N, P, and L
proteins, respectively, and the minigenome assays were repeated. As shown in Fig. 5,
the compensatory mutation in the L protein alone is not sufficient to restore the activity
of viral RNA synthesis with the Ala mutations of Glu169 and Leu174 introduced in the
N protein. In the case of Phe171, the mutation to Ala did not result in a large reduction
of viral RNA synthesis, and the single compensatory mutation of Arg998GIn in the L
protein is sufficient to restore the activity. Additional mutation of Leu110Val in the N
protein did not further enhance the activity of viral RNA synthesis, implying this
mutation may be related only to the assembly of the virus. On the other hand, all
compensatory mutations are required for Glu169 and Leu174 mutations in order to
fully restore the activity. The minigenome assays confirmed that the Leu174Val muta-
tion is required for full restoration of the polymerase activity.

Confirmation of compensatory mutations required for virus replication. To
verify that the identified compensatory mutations are sufficient to construct a viable
mutant virus, the mutations from the three mutant viruses were introduced in the

November 2018 Volume 92 Issue 22 e01417-18

Journal of Virology

jviasm.org 6


https://jvi.asm.org

N-L Mutations

10°

10° -
=
E
2 10
o
= —m— WT-VSV
i 10° 4 —e— mcP VSV
2 —A—mcP VSV-N,
@ —v—mcP VSV-N,
S 10° 4 ——mcP VSV-N_

L
10* T T T T T T T T T T T 1
5 10 15 20 25 30 35 40

Hours Post Infection

FIG 6 Growth curves of mutant viruses. Compensatory mutations identified in Ni, Nii, and Niii were
introduced in the genome of the parent VSV (mcP VSV), and the mutant viruses were rescued (mcP
VSV-Ni, mcP VSV-Nii, and mcP VSV-Niii; Table 1). Confluent BHK-21 cells were infected by each marked
virus with an MOI of 0.01. Samples were collected from each infection at the given time points, and the
virus titers were determined by plaque assays.

genome of the parent VSV, and virus rescue was carried out subsequently. Mutant
viruses corresponding to all N mutations were successfully rescued and grew to similar
titers as the parent VSV and wt VSV (Fig. 6). This result confirms that mutations
identified in these mutant viruses can produce viable viruses when they are introduced
in the parent virus.

DISCUSSION

The mechanism of viral RNA synthesis by NSV vRdRp is unique because the template
is the nucleocapsid, not the free RNA genome. Since the genomic RNA is sequestered
in the nucleocapsid, vVRdRp must induce structural changes in the N protein in order to
gain access to the sequestered RNA. Another important requirement is that the
integrity of the nucleocapsid must be retained after the viral RNA synthesis is termi-
nated. The size of VRARp (7) suggests that the sequestered RNA may be locally released
by vRdRp, without disrupting the overall structure of the nucleocapsid.

The atomic structure of the nucleocapsid and the N protein has been determined for
a number of NSVs, and in the form of NLP, empty NLP, or the N subunit (3-6, 15-34).
As shown by the vast amount of structural data, the common scheme of nucleocapsid
assembly of NSVs involves extensive cross-subunit interactions by termini or loops
extended from the core of the N protein (35). These extensive interactions make the
overall structure of the nucleocapsid very stable. This raises the question of how vRdRp
may gain access to the sequestered RNA. Based on an open conformation found in the
RNA-free N subunit (5, 6), one possible mechanism is to induce the open conformation
of the N protein by vRdRp. However, this mechanism would require a large conforma-
tional change (up to a 30° rotation) of the domains in the N protein and disruption of
the cross-subunit interactions by the extended polypeptides. This not only requires
broad interactions between vRdRp and the nucleocapsid but also may result in
disassembly of the nucleocapsid. The open conformation of the N protein is stabilized
by the chaperone P protein to serve as the precursor for nucleocapsid assembly. The
assembly of the nucleocapsid may not be a reversible process after it has been
completed and the P protein been released from the assembled nucleocapsid.

In this study, we focused on a structural motif of the helix 5-loop in the N protein
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TABLE 2 Primers used for introducing the mCherry gene in the full-length genome of the

VSV

Primer Nucleotide sequence (5'-3')?

