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ABSTRACT

To characterize RNA-capsid binding sites genome-
wide within mature RNA virus particles, we have
developed a Next-Generation Sequencing (NGS)
platform: viral Photo-Activatable Ribonucleoside
CrossLinking (vVPAR-CL). In vPAR-CL, 4-thiouridine
is incorporated into the encapsidated genomes of
virus particles and subsequently UV-crosslinked to
adjacent capsid proteins. We demonstrate that vPAR-
CL can readily and reliably identify capsid binding
sites in genomic viral RNA by detecting crosslink-
specific uridine to cytidine transitions in NGS data.
Using Flock House virus (FHV) as a model system, we
identified highly consistent and significant vPAR-CL
signals across virus RNA genome, indicating a clear
tropism of the encapsidated RNA genome. Certain
interaction sites coincide with previously identified
functional RNA motifs. We additionally performed
dimethyl sulfate mutational profiling with sequencing
(DMS-MaPseq) to generate a high-resolution profile
of single-stranded genomic RNA inside viral parti-
cles. Combining vPAR-CL and DMS-MaPseq reveals
that the predominant RNA-capsid interaction sites
favored double-stranded RNA regions. We disrupted
secondary structures associated with vPAR-CL sites
using synonymous mutations, resulting in varied ef-
fects to virus replication, propagation and packaging.
Certain mutations showed substantial deficiency in
virus replication, suggesting these RNA—-capsid sites
are multifunctional. These provide further evidence
to support that FHV packaging and replication are
highly coordinated and inter-dependent events.

INTRODUCTION

Icosahedral RNA viruses must package their genetic cargo
into the restrictive and tight confines of the protected viri-
ons. High resolution structures of RNA viruses have been
solved by Cryo-EM and crystallography, but the encapsi-
dated RNA often eluded visualization due to the icosa-
hedral averaging imposed during image reconstruction.
Asymmetrical reconstructions of some icosahedral RNA
virus particles have revealed that the encapsidated RNAs
conform to specific structures (1-3), which may be related
to programmed assembly pathway or an energy-minima for
RNA folding during or after encapsidation (4). Despite
these advances, determining whether encapsidated RNA
genomes conform to a single structure and what regions of
the viral RNA genome interact with the inner surface of the
capsid shell remain challenging. Furthermore, for many vi-
ral systems it remains to be determined whether there exists
a single RNA structure with conserved topology in RNA
virus particles or an ensemble of genomic RNA structures.
This is important as resolving these features will inform on
the elusive structures of the asymmetrically encapsidated
genomic material and how virus particles are assembled.
Flock House virus (FHV) is a non-enveloped, single-
stranded positive-sense RNA (+ssRNA) virus from the
family Nodaviridae. The small bipartite genome compris-
ing RNA 1 (3.1 kb) and RNA 2 (1.4 kb) is packaged into
a 34 nm non-enveloped T = 3 icosahedral virion. Only
two non-structural proteins are produced by FHV RNA
1: the RNA-dependent RNA polymerase (RdRp) and sub-
genomic RNA encoded protein, B2. The B2 protein was
discovered as the virus’s approach to evade the invertebrate
anti-viral RNA silencing machinery (5,6), which thereafter
led to the discovery of similar mechanism in plant cells (7).
FHV RNA 2 encodes the structural protein for virus assem-
bly. A precursor protein « (43 kDa) assembles into a non-
infectious provirion (8,9). The mature, infectious virions are
derived from an autocatalytic process of provisions, where
protein a cleaves into proteins B (38 kDa) and -y (5 kDa)
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(8,10). FHYV is perhaps the best studied alphanodavirus and
provides a powerful model system by virtue of its small
genome size (4.5 kb), genetic tractability and ability to in-
fect Drosophila and mosquito cells in culture and insects
(reviewed in (11,12)). More recently, FHV has been adapted
into the medical field. FHV-related vaccine developments
utilized either the viral particle as antibody-display system
(13) or the viral RNA as trans-encapsidated chimeric viral
vaccine platform (14-16).

Both authentic virions of FHV and the related Pariacoto
virus have been reconstructed by cryo-EM and X-ray crys-
tallography to reveal highly ordered dodecahedral cages of
RNAs (17,18). The X-ray structure of FHV virion showed
electron density at the icosahedral 2-fold axis, which was
modelled as an ordered RNA duplex of ~20 nucleotides
(19). This would account for 1800nts (more than one third)
of the viral genome, implicating a highly-ordered and spe-
cific set of interactions between the viral protein capsid and
the encapsidated genome. Interestingly, recombinantly ex-
pressed virus-like particles (VLPs) of FHV also exhibit a
similar dodecahedral RNA cage despite packaging predom-
inantly cellular RNAs. This indicates that viral capsid may
either impose structure upon the encapsidated RNA or se-
lect for natively structured host RNAs such as ribosomal
RNAs (20,21). However, as these structures are obtained
with icosahedral averaging, we still do not know what re-
gions or sequences of viral genomic RNA comprise the
RNA cage.

The FHV encapsidation process remains largely un-
known. One molecule of each RNA 1 and 2 is specifically
encapsidated into virus particles (22), while subgenomic
RNA 3 is excluded (23). Several components of the capsid
protein such as the arginine-rich motif and the C-terminal
FEGFGF motif have been demonstrated to be essential de-
terminants of packaging specificity of RNA 1, RNA 2 or
both (24-26). It was also speculated that FHV packaging
process may be in close association with viral replication
and/or translational events (27-30). In the virus genome,
one stem-loop structure in RNA 2 proximal to 5" end was
demonstrated to be required for RNA 2 packaging (31).
However, it remains unclear whether there are similar pack-
aging sites on RNA 1 or 2, and how these sites interact and
thus recruit capsid protein to fulfill virus encapsidation.

Next-generation sequencing (NGS) in combination with
crosslinking techniques provides a high-throughput ap-
proach to study transcriptome-wide RNA-protein inter-
actions (reviewed in (32)). A number of new technolo-
gies have successfully described interactions between RNA-
binding proteins (RBPs) and different types of RNAs, in-
cluding nascent transcripts, mRNAs, microRNAs and ribo-
somal RNAs. Among these, PAR-CLIP (Photoactivatable
Ribonucleoside-Enhanced Crosslinking and Immunopre-
cipitation) (33) utilizes a 365 nm UVA-activatable ribonu-
cleoside analog 4-thiouridine (4SU) to effectively crosslink
RNA to bound proteins. The enriched crosslinked RNAs
result in a highly specific U to C transition during NGS li-
brary preparation (34-36), granting the ability to rapidly
identify RBP and microRNA target sites on a transcrip-
tomic scale (33).

In an analogous fashion to PAR-CLIP, here we applied
the same principle to study the interaction of FHV ge-
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nomic viral RNA in the context of assembled virions. Un-
like the complex cellular micro-environment, virions rep-
resent a highly simplified enclosure with few well-defined
components (viral RNA and capsid). Therefore, we were
able to identify for specific RNA-capsid interaction events
in virions without interference from other cellular compo-
nents. Furthermore, since viruses can be readily separated
from other cellular components, we avoided the need of im-
munoprecipitation for RNA recovery, and thus largely sim-
plifying the PAR-CLIP methodology. This method is hence
named VPAR-CL’ (viral PhotoActivatable-Ribonucleoside-
enhanced CrossLinking ).

Here, using FHV as a model system, VPAR-CL method-
ology was validated by determining that the increased U
to C (U-C) transition rate was highly specific to crosslink
between viral RNA and capsid. We noticed that the inten-
sity of vVPAR-CL signals was subjected to the dose of 4SU
and time of incubation. Triplicate FHV vPAR-CL experi-
ments revealed significant and highly consistent vVPAR-CL
signals across the encapsidated genome, which implicates a
clear tropism of RNA cage inside capsid shell. The mul-
tiple clusters of vVPAR-CL sites suggest that FHV encap-
sidation may require multiple synergetic packaging sites.
DMS-MaPseq (dimethyl sulfate mutational profiling with
sequencing) was used to chemically probe single-stranded
FHYV genomic RNA in virions. We thus constructed a whole
genome DMS-MaPseq-imposed RNA secondary structure
map for FHV. We noticed RNA-—capsid interaction sites fa-
vored double stranded RNA regions. Synonymous muta-
tions were designed to disrupt predicted vVPAR-CL sties in
dsRNA regions, which resulted in varied effects to virus
RNA replication, propagation, and virulence. Mutations
over certain VPAR-CL sites showed evidential deficiency
in RNA replication, suggesting these sites serve a multi-
functional role in both virus packaging and replication.
This provides further evidence to support that FHV pack-
aging and replication are highly synchronized and inter-
dependent events.

MATERIALS AND METHODS
Cell culture and virus

Drosophila melanogaster (S2) cells were regularly main-
tained and passaged with Schneider’s Drosophila Media
(Gibco) containing 10% fetal bovine serum, 1 x Antibiotic-
Antimycotic (Gibco), 1 x MEM non-essential amino acids
solution, and 1 mM sodium pyruvate.

As described previously (37), wild-type (wt) Flock House
virus (FHV) was generated by transfecting S2 cells with
pMT plasmid vectors (Invitrogen) containing respective
genomes (NC_004146 for RNA 1, and NC_004144 for RNA
2). Copper sulfate was used to induce the promoter 24 h
post transfection, while viruses were allowed to accumulate
until 3 days post induction to yield passage 0 (P0O) virus/cell
mixture. The PO transfected cells and viruses were then used
to inoculate naive S2 cells in a T75 flask for 3 days to yield
passage 1 viruses, which were purified and used as FHV in-
oculum in this study, unless otherwise mentioned. All virus
transfections, infections, and passages with S2 cell culture
were maintained in a 27°C incubator.
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To purify FHYV, 1% Triton X-100 was added to the cell
culture containing P1 viruses. Cell culture underwent one
freeze-thaw cycle, and cell debris was removed with 3000
x g centrifugation. FHV in the supernatant was crudely
purified with 4% polyethylene glycol (PEG) 8000 and cen-
trifuged (6000 x g) to remove debris (15). This was fol-
lowed by DNase I and RNase A overnight digestion, to
remove any co-precipitated cellular DNA or RNA. Un-
less otherwise mentioned, viruses were further purified with
a 10-40% sucrose gradient, and ultracentrifuge at 40 000
RPM for 1.5 h. Viruses were then concentrated with 100K
MWCO polyethersulfone (PES) membrane protein concen-
trator (Pierce) and washed three times with 10 mM Tris pH
7.4.

vVPAR-CL and ClickSeq

S2 cells were maintained in T75 flask until 70-90% conflu-
ency. Cells were infected with purified Flock House virus
(P1) at MOI = 1 (37-39). As an initial dose, 4-thiouridine
(Sigma-Aldrich) was supplemented to the cell culture to
100 wM as 1 x concentration with virus. An optional ‘boost’
dose of 4-thiouridine can also be supplied 16 h post infec-
tion (Figure 3A). Cells and viruses were harvested at 16 or
40 h post infection (Figure 3A). Viruses were purified with
methods described above.

UV crosslinking was conducted at 4°C in dark room. The
nuclease-treated and purified 4SU-containing viruses were
placed uncovered over ice and irradiated with 0.15 J/cm?
(33,40) of 365 nm UV light (3UV-38, UVP). After crosslink-
ing, viruses were digested with 8U of proteinase K (NEB)
at 37°C for 30 min. Crosslinked RNAs were extracted
and purified with RNA Clean & Concentrator (Zymo Re-
search) to yield RNA template for 4SU+/UV+ sequencing
library sample. Unless otherwise mentioned, the same 4SU-
containing virus without any UV irradiation was prepared
in the same way to give RNA template for 4SU+/UV- con-
trol library.

Both the crosslinked and uncrosslinked viral RNA were
used to construct the ClickSeq libraries per standard Click-
Seq method, which is detailed previously (37,41,42). 250ng
of RNA template was used in reverse transcription reac-
tion with 1:35 Azido-NTPs:dNTPs ratio and SuperScript
111 reverse transcriptase (Invitrogen). Equal molar of each
indexed library was pooled and run on a HiSeq 1500 plat-
form (Illumina), with single read rapid run flowcell for 1 x
150 reads and seven nucleotides for the index.

DMS-MaPseq and ClickSeq

Dimethyl sulfate (DMS) RNA methylation method was de-
scribed previously (43,44). In this study, nuclease-treated
and purified FHV virions were supplemented with DMS to
5% final concentration. After 5 min incubation at 30°C, re-
action was quenched on ice for 5 min with 2 volumes of
10 mM Tris pH 7.4 and 30% 2-mercaptoethanol (BME).
RNA extraction was conducted with Quick-RNA Viral
Kits (Zymo Research) with additional BME in the extrac-
tion buffer. The untreated (DMS-) control sample com-
prises the same virus stock with identical treatments as
above, but without DMS supplementation.
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Methylated FHV RNAs and respective controls were
processed with ClickSeq library construction method as
describe above with the exception of the use of the high-
fidelity and processive thermostable group II reverse tran-
scriptase enzyme (TGIRT-III, InGex) during reverse tran-
scription. 100 U of TGIRT-III was mixed with 250 ng
of RNA template, 0.5 mM of AzNTPs/dNTPs mixture
(AzNTPs:dNTPs = 1:35), and the following reaction condi-
tions: 5 mM dithiothreitol (Invitrogen), 10 U RNaseOUT
(Invitrogen), 50 mM Tri-HCI pH 8.0, 75 mM KCI and 3
mM MgCl,. The reaction mix was incubated at room tem-
perature for 10 min, followed by 57°C incubation for 1.5
h, and 75°C termination for 15 min. The terminated reac-
tion was then digested with RNase H to remove RNA tem-
plate. The purified cDNA was click-ligated with Illumina
adapters and final PCR amplification with indexes. Library
pooling and Illumina sequencing platform are the same as
above.

Bioinformatics and data analysis

The Illumina sequencing data of both vVPAR-CL and DMS-
MaPseq were subjected to the following bioinformatic
pipelines. First, the Illumina sequencing adapter sequence
‘AGATCGGAAGAGC’ was trimmed with cutadapt (45)
(command line parameters: -b AGATCGGAAGAGC -m
40); then, we used FASTX toolkit (http://hannonlab.cshl.
edu/fastx_toolkit/index.html) to remove the remaining ran-
dom nucleotides from the Illumina adapter sequence and
random base-pairing as a result of azide-alkyne cycload-
dition from cDNA fragments (command line parameters:
fastx_trimmer -Q33 -f 7). A further quality filter was ap-
plied to remove any reads that contained more than 4%
nucleotides with a PHRED score <20 (command line pa-
rameters: fastq_quality_filter -Q33 -q 20 -p 96). The remain-
ing reads were aligned to FHV genome (NC_004146, and
NC_004144). Data generated from vPAR-CL experiments
were aligned for end-to-end matches with Bowtie (v1.0.1)
(46) (command line parameters: -v 2 —best). Data generated
from DMS-MaPseq experiment were aligned with Bowtie2
(47) to allow gapped alignments (command line param-
eters: —local). The aligned reads were binarily converted,
merged, indexed, and sorted using SAMtools (48).

For both vVPAR-CL and DMS-MaPseq, we excluded any
nucleotide location with <10k coverage to ensure reliable
transition rate calculation (an example of coverage map can
be found in Supplemental Figure S4). For vPAR-CL, we
calculated the transition frequencies of each of the four nu-
cleotides, including the U-C transition rate at each genomic
U position. For DMS-MaPseq, similar analysis was con-
ducted but we focused on the overall mutation rates of A
and C genomic positions. Between test groups and respec-
tive controls (4SU+/UV+ and 4SU+/UV- for vPAR-CL,
DMS+ and DMS- for DMS-MaPseq), we compared the
mutation/transition rate at the same genomic position, to
yield the fold change map, as representations of vVPAR-CL
or DMS-MaPseq signals.