N(+)-F CAGCCTGATGACATTGAGTATACATCTCTTACTACAGCAGG

N-mC(-)-R TCCTCGCCCTTGCTCACCATGGTGGCGGCGATATCTGTTAGTTTTTIT

P(+)-F ATGGACGAGCTGTACAAGggaggaaacagcggaggaATGGATAATCTCACAAAAGTTCG
P-M(-)-R GCCTATTAAGTCATTATGCCAATTTAAATCTGAGCTTGACGGGC

mC(+)-F TATGAAAAAAACTAACAGATATCGCCGCCACCATGGTGAGCAAGGGCGAGG
mC-P(-)-R ACTTTTGTGAGATTATCCATtcctccgetgtttcctccCTTGTACAGCTCGTCCAT

aThe underlined portions indicate the recognition sites of restriction enzymes, BstZ17 | and Swal,
respectively. The Kozak sequence is italicized. Lowercase lettering indicates flexible linker (GGNSGG) (40).

of VSV that constitutes the access gate to the sequestered RNA. This structural motif is
one of the two flexible regions in the nucleocapsid, suggesting its conformational
changes are more easily induced by interactions with vRdRp. Structural changes of the
helix 5-loop are expected to be local and would not disrupt the nucleocapsid assembly.
Previous studies showed that residues on helix 5 directly interact with the sequestered
genomic RNA and are essential for RNA encapsidation and viral RNA synthesis (3, 36).
The structure of the nucleocapsid binding domain of the P protein bound in the NLP
indicated that vRdRp would face the helix 5-loop motif when it binds the nucleocapsid
(8), implying a direct contact between them. Our mutagenesis studies proved that
residues Met157, Glu169, Phe171, and Leu174 in the helix 5-loop motif are essential for
the activity of viral RNA synthesis. The N mutations do not interrupt the assembly of the
nucleocapsid and appear to mainly affect the synthesis of mRNA and cRNA. Compen-
satory mutations in vVRdRp (L and P proteins), as well as those in the N protein, can
restore the activity of viral RNA synthesis. These mutations are also sufficient to
generate a viable mutant virus when introduced in the wt viral genome. Since the initial
mutations we introduced in the N protein were alanines, which eliminates the potential
interactions of the wt N residues with other proteins, residues resulted from compen-
satory mutations may not directly reestablish interactions with the mutated Ala but
rather interactions with the helix 5-loop motif. This is also consistent with the obser-
vation that additional mutations in the N protein are required to fully restore the
activity of vRdRp. Nevertheless, our study confirmed that potential interactions of the
helix 5-loop motif with vRdRp may be required for viral RNA synthesis in VSV. A similar
flexible structural motif is also found in the N protein of paramyxoviruses (Nipah virus,
parainfluenza virus 5, and mumps virus), suggesting a common mechanism for access-
ing sequestered RNA in NSV nucleocapsid (5, 26, 37).

MATERIALS AND METHODS

Cell culture and viruses. BSR-T7 (a gift from Biao He, University of Georgia) and BHK-21 cells were
maintained in Dulbecco modified Eagle medium (DMEM) containing 5% fetal bovine serum (FBS) with
100 units of penicillin, 20 U of streptomycin (10). BSR-T7 cells were additionally supplemented with
Geneticin G418 (1 mg/ml) on every second passage. Hela cells were maintained in DMEM containing
10% FBS 100 U of penicillin, and 20 U of streptomycin (38). Recombinant vaccinia virus VTF7-3 were
prepared in CV-1 cells cultured in Eagle minimum essential medium supplemented with 10% FBS.

Plasmid mutagenesis. The original plasmids pLuc, pN, pP, and pL were kindly provided by Asit K.
Pattnaik at the University of Nebraska—Lincoln. pLuc was constructed in pGEM-3 vector by inserting a
leader sequence, the luciferase gene and a trailer sequence (39). pN, pP, and pL were used to express N,
P, and L proteins of VSV. All site-directed mutations in N, P, and L genes were constructed using Q5
site-directed mutagenesis kit (New England BioLabs) according to the manufacturer’s instructions. The
same method was also used to introduce site-directed mutations in the full-length VSV genome.