A background filter was applied to both vPAR-CL trip-
licates (Figure 4A-D) and DMS-MaPseq data (Figure 5D,
E), to ensure reliable data analysis and to avoid potential
false positives. For vPAR-CL, the background threshold
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is determined as the highest 5% of U-C transition rate in
the uncrosslinked control group (4SU+,UV-). In the corre-
spondent crosslinked group (4SU+,UV+), we removed any
datapoint with U-C transition rate below this threshold, as
it is indistinguishable from background fluctuation. An ex-
ample of applying background threshold for vVPAR-CL data
can be found in Supplemental data 3. For DMS-MaPseq,
similar background threshold was determined as the high-
est 5% of A/C mutation rate, in the DMS-untreated control
group (DMS-). In DMS-treated group (DMS+), only the
datapoints passing the background threshold were used to
compile the fold change maps of mutation rate changes.

RNA secondary structure prediction

RNA secondary structure prediction was conducted with
RNAstructure (49) with 310.15 K temperature and max-
imum loop size = 30. ‘Fold’ (49,50) and ‘Partition’ (51)
were used to predict the structure and base pairings within
individual RNA and calculate the base pairing probabil-
ity, respectively. The most significant DMS-MaPseq signal
sites were applied as unpaired constraints in structure pre-
diction. No other constraints applied to the rest genomic
sites, regardless of the DMS-MaPseq signals. The predicted
structure file was then re-organized and certain nucleotides
were highlighted for graphical purposes with Structure Edi-
tor (v.1.0), provided by RNAstructure suite.

Mutated virus with disrupted vVPAR-CL sites

Plasmids containing FHV genomes were used as PCR
templates. Universal upstream primer (TGCATAATTC
TCTTACTGTCATGCCATCCGTAAG) and downstream
primer (TAAGAGAATTATGCAGTGCTGCCATAAC
CATG) were used in combination with mutation primers
(Table 1) to generate overlapped PCR fragments (Phusion
High-Fidelity DNA Polymerase, NEB), with disrupted
RNA structure at each selected VPAR-CL site. These
overlapping fragments were then cloned into competent
cells with standard In-Fusion HD Cloning (TaKaRa)
techniques. The plasmids containing mutated FHV RNA
1 or RNA 2 sequences were then sanger-sequenced to
confirm mutation.

To generate mutant viruses, the plasmids containing
vPAR-CL site mutations were used to transfect S2 cells with
above-stated methods. Each mutant transfection consisted
of equal amount of one mutated RNA genome with dis-
rupted VPAR-CL site, and wt genome of the other RNA
(Figure 7). These PO mutant viruses were allowed to propa-
gate in cell culture until 3 days post induction. Similar to be-
fore, P1 mutant viruses were generated by inoculating naive
S2 cells with PO cell culture/virus mix.

Relative virulence of mutant viruses

The virulence of PO vVPAR-CL mutant viruses was measured
by transfecting S2 cells with plasmids containing mutant
viral genomes. For this experiment, transfection was con-
ducted in black 96-well plate, with each well seeded with 25k
S2 cells. The transfection reagents and methods were similar
to above, except for scaling down to adapt for 96-well plate.
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For each mutant virus, 100 ng plasmids of each mutant
genome and the other wild type genome were used. alamar-
Blue was incubated with cell culture for 4 h, before detect-
ing fluorescence with EnSpire plate reader (PerkinElmer) at
560 nm excitation and 590 nm emission. The relative fluo-
rescence then normalized reverse-ratiometrically with mock
transfection = 0% and FHV wt RNA transfection = 100%.

The relative virulence of P1 vPAR-CL mutant viruses
was measured via infecting S2 cells with purified P1 mu-
tant viruses. The P1 mutant viruses were purified through
sucrose cushion (30% sucrose 10 mM Tris pH 7.4, ultra-
centrifuge 80k rpm for 1.5 h), PEG precipitation (4% v/v
PEG8000), DNase I and RNase A treatment, buffer ex-
changed and concentrated with PES membrane protein
concentrator (100K MWCO). The concentration of purified
P1 viruses was confirmed by SDS-PAGE gel electrophore-
sis and densitometry. 25k S2 cells were seeded in black 96-
well plate and 0.12 ng (approximately equivalent to MOI
= 1(37-39)) of serial diluted P1 viruses was used to infect
each well. Standard alamarBlue assay was conducted as be-
fore, at 24 h post infection, to measure cell viability. The rel-
ative fluorescence then normalized reverse-ratiometrically
with mock infection = 0% and purified wt FHV infection
= 100%.

RT-PCR

Transfected PO vPAR-CL mutants were sampled for RT-
PCR to detect RNA production. Total RNA was extracted
from transfected cells and media with Direct-zol RNA kit
(Zymo Research), and DNase I in-column digestion was
conducted to remove plasmids. For each mutant and con-
trol, 200 ng of total RNA was used as template for RT-
PCR. RT reactions was conducted with SuperScript III re-
verse transcriptase (Invitrogen), per manufacture’s proto-
col. PCR was conducted with OneTaq® (NEB), per man-
ufacture’s protocol. The entire RT-PCR reaction was anal-
ysed by agarose gel electrophoresis.

SDS-PAGE and western blot

After collecting PO transfections, the cell /virus/supernatant
mix was centrifuged at 1000 x g for 10 min. Supernatant
fraction was removed and collected thereafter. The cell pel-
let was washed once with 1x PBS and centrifuged as be-
fore. The washed cellular fraction was then resuspended in
1x PBS and 1x cOmplete (Roche). 150 w1 of supernatant
(of each sample) was supplemented with 1x cOmplete and
then reduced with vacuum centrifuge prior to SDS-PAGE.
All SDS-PAGE assays were conducted with Bolt 4-12%
Bis—Tris Plus Gels (Invitrogen). Membrane transfer was
conducted with iBlot 2 Dry Blotting System (Invitrogen)
with standard protocol. Western blot was conducted with
iBind Western Device (Invitrogen) with standard protocol.
Rabbit anti-FHV polyclonal antibody was given as a kind
gift from Dr Vijay Reddy (Scripps Research), which was la-
belled with Alexa Fluor 488 goat anti-rabbit IgG (Invitro-
gen). Prior to membrane transfer, part of SDS-PAGE gel
was cut and stained with Coomassie brilliant blue R-250 to
highlight a-tubulin (55 kDa) as a loading control.
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RESULTS

Viral photoactivatable-ribonucleoside-enhanced crosslinking
(vPAR-CL)

PAR-CLIP  (photoactivatable-ribonucleoside-enhanced
crosslinking and immunoprecipitation) is a well-established
method for identification of RNA-protein binding sites
and can provide nucleotide-resolution through analysis of
specific uridine to cytidine transitions that occur at the site
of RNA-crosslinking during cDNA synthesis (33,40,52).
Here, we simplified the technique by applying a similar
approach to purified virions of an RNA virus, Flock House
virus (FHV), thereby removing the necessity of immuno-
precipitation, and hence deriving the name ‘vPAR-CL’.
A schematic of the process is illustrated in Figure 1. In
vPAR-CL, photoactivable nucleotide 4-thiouridine (4SU)
was provided to cells in culture at the time of infection
with FHV. 4SU is rapidly taken up and metabolized into
4-thiouridine triphosphate (4S-UTP) by cultured cells
without significant cytotoxic effect (33,53). Upon infection,
4S-UTP is randomly incorporated into newly synthesized
viral RNA, which is subsequently packaged into virus
particles of FHV. Virus particles were isolated using
established methods for virus purification by ultracentrifu-
gation (20). Next, purified virus particles were subjected
to UV 365 nm irradiation, yielding crosslinks between
the thio-group of 4SU in the viral genomic RNA and
amino acid residues in the protein capsid shell only if they
are in close proximity (53,54). Virus particles were then
disrupted by proteinase K treatment and a pool of viral
RNAs with varied crosslinking sites was obtained. We then
generated canonical random-primed next-generation RNA
sequencing (RNAseq) libraries using ClickSeq (37,41,42)
compatible with the Illumina HiSeq 1500 platform. Impor-
tantly, during reverse transcription, the crosslinked 4SU
position results in a highly specific U-to-G mismatch dur-
ing first strand cDNA synthesis (34-36). This mismatched
G later is base-paired with C during PCR amplification.
As a result, in the sequenced library, the emergence of C
transitions at the reference U positions (U-C transitions)
indicates crosslinking between capsid and 4SU sites.

To validate the vVPAR-CL methodology, we first sought to
determine if there was a substantial increase in U-C transi-
tion rate as a specific consequence of 4SU-capsid crosslink-
ing. We performed a series of experiments in which wild-
type (wt) FHV without 4SU (4SU-) or 4SU-containing
FHV (4SU+) was treated with (UV+) or without (UV-) UV
irradiation. As illustrated for FHV RNA 1 in Figure 2A,
we plot the measured U-to-C (U-C) transition rate across
the genome and calculate the fold change at each U posi-
tion. A small number of positions, such as nt. U1259 on
RNA 1, showed significantly higher U-C mutation rates
than average under both conditions (standard independent
two tailed #-test with P = 2.82E-53). This possibly reflects
a minority variant present during virus passaging. Other
than this, UV irradiation alone was not sufficient to increase
U-C transition rate in the absence of 4SU (4SU-/UV+).
In contrast, 4SU-/UV+ exhibited lowered U-C transition
rate, for an unknown reason (Figures 2D and 3B). Similarly,
we measured the influence of 4SU substitutions in FHV ge-
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nomic RNA without UV exposure (4SU+/UV-) (Figure
2b). We also did not notice an increase in the U-C tran-
sition rate (Figure 2D). We only observed increased U-C
transitions when 4SU and UV irradiation both were present
(4SU+/UV+, P=8E-07) (Figure 2C, D). This confirms the
elevated U-C transition rate is indeed a specific result of
4SU-induced crosslinking. The FHV RNA 2 data of these
experiments are shown in Supplemental Figure STA. We
also compared 4SU+/UV+ and 4SU—/UV+ viruses (Sup-
plemental Figure S1B) and noticed that this comparison re-
sulted in consistent yet even more substantial U-C transi-
tion fold change. This is likely due to the reduced transition
rate in 4SU-/UV+ virus, as demonstrated in Figure 2D.

Histograms of the U-C transition rate frequencies at all
genomic U positions are shown in Figure 2D. This demon-
strates that under 4SU+/UV+ condition, more U posi-
tions exhibited high U-C transition rate (>0.3%) than con-
trols (4SU-/UV- and 4SU+/UV-). We also sought to de-
termine if 4SU incorporation and UV exposure would in-
duce any non-specific (non-U-C) transitions. A histogram
of the frequencies of all non-U-C transitions/ transversions
(A,C,G transitions/ transversions and U-A, U-G transver-
sions) over all genomic positions is shown in Figure 2E. Im-
portantly, 4SU+/UV+ FHYV did not show any significant
change in non-U-C transitions/transversions. We therefore
conclude that the increased U—C transition rate is specific
to 4SU-induced crosslinking.

Magnitude of the vPAR-CL signal is associated with 4SU
dose and incubation time

Our vVPAR-CL method requires no immunoprecipitation
to recover and enrich for crosslinked RNAs. However,
this permits wild type uridine and/or uncrosslinked 4-
thiouridine to persist in the RNA pool which may dilute the
vPAR-CL signal. To investigate the conditions for achiev-
ing higher vPAR-CL signals, we conducted three parallel
experiments (Figure 3). S2 cells were infected with FHV
and incubated with 4SU at 100 uM (4SU16h) or 150pM
(4SU1.5X). Viruses were harvested from infected cells 16 h
post-infection. In a third experiment, we extended the in-
cubation time to 40 h and applied 4SU in a ‘prime-boost’
manner, to reach a final concentration of 200 wM (4SU40h).
Time-points were limited to 40 hours in order to avoid ma-
jor cytopathic effect, usually seen at 48 h, and to minimize
secondary rounds of FHV infection where virus particles
may begin to release their genetic cargo. In each experiment,
the U-C transition profile of 4SU+/UV+ virus was com-
pared with corresponding 4SU+/UV- virus to yield vPAR-
CL signals (fold change of U-C transitions). Results for
FHV RNA 1 are shown in Figure 3A and RNA 2 in Sup-
plemental Figure S2. We noticed that the concentration of
4SU and the incubation time of FHV/4SU had an impact
on VPAR-CL signal intensities over a number of genomic U
positions.

The same results were observed when we plotted the
frequency of vPAR-CL signals for these three experi-
ments, as well as two controls (Figure 3B). This shows
that while the mean vPAR-CL signals and the distribu-
tion under all three conditions (4SU16h, 4SU1.5X and
4SU40h) and a 4SU+/UV- control were all comparable,
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Figure 1. Viral photoactivatable-ribonucleoside-enhanced crosslinking (VPAR-CL) method allows for rapid and high-throughput detection of viral RNA—
capsid interactions within virus particles. 4-Thiouridine (4SU) is supplemented to S2 cells during Flock House virus (FHV) infection. After incubation,
purified viruses are irradiated with 365nm UV to induce RNA-protein crosslinks. After proteinase K digestion, crosslinked RNAs are purified and used as
templates for RNAseq using ClickSeq. By mapping RNAseq reads to the viral genome, the crosslinked sites are characterized by elevated U to C transition

rates.

the magnitude of outliers showed correlation to experimen-
tal conditions (4SU40h > 4SU1.5X > 4SU16h). This in-
dicates that only certain 4SU substitution sites were avail-
able for crosslinking and therefore sensitive to the varied
4SU concentrations/incubation times. Again, for an un-
known reason, the 4SU-, UV+ control (Figure 3B) showed
a slightly lesser than 1-fold change vVPAR-CL signal. Im-
portantly, this does not interfere with our interpretation of
vPAR-CL signals in crosslinked samples.

We noticed significant difference of vVPAR-CL signal dis-
tribution between 4SU40h/4SU1.5X and 4SU1.5X and
4SU16h (Supplemental Figure S2B). To further assess
whether experimental conditions impacted intensity of
vPAR-CL signals at certain sites, we sampled the top 5% of
vPAR-CL signals in each conditioned experiment (Figure
3C), as these signals most likely represent crosslinking sites
that are sensitive to VPAR-CL experimental conditions. We
noticed that, the 4SU40h group showed significantly higher
VPAR-CL signals than the rest. For this reason, the 4SU40h
experimental condition was applied to all further vVPAR-CL
experiments, unless otherwise mentioned. Despite the var-
ied vVPAR-CL signal intensities under different experimental
conditions, the VPAR-CL signals presented good Pearson’s
correlation coefficient (>0.6) between these parallel exper-
iments (Supplemental Figure S3), which indicates high re-
producibility of vVPAR-CL experiments.

Consistent VPAR-CL signals indicate structural tropism of
encapsidated viral RNAs