The wt full-length VSV genome plasmid is a gift from Gail Wertz at the University of Alabama at
Birmingham. The full-length VSV (Indiana serotype) genome was modified by inserting the coding
sequence of a mCherry protein fused at the N terminus of the P gene (mcP VSV), using the overlap PCR
method (Table 2).

VSV minigenome assay. BSR-T7 cells seeded to approximately 95% confluence in 12-well plates
were infected with vTF7-3 at an MOI of 1 to 5 for 1 h at 37°C. Cells were washed twice with Opti-MEM
serum-free medium (Invitrogen) and transfected with 2 ug of pLuc, 1.5 ug of pN, 1 ug of pP, and 0.5 ug
of pL by using Lipofectamine 2000 (Invitrogen) (39). The cells were incubated for 6 h at 37°C, and then
fresh DMEM with 5% FBS was exchanged. At 24 h posttransfection, cell lysates were assayed for the
luciferase activity.
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TABLE 3 Primers used for amplification of the full-length genome of the VSV in

sequencing

Primer Nucleotide sequence (5'-3’)
AmpVSV1-F ACGAAGACAAACAAACC
AmpVSV1-R TCTGAAGTGCTCTGGTAC
AmpVSV2-F TTCTAATCTAAAGGCCAC
AmpVSV2-R CTTCAAGTTGCATATCGG
AmpVSV3-F TAGGGAGGATGCAAACGG
AmpVSV3-R TTGTCGGATAGGAGGTTG
AmpVSV4-F CGGATTAATGAGAGCAAG
AmpVSV4-R ACGAAGACCACAAAACCAG

Western blotting. Western blots were prepared as described previously (40). Lysates were prepared
from BSR-T7 cells transfected with N-WT, N-E169A, N-F171A, and N-L174A. Samples were run on 8.5%
acrylamide SDS-PAGE gels, and Western blots were probed with specific antibodies for anti-VSV N and
developed using Pierce ECL Western blotting substrate (Thermo Fisher Scientific).

N protein expressions and purifications. All of cDNA mutations were cloned into the expression
vector previously shown (7) using a HiFi assembly kit with forward primer (5'-CTTAAGAAGGAGATATAC
CATGGCTTCTGTTACAGTCAAG-3’) and reverse primer (5'-GATGGCCCATGGTATATCTCCTTCATTGTCAAAT
TCTGAC-3') according to the manufacturer’s protocol. Positive clones were identified by sequencing and
transformed into E. coli strain BL21(DE3). The N rings were expressed and purified as previously described
(9). After purification, size exclusion was carried out with a HiLoad 16/100 Superdex 200 Prep-Grade
column equilibrated with 50 mM Tris (pH 7.5) and 300 mM NaCl. The second peak, corresponding to the
pure NLPs, was analyzed by SDS-PAGE for purity, and then utilized for further transmission electron
microscopy (TEM) experiments.

Transmission electron microscopy. Images were taken at 30K magnification on a JEOL JEM-1400
(120 kV) TEM apparatus using a 2kx2k, 14-um Ultrascan1000 (Gatan). Samples grids (25 wg/ml concen-
tration of protein) were prepared by adding 2 ul onto a carbon-coated, 400-mesh copper grid. After 1
min, the sample was blotted with Whatman 4 filter paper. A 2-ul buffer wash/blot step was added before
staining with 4% uranyl acetate for 30 s and blotting away the excess. All particle picking and 2D class
averages were performed in EMAN2 (41), and selected class averages and particles are shown in Fig. 3.

Virus rescue. mcP VSV was used as the parent VSV to construct the mutant virus genome, according
to previously described procedures (12, 42-44). Briefly, confluent 60-mm dishes of BSR-T7 cells were
infected with vTF7-3 at an MOI of 10. After 45 min, the cells were cotransfected with a plasmid encoding
the full-length VSV genome containing various mutations in the corresponding viral genes (4 ng) and pN
(6 ng), pP (4 ng) and pL (2 pg) proteins in 20 ul of Lipofectamine 2000. After 48 to 72 h, the culture
medium was collected, filtered through a 0.22-um-pore size syringe filter twice to remove vTF7-3
vaccinia virus. Viral titers were determined by a plaque assay as described previously (45).