We applied the 4SU40h condition in three parallel experi-
ments: three separate S2 cell cultures were incubated with
virus and 4SU, and individually purified viruses were ex-
posed to UV and thereafter proceeded to sequencing. As
before, VPAR-CL experiments were conducted in pairs, with
each VPAR-CL dataset comprising one crosslinked sam-
ple (4SU+/UV+) and one control with the same RNA
but without UV irradiation (4SU+/UV-). To ensure reli-
able transition rate calculation, we selected for U positions
with coverage of at least 10000 reads (an example of cov-
erage map can be found in Supplemental Figure S4). This
allowed us to detect reliable transition profiles over U34—
U3034 on RNA 1, and U9-U1337 on RNA 2. The vPAR-
CL signals of these three experiments were compared on
each U position on viral RNA genomes (Figure 4A, B).
We observed good Pearson’s correlation coefficient (>0.6)
between these replicates (Supplemental Figure S5). To val-
idate the consistent VPAR-CL signals, the signals over ev-
ery U position were box-plotted over the triplicates (Sup-
plemental Figure S6). This allows us to readily measure the
mean signal strength and signal variation over the tripli-
cates. In order to distinguish reliable crosslinking sites and
avoid potential false positives, we removed any VPAR-CL
signals in crosslinked sample by applying a conservative
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Figure 2. U-C transition rate elevation is specific to 4SU-induced crosslinking. Using FHV RNA 1 as an example, several control experiments were con-
ducted to ensure specificity of vVPAR-CL signals. (A) Effects of UV exposure to wt FHV (4SU-) were compared. We did not observe substantial U-C
transition rate elevation. (B) Effects of 4SU incorporation were compared to FHV without UV exposure (UV-). We did not observe substantial U-C tran-
sition rate elevation. (C) We observed significantly increased U-C transition rates, only when 4SU-containing FHV was irradiated with UV (4SU+/UV+).
(A-C) Upper panels illustrate the absolute U-C transition rate for each condition while the lower panels show the relative fold change between the two
respective conditions. The orange line in fold change represents the average fold change in each experiment. A U1259C minority variant resulting in an
apparent U-C mutation is indicated. (D) The distribution of U-C transition frequencies: only when both 4SU and UV are present (4SU+/UV+, red line),
did we observe a significantly higher U-C transition rate (red arrow). (E) While 4SU-/UV+ resulted in a reduced transition rate, no significant differ-
ence was found in other samples (all A,G,C-transitions and transversions, or U-A/U-G transversions). (D and E) Statistical assays were conducted with
Two-Sampled Kolmogorov—Smirnov (K-S) test with a = 0.05. NS = not significant.
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Figure 3. vVPAR-CL signal intensities increase with higher 4SU dose and longer incubation time. Using FHV RNA 1 as an example, (A) three experimental
conditions were tested for impact to VPAR-CL signals. In each experiment, the priming dose of 4SU was supplemented to cells at the time (0 hpi) of FHV
infection (MOI = 1). We observed that the intensities of VPAR-CL signals (i.e. fold change of U-C transition rate between 4SU+/UV+ and 4SU+/UV-)
were impacted by 4SU concentration and time of incubation as certain genomic U positions showed higher signals with higher concentration and longer
incubation time. We observed good correlation coefficient of vVPAR-CL signals under different conditions, indicating reproducibility (Supplemental Figure
S3). (B) With or without crosslinking, the average vVPAR-CL signals among all 4SU-containing FHVs is similar. However, the outliers of crosslinking
groups showed higher signals than control (4SU+/UV-), and the magnitude of outlier signals correlated with 4SU concentration and incubation time.
This indicated that 4SU-induced crosslinking only affected certain specific positions on FHV genome. (Whiskers are defined as 1.5x interquartile range
(IQR) in all boxplots (Tukey boxplot)). (C) We sampled top 5% vPAR-CL signals from three experiment groups and determined that optimal vVPAR-CL
signal was achieved under 4SU40h condition, which was therefore applied to all further vVPAR-CL experiments. Statistical assays were conducted with
standard #-test (two-tailed).
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Figure 4. Consistent VPAR-CL sites revealed clear RNA tropism in FHV virion. Biological triplicate FHV vPAR-CL experiments, with signals plotted for
(A) RNA 1 and (B) RNA 2. Biological triplicates’ VPAR-CL signals were box-plotted for (C) RNA 1 and (D) RNA 2. Signals below background threshold
were removed, which resulted in vacant or singular signals over certain genomic positions. A number of sites on both RNA 1 and RNA 2 retained substantial
signals in all triplicates, indicating replicable crosslinking sites between RNA and capsid. These consistent VPAR-CL sites also suggest a conserved tropism
of FHV RNA cage inside virion. X-axis is not continuous. (E) Among these consistent VPAR-CL sites, most of them showed significantly higher vVPAR-CL
signals than the average. Grey circles: VPAR-CL signals of each biological replicate; red dots: mean signals. Blue line: average vVPAR-CL signal of RNA 1
and RNA 2, respectively. *P < 0.05; **P < 0.01; NS = not significant. Statistical assays were conducted with standard r-test (two-tailed).
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background threshold filter, which represents the highest
5% of vPAR-CL signals in the uncrosslinked control sam-
ple. (Figure 4C, D, Supplemental data 3). Among the most
consistent VPAR-CL sites (passed background threshold in
all replicates), we selected 20 sites in RNA 1 and eight sites
in RNA 2 that showed the highest average vPAR-CL signals
(Figure 4E, Supplemental data 3). ¢-test revealed most of
these sites showed significantly (P < 0.05) higher vPAR-CL
signals than average. As these same sites consistently dis-
played significant vPAR-CL signals over parallel biological
replicates, this indicates a set of consistent RNA—capsid in-
teractions in FHV virions, which further indicates a struc-
tural tropism of FHV RNA in association with the topology
of virus capsid shell.

Probing FHV RNA secondary structures in virions with
DMS-MaPseq

Sequence conservation assays revealed that the most sig-
nificant and consistent VPAR-CL sites showed conserva-
tion among common alphanodaviruses (Supplemental Fig-
ure S7). We sought to determine whether there is any se-
quence motif among the vVPAR-CL sites. Significant (>20)
vPAR-CL sites (28 sites from RNA 1 and 15 from RNA
2, Supplemental Figure S§8) and their flanking sequences
were analyzed with Discriminative Regular Expression Mo-
tif Elicitation (DREME, (55)) for possible sequence mo-
tif identification. However, no common motif was identi-
fied. This led us to hypothesize that the mechanism of RNA
recognition by FHV capsids may be related to RNA struc-
ture rather than primary sequence. To reliably character-
ize the RNA secondary structures of vVPAR-CL signals, we
sought to experimentally determine the secondary structure
of FHV RNA in virions.

Dimethyl sulfate mutational profiling with sequencing
(DMS-MaPseq) provides a reliable and high-throughput
method to probe RNA secondary structures in vivo
(43,44,56). The resulting constraints provide improvements
to thermodynamic mapping and free energy-based sec-
ondary structure prediction. We performed DMS-MaPseq
using the TGIRT™-III enzyme but in combination with
ClickSeq to generate RNAseq libraries (“TGIRT-ClickSeq’)
(Figure 5A), demonstrating that the TGIRT ™-I1I enzyme
is compatible with ClickSeq. DMS-MaPseq induces RNA
modifications to unpaired adenines and cytosines (and gua-
nine to a lesser level (57)) across the viral genome. There-
fore, as expected, in comparison to untreated control virus
(DMS-), DMS-treated FHV (DMS+) has a higher average
mutation rate over genomic A /C positions (Figure 5B). We
plotted the frequency of mutation rates over A/C or G/U
positions and noticed a significantly higher mutation rate
frequency over A/C positions (Figure 5C). We analyzed A
or C positions with at least 10k read coverage, which corre-
spond to nt. 14—3043 on RNA 1 and nt. 11-1378 on RNA
2. Similar to vVPAR-CL data, DMS-MaPseq signal repre-
sents the mutation rate fold change between DMS-treated
virus (DMS+) and untreated control virus (DMS-), at all
genomic A or C positions. Likewise, we removed poten-
tial false-positive signals by applying a background noise
threshold, retaining only the genomic sites with mutation
rate higher than this threshold. The resulting DMS-MaPseq
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profile of FHV (Figure 5D and E) showed clear signals up
to 100-fold change over both RNA 1 and 2. The un-refined
DMS-MaPseq profiles with background noise, and muta-
tion rate comparison between DMS-treated and untreated
viruses are shown in Supplemental Figure S9.

vPAR-CL sites favored double stranded RNA structures and
were highly clustered

We incorporated the DMS-MaPseq data into free energy
based thermodynamic prediction, by introducing a series
of ‘soft’ constraints. Only the most significant (>20) DMS-
MaPseq sites (60 sites in RNA 1 and 30 sites in RNA 2) were
imposed as unpaired constraints in the RNAstructure Web
Server (49) with ‘Fold’ algorithm (49,50). Regardless of their
DMS-MaPseq signals, the remaining genome positions
were left without any constraints, to allow maximum pre-
diction flexibility. Importantly, predictions were only con-
ducted within the same RNA molecule (RNA 1 or RNA 2),
omitting any potential intra-molecule pairings. We thereby
constructed a DMS-MaPseq-imposed secondary structure
map of complete FHV RNA genome (snapshots in Figure
6, full-scaled maps of RNA 1 and RNA 2 are also provided
in Supplemental data 1 and 2). Despite the low number of
introduced constraints, we were able to substantially adjust
the thermodynamic structure of FHV RNAs. With the 60
RNA 1 constraints, 37% (1145/3107) of nucleotides under-
went refolding compared to the unconstrained model, yield-
ing different paired/unpaired patterns. Similarly, with the
30 RNA 2 constraints, 20% (273/1400) nucleotides under-
went refolding. The dot-bracket maps comparing the differ-
ences between unconstrained and constrained folding can
be found in Supplemental Figure S10. Together, our DMS-
MaPseq-improved RNA in virion structure revealed that
58% of RNA 1 and 60% of RNA 2 are double-stranded.

In combination with vVPAR-CL data, we noticed that the
significant RNA-capsid interaction sites favored double-
stranded base-pairing. In RNA 1, among the 28 most sig-
nificant (>20) vPAR-CL sites, 22 are located in double-
stranded regions (x> = 4.7, P = 0.03, chi-square test),
whereas three sites were 1 nt. adjacent to double-stranded
stems. In the much shorter RNA 2, 8/15 of most significant
vPAR-CL sites are located in dsRNA stems (x> = 0.3, P
= 0.58, chi-square test), whereas 3 are 1 nt. adjacent. The
lower frequency of RNA 2 vPAR-CL sites found in double-
stranded regions of RNA is expected as RNA 2 represents
a shorter RNA with fewer vVPAR-CL sites. However, these
data suggest that RNA 1-capsid interactions may predom-
inate in the dodecahedral dsRNA cage observed immedi-
ately inside FHV particles. In Table 1, we illustrate the de-
tailed structures of 16 vVPAR-CL sites (11 on RNA 1 and
5 on RNA 2) that presented with highest consistency and
average VPAR-CL signals (Figure 4A-D).

We also noticed that the distribution of vVPAR-CL sig-
nals was uneven and highly clustered. Numerous vPAR-
CL stems showed more than one VPAR-CL sites with at
least > 1o significance (Supplemental data 1, 2, some ex-
amples were listed in Table 1). The clustered nature of cer-
tain vPAR-CL sites can only be appreciated by consider-
ing RNA secondary structure (as illustrated in Figure 6).
We calculated the average shortest distance between ad-
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Figure 5. FHV DMS-MaPseq revealed ssRNA constrains in virions. (A) To predict the secondary structure of FHV RNA, we used DMS (dimethyl sulfide)
to induce in virion methylation of unpaired adenines and cytosines. The extracted RNAs were subjected to ClickSeq library preparation with TGIRTTM-III
enzyme, which generates mutations over methylated bases. DMS-MaPseq signal is represented by the mutation rate fold change over A/C positions. Red
markers on RNA represent methylated ribonucleotides; red triangles on cDNA represent DMS-induced mutations. (B) Increased rates of A/C mutations
were detected as a result of DMS treatment. Statistical assays were conducted with standard t-Test (two-tailed) with « = 0.05, NS = not significant.
(C) DMS-treated virus exhibited significantly higher mutation rates over A/C positions (red arrow). Statistical assays are conducted with Two-Sampled
Kolmogorov-Smirnov (K-S) test with a = 0.05. DMS-MaPseq profiles for (D) RNA 1 and (E) RNA 2, respectively. Background noise was removed. Red

line represents the average DMS-MaPseq signal.
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Nucleotide annotations:
. : VPAR-CL sites (>20 significance)

@: vPAR-CL sites (>10 significance)

@ : DMS-MaPseq constraints

Figure 6. FHV RNA secondary structures in virions revealed vPAR-CL sites are highly clustered and enriched in dsRNA regions. FHV RNA in virion
secondary structures were predicted with DMS-MaPseq-imposed constrains. 58% of RNA 1 and 60% of RNA 2 is double-stranded. Snapshots of RNA
1 (left) and RNA 2 (right) are shown. Full scaled maps can be found in Supplemental data 1 and 2. vVPAR-CL signal sites of different significance were
color annotated. The highly clustered nature of VPAR-CL sites can be revealed both locally and remotely, when RNA secondary structures are taken into

account (insets).

jacent VPAR-CL sites. On RNA 1 (3107 nt.), from 721
uridine sites, 102 showed >1o significant vVPAR-CL sig-
nal. The average shortest distance between these VPAR-
CL sites is 7.4 nucleotides, which is substantially shorter
than the average shortest distance of 102 random uridines
(30.47 nucleotides). On RNA 2 (1400 nt genome with 351
uridines), the average shortest distance among 45 vPAR-
CL sites (> 1o significance) was 8.8 nt, which is also shorter
than the average shortest distance of 45 random uridines
(31.11 nt).

Notably, by combining vVPAR-CL data and DMS-
MaPseq-imposed RNA structure, we are able to character-
ize a stem loop site which is structurally near identical to
a previously predicted stem loop (nt. 168-249) on RNA 2
(31) (Supplemental Figure S11). This stem loop site, as well
as the flanking sequences (nt. 210-249) has been determined
to be essential for RNA 2 encapsidation. We identified three
vPAR-CL signals within this region, consistent with role of
this stem loop site in RNA 2 packaging.

Structurally-disrupted vVPAR-CL sites impact FHYV lifecycle
and fitness

To determine whether the identified vVPAR-CL sites have
a biological function, we selected 11 vVPAR-CL sites from
RNA 1 and 5 vPAR-CL sites from RNA 2 as candidate
sites (Table 1). Referring to the DMS-MaPseq-corrected
FHV RNA structure maps (Figure 6), we introduced syn-
onymous mutations to disrupt the double-stranded RNA
regions of the vVPAR-CL sites (or the nearest stem of cer-
tain VPAR-CL sites, i.e. U2515 on RNAI1, U534, U903,

U968, and U1155 on RNA2). The predicted structure of
these vVPAR-CL sites, primers and synonymously-mutated
nucleotides are listed in Table 1. Plasmids containing these
point mutations were transfected into S2 cells. Each trans-
fection consisted of either a mutated RNA 1 and wild-type
RNA 2, or a mutated RNA 2 and wild-type RNAT1 (Figure
7). After transfection, induction and incubation, cell via-
bility of each transfected mutant was determined with ala-
marBlue assay (Figure 7A). Almost all mutant virus trans-
fections (PO virus) showed reduced cytopathic effect com-
pared to transfection with wild-type FHV RNAs. Notably
RNA 1 mutants U159, and U1233 resulted in little to no
detrimental effect to S2 cells.

Total cellular RNA was extracted from transfected cells
and in-column DNase digestion was conducted to remove
remaining plasmids. From each transfection, 200ng of puri-
fied RNA was used as template for RT-PCR to detect FHV
RNA (Figure 7B, original gel images in Supplemental Fig-
ure S12). We noticed that accumulation of FHV RNA 2
was unaffected by any vPAR-CL mutants, while RNA 1 ac-
cumulation varied drastically among RNA 1 mutants. No-
tably, RNA | mutant U1233 yielded undetectable levels of
RNA 1, while RNA 2 production was less affected. RNA
1 mutant U159 also produced marginal amount of RNA
1, and U227 produced substantially less RNA 1 than that
of control or RNA 2 mutants. The replication deficiency of
these three mutants agreed with our findings of their low vir-
ulence (Figure 7A). Interestingly, these three sites are found
within or adjacent to previously described FHV RNA reg-
ulatory regions (58,59) (Figure 8). The importance of these
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Table 1. Candidate vVPAR-CL sites for mutational assays. 11 consistent VPAR-CL sites for RNA 1 (within 10 RNA structures, as U1151 and U1910 are
located on the same stem) and 5 sites for RNA 2 are listed, as well as their DMS-MaPseq predicted secondary structures, mutation primers and substituted

nucleotides

VvPAR-CL site

Predicted structure

Primers

Mutated nucleotides

U159(RNA1)

F:
TACGGAGCAATTGCACCGTACCCTC
AGAGTGGAGGGAACCG

R:
TGCAATTGCTCCGTAGCCCCAGAAC
TTGGATATGCAGTAC

U227(RNA1)

F:
AGAGCTGTGATAGACAAAACGAAG
ACGCCGATAGAGACACGTTTCTATC
CGCT

R:
GTCTATCACAGCTCTTTGCAATGCG
CGTGTAACTC

U501(RNA1)

F:
GACGACGCGTTCATCGTCGGTGTT
GATGTTGAT

R:
GATGAACGCGTCGTCCGCAGGTGT
GTCATTACGGAAATC

U1070(RNA1)

F:
TTAGATATGTTGAGTGGATTATCCG
CCACCCAATCTG

R:
ACTCAACATATCTAACTTTTCTTTCT
CGATAGTAATCTGAGCATG

U1151 &
U1910(RNA1)

F:
AGTATGATTGTCCAGTATTATACTG
GCAAGAAGGTA

R:
CTGGACAATCATACTTGTGTATTGC
GGGTCCTTGTG
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Table 1. Continued
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U1233(RNA1)

- @ ©)
9994
© ©

1250

|
©EOG®E) —
30588

1230
®

©
©

F:
CGGGTGCATTGGCCAGTAACGTCA
GATGCAGATGTACCAGAAGTGAGC
R:
TGGCCAATGCACCCGTGGCATTGT
AGGTTTATACACAGTTG

U1873(RNA1)

F1:
GGGCGTAACCCGACTGAGATCGCC
GAC

R1:
AGTCGGGTTACGCCCGGGGTAATA
CCAATGTTCATTGTGTTC

F2:
GCATTTAGGCCAGAATACAGAGAT
GAGATCATTTC

R2:
TTCTGGCCTAAATGCTTGAACCATG
GCCTTTTGGGCGA

U2070(RNA1)

F:
GAACACCCTGACGCAGAACCTGAA
GATTTGTTCCGTTTAATCGGAC

R:
TGCGTCAGGGTGTTCAAAGGTCAG
AGCTGTAAATTCGACAC

U2515(RNA1)

F1:
GACCCTCTGGCTACTACGACCACAA
TTCAAGACCCAC

| R1:

AGTAGCCAGAGGGTCCACAAATAC
ACGAGACAGGAAACAAAG

F2:
ACATGTGATGGAAGTTGGCCACAG
CATCCGC

R2:
ACTTCCATCACATGTCAACCAGTAG
GGCTTCTCTTTATTC

U2576(RNA1)

F:
ATAGATGAAGATCAGGTGGACGCA
CTCATTGGGCGTTTTG

R:
CTGATCTTCATCTATGGCTGTACGT
TTGATTAAAACCTGCT
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Table 1. Continued

F:
GTCGGAATTTATCCTACCAGCAACT
TGATGCAGTTTGCCGGAAG

R:
AGGATAAATTCCGACGTTCATGGA
AGCGTACCTGAATGAG

U534(RNA2)

5] F:
8
TCCTTGGTTCATACACTTGTTGGTC
) © @ go ®© TTGACGGAGTTCTGGCCGTGGGGC
U667(RNA2) | @ ©0@@9@€ | cTGACAACTTCTC
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Probability >= 99%
99% > Probability >= 95%
90% > Probability >= 80%
80% > Probability >= 70%
70% > Probability >= 60%
60% > Probability >= 50%

@: >= 2sigma signifi

@©): >= 1sigma <2sigma s

cant vPAR-CL sites

ignificant vPAR-CL sites

@@ (lower cased red a/c): DMS-MaPseq unpaired constrains

three sites in both RNA—capsid interaction shown here and
RNA replication regulation indicates that the same motifs
in the RNA genome are involved in multiple stages of the
viral life-cycle, consistent with the notion that replication
and RNA genome packaging are tightly coupled processes
(27,28).

To confirm capsid production, we separated cells and
supernatant from the transfected cells. Western blots with
anti-FHV were used to detect capsid proteins in both cel-
lular components and supernatants (Figure 7C). In the cel-

lular fraction, we readily detected both mature (a-peptide)
and autoproteolytically cleaved capsid protein (B-peptide)
in all mutants. However, reduced capsid yields were found
in U159 and U1233 mutants, possibly due to the observed
RNA 1 replication deficiency. In supernatant fractions, the
U159 and U1233 mutants resulted in undetectable level of
capsid protein, while U227 resulted in detectable but very
marginal amount of capsid production. This confirmed that
the mutations at these three VPAR-CL sites have significant
impact on virus production in S2 cells.
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Figure 7. Synonymously re-coded vPAR-CL sites impact FHYV lifecycle and fitness. Plasmids containing FHV RNA 1 or RNA 2 with mutated vVPAR-CL
structures were used to transfect S2 cells to yield PO mutant viruses. For the mutants, the RNA 1 or RNA 2 transfectant (e.g. U159) refers to the vVPAR-CL
sites listed in Table 1. (A) Relative virulence of PO mutant viruses was determined with alamarBlue assay to measure cell viability after transfection. (B)
200 ng of total cellular RNA from each transfection was analyzed by RT-PCR to measure the accumulation of FHV RNAs. (C) Cellular and supernatant
FHV capsid production was detected with anti-FHV capsid antibodies. Coomassie-stained a-tubulin is shown as loading control. (D) P1 viruses were
purified and filtered with 100K molecular weight filter. Mutant virus production was verified with SDS-PAGE gel. Heat shock protein 70 (hsp70) provides

a loading control.
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Figure 8. VPAR-CL signals coincide with known motifs of FHV. (A) On RNA 1, four regions that are highly conserved/retained in defective-interfering
RNAs (DI regions 1-4) (37) are shown in pink; four RNA 1 replication regulatory elements are shown in orange (5'Cis (58), 5'intRE (59), 3'intRE (59) and
3'Cis (75)); two RNA 3 regulatory elements and a putative RNA 3 subgenomic promoter region are shown in green (RNA3cis(dis) (59), RNA3cis(prox)
(59)); the candidate vPAR-CL sites (listed in Figure 4E) are shown as red bars on bottom. * denotes double-stranded vPAR-CL sites; + denotes single-
stranded VPAR-CL sites that are 1 nt. adjacent to dsSRNAs. (B) On RNA 2, three regions that are highly conserved/retained in defective-interfering RNAs
are shown in pink (DI regions 1-3 (37)); a mid-genome cis-acting replicational element (71) and a 3’ cis-acting regulatory element (75) are shown in brown;
a RNA 2 packaging signal (31) and a capsid site essential for RNA 1&2 specificity (25) are shown in green.

To expand mutant viruses, we further inoculated naive
S2 cells with equal amount of transfected PO cell mix. From
the inoculated P1 cell culture, we observed different degrees
of cytopathic effect (CPE) under microscope (Supplemen-
tal Figure S13), which was in agreement with earlier find-
ings. P1 mutant viruses were nuclease treated, PEG precip-
itated, and purified with PES membrane protein concen-
trator to remove potentially unassembled capsid subunits.
The presence of virus particles was confirmed with SDS-
PAGE (Figure 7D), and virus yield was calculated by den-
sitometry. Similar to before, we failed to detect virus pro-
duction of U159 and U1233 mutants, while U227 mutant
resulted a marginal virus production which can only be de-
tected by western blot but not with SDS-PAGE. This result
also agreed with our western blot analysis (Figure 7C).

We further tested P1 mutant virus relative virulence by in-
fecting cells with mutants at MOI = 1 (Supplemental Figure
S14). Most mutant viruses still resulted in varied but infe-
rior virulence, in comparison to wild type virus.

DISCUSSION
vPAR-CL methodology

Photoactivatable nucleoside analogs were successfully uti-
lized in the past to enhance crosslinking efficiency and
hence, providing approaches to study RNA-RNA and
RNA-protein interactions (reviewed in (60)). Thionucle-
obases such as 4-thiouridine (4SU) and 6-thioguanosine
(6SQG)) allow for highly efficient crosslinking at 330-365 nm

excitation spectrum (61), as well as minimum RNA struc-
ture perturbation (60,62), lower cytotoxicity (33,53,54,63),
and reduced photochemistry and/or photodamage (60,62).
Importantly, the 4SU/6SG incorporated RNA can lead to
specific base mismatches during reverse transcription (U-C,
and G-A)(34-36), which enables high-throughput screen-
ing as indications of crosslinking. This is best illustrated
with PAR-CLIP (33), which pin-points crosslinking sites
with nucleotide resolution. PAR-CLIP has been success-
fully applied in the past to identify crosslinking sites of Arg-
onaute 2, embryonic lethal abnormal vision (ELAV) pro-
tein, pumilio homologue 2 (PUM?2), and insulin-like growth
factor proteins (33,64). Utilizing the same crosslinking ra-
tionale and oligo(dT) magnetic beads capture, a reverse
application unbiasedly depicted the RNA-binding protein
(RBP) profiles in HeLa cells (65).

As its primary purpose, PAR-CLIP was designed to
screen the entire transcriptome for RNA sequences bind-
ing to an RBP of interest. Typically (33,40,52), PAR-CLIP
is conducted by incubating cell cultures with 4SU, followed
by 365 nm UVA irradiation, cell lysis, RNase T1 diges-
tion, immunoprecipitation of RBP, second RNase T1 diges-
tion, de-phosphorylation, radiolabeling, SDS-PAGE and
electro-elution, proteinase K digestion, and RNA extrac-
tion. The recovered crosslinked RNA then is used as a tem-
plate for cDNA library preparation and deep sequencing.
A natural prerequisite is large amounts of starting materi-
als (between 10% and 10° cells (40)).

The unique aspect of our simplified vVPAR-CL method
is that we applied the similar PAR-CLIP principles to an
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RNA virus (FHV), which can be casily separated from cel-
lular components. Crosslinks within purified virus particles
allow us to: (i) eliminate the need for immunoprecipitation
to recover crosslinked RNA; (ii) look for specific in virion
interactions between viral RNA genomes and viral capsid
proteins; (iii) study a reductionist and highly controlled mi-
croenvironment. The greatly simplified VPAR-CL method-
ology, in combination with ClickSeq library construction
technology (42), granted the ability to conduct an experi-
ment with as little as 2 g of purified FHV particles. A sin-
gle T25 flask of S2 cells can generate ample amounts of pure
4SU-containing viruses to conduct multiple VPAR-CL ex-
periments.

In our vPAR-CL method, the final pool of purified vi-
ral RNA can contain large number of canonical uridines,
or uncrosslinked 4SUs. As a consequence, the signal of any
randomly generated, non-specific crosslinking events will be
largely diluted into background level. Only the consistent
crosslinking sites due to homogeneity in RNA-—capsid inter-
actions within a viral population can readily provide distin-
guishable VPAR-CL signals from background. Therefore, in
contrast to the canonical PAR-CLIP approach where only
crosslinked RNA fragments are sequenced, we are also able
to identify regions of the viral genome where there is no re-
producible VPAR-CL signal, either due to a lack of RNA-
capsid interactions or heterogeneous interactions. This is
best illustrated in Figure 3B, where the background noise
levels are largely unchanged, with or without crosslinking.
We speculate that these regions may correspond to RNA
present in the internal cavity of virus particles rather than
comprising part of the decahedral RNA cage.

In both PAR-CLIP and vPAR-CL, there are intrinsic lim-
itations of 4SU-induced crosslinking. Firstly, crosslinking
is only limited to U positions. Any potential interaction be-
tween protein and other nucleotides is undiscoverable. Next,
4SU crosslinking with protein is affected by reactivity of
amino acid side chains (34,36), with aromatic amino acids
(phenylalanine, tyrosine, and tryptophan) being predomi-
nant targets but also lysine and cysteine (34). Consequen-
tially, not all RNA—protein interactions can be depicted by
vPAR-CL or PAR-CLIP, and certain interactions may not
result in crosslinking.

FHYV vPAR-CL experiments and data analysis

Several approaches were used to ensure reliable interpre-
tation of vPAR-CL signals on FHV: (i) to ensure reliable
interpretation of transition rate, we limited our analysis to
genomic positions with at least 10k coverage. For this rea-
son, our FHV vPAR-CL experiments reliably covered U34—
U3034 on RNA 1, and U9-U1337 on RNA 2 (an exam-
ple of coverage map can be found in Supplemental Figure
S4). However, it is possible that we omitted potential capsid
interaction sites out of our analyzed range. (ii)) We previ-
ously noticed that certain point mutations may be selected
by virus and could be associated with defective interfering
RNA generation (37). In this study, we also noticed sub-
stantially increased mutation rates on certain genomic po-
sitions (such as U1259 on RNAI, as illustrated in Figure
2A-C). Thus, to eliminate virus intrinsic mutational events,
we avoided direct use of U-C transition rate as a measure-
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ment. Instead, we decided to use fold change of U-C transi-
tion rate, between crosslinked virus and uncrosslinked virus
control, as our vVPAR-CL signals. (iii) To avoid the false
positives due to low U-C transition rate in control groups,
we introduced a background threshold whereby passing
signals comprised the highest 5% of all U-C transition
rates in control group (4SU+/UV-). In crosslinking group
(4SU+/UV+), only the sites with transition rate above this
threshold were taken into our further consideration, as they
represent transition rates distinguishable from background
fluctuation range (illustrated in Supplemental data 3). To-
gether, we believe these three quality control measurements
provided stringent analysis to our vVPAR-CL data to reveal
truly biologically relevant FHV RNA-capsid interaction
sites.

DMS-MaPseq and FHV secondary structure mappings

Several studies have proposed lowest free energy-based local
RNA or whole genome secondary structure predictions for
FHV (31,58,59,66). In vivo RNA chemical probing meth-
ods such as DMS and SHAPE allow for structure-specific
chemical modifications to be screened by next-generation
sequencing (43,67,68). Performing DMS-MaPseq in FHV
virions, we are able to provide experimental validation of
the RNA structures inside virus particles. With the same
rationale of VPAR-CL, we also applied stringent quality
control measurements to ensure reliable interpretation of
mutational profiles generated by DMS-MaPseq: A/C er-
ror rates were only analyzed over positions with at least
10k coverage (A14-A3043 on RNA 1, and C11-A1378 on
RNA 2); fold change of A/C mutation rate was regarded
as DMS-MaPseq signals instead of actual mutation rate;
similar background noise threshold was also applied to pre-
vent potential false positives. Canonically, DMS-MaPseq
data are imposed upon thermodynamic prediction by en-
forcing unpaired constraints on any position with a signal
above a given threshold (43). In this study, we adjusted this
approach by only allowing the most significant (top 5%)
DMS-MaPseq signals to be unpaired constraints. However,
one limitation in this study is that we constructed FHV sec-
ondary structural maps over RNA 1 and RNA 2 separately,
omitting potential inter-RNA interactions.

Combining VPAR-CL and DMS-MaPseq, we demon-
strated that these two high-throughput mutational profile
technologies can work synergistically to answer basic virol-
ogy questions. We observed that the FHV RNA—capsid sites
heavily favored double stranded RNA structures in FHV
RNA 1. This finding agreed with earlier predictions that the
RNA duplexes scaffold the 2-fold axis of FHV capsid (19).

Flock house virus vPAR-CL sites and biological implications

It has been observed previously that the RNAs of FHYV, as
well as other Nodaviruses, form a highly ordered dodeca-
hedral cage inside virus particles (17,69). However, it was
not clear whether the dodecahedral RNA cage had a fixed
topology. From our vPAR-CL data (Figure 4A-D), we can
clearly identify highly consistent RNA—capsid interactions
over certain genomic positions among multiple replicates.
This provides evidence that there is well-defined tropism be-
tween FHV RNA cage and capsid shell, at least at the sites
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identified here. Among the most consistent and distinctive
vPAR-CL sites (Figure 4C, D), we noticed that they exhib-
ited a highly clustered pattern. The clustering effect is more
pronounced, when taking RNA secondary structures into
consideration (Figure 6 and Supplemental data 1, 2). The
multiple RNA—capsid interaction sites spanning the whole
FHYV genome suggests the possibility that FHV encapsida-
tion may require multiple packaging signals to assemble the
entire