Plaque purification of rescued viruses. Briefly, monolayers of HelLa cells were grown in 12-well
tissue culture plates. Cells were infected with inoculums of the mutant virus 10-fold serially diluted in
DMEM without serum. After 1 h of incubation at 37°C in 5% CO,, the infection medium was aspirated and
washed three times with phosphate-buffered saline (PBS) and then overlaid with 1 ml of 0.8% (wt/vol)
agarose in DMEM. After 24 h of incubation, four plaques were picked from at least two different wells.
The agarose plugs were individually transferred to 60-mm plates of BHK-21 cells. Virus growth was
monitored by observing mCherry using fluorescence microscopy, and virus titers were determined by
plaque assays.

RNA extraction and reverse transcription-PCR. Viral RNAs were extracted from infected cell
cultures by using the RNeasy minikit (Qiagen) according to the manufacturer’s instructions, and the total
RNA was used in reverse transcription to generate cDNA by using random nonamers (Sigma) as
described previously (13, 46). Briefly, the 20-ul reaction mixtures contained 10 ul of RNA, 4 ul of 5X
first-strand buffer, 1 ul of random nonamers primers (Sigma), 1 ul of a 10 mM deoxynucleoside
triphosphate mix, 2 ul of 0.1 M dithiothreitol, 1 ul of RNaseOUT (Thermo Fisher Scientific) inhibitor, and
1 wl of SuperScript Il reverse transcriptase (Invitrogen). The samples were incubated at 42°C for 1 h, and
the reaction was inactivated by heating at 70°C for 15 min. The PCRs were performed by using Phusion
High-Fidelity DNA polymerase (Thermo Fisher).

Real-time qPCR. Total RNA was extracted, as described above, from BSR-T7 cells from either mock
treated, treated, or transfected with the different luciferase minigenomes. The reverse transcriptions were
performed using the same protocol as above, but using specific primers for mRNA (5'-CCAGATCGTTCG
AGTCGTTTTTTTTTTTTTTTTITITACACGGCGATCTTGCC-3'), cRNA (5'-GCTAGCTTGAGCTAGGCATCCGCCGAT
ATCTGTTAG-3’), VRNA (5'-GGCCGTCATGGTGGCGAATACGAAGACAAACAAACC-3’), and B-actin (5'-AGCA
CTGTGTTGGCGTACAG-3'). Real-time PCR was performed using mRNA forward primer (5'-CCAGATCGTT
CGAGTCGT-3’) and reverse primer (5'-CGCGGTGGTGTTGTGTTC-3’), cRNA forward primer (5'-GCTAGCTT
CAGCTAGGCATC-3’) and reverse primer (5'-AAACAGAAAACCGACACCTG-3'), vRNA forward primer (5'-A
GCAGGTTTGTTGTACGC-3) and reverse primer (5'-GGCCGTCATGGTGGCGAAT-3’), and B-actin forward
primer (5'-AGAGCTACGAGCTGCCTGAC-3') and reverse primer (5'-AGCACTGTGTTGGCGTAGAG-3’) on an
QuantStudio 3 real-time PCR system utilizing a PowerUp SYBR green master mix according to the
manufacturer’s protocol (Thermo Fisher Scientific). All data were analyzed using the 2-22¢T method as
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previously described, and the mock, template-free, no-RT-PCR, and template-only controls did not yield
a C; value (data not included) after 40 cycles, indicating specific amplification of the selected genes (47).
Sequence analysis of viral genomes. The primers shown in Table 3 were used to amplify the
full-length VSV genomes. Each fragment was cloned into pCR2.1 vector containing the LacZ gene
(Invitrogen). Automated sequence analysis was carried out by DNAStar 7.0 software.
Determination of growth kinetics. Multistep growth curves were generated using a protocol similar

to that previously described (48). Briefly, BHK-21 cells seeded to approximately 95% confluence in 12-well
plates were infected with each of the mutant viruses at an MOI of 0.01. After 1 h of adsorption at 37°C
in 5% CO, with periodic rocking, the inoculum was removed. The cells were washed three times with PBS
to remove unbound virus, and then 1 ml of DMEM was added. At the indicated time points (6, 12, 18,
24, 30, and 36 h), the supernatant of each well was collected and stored at —80°C for determination of
the virus titer by a plaque assay in a later time.
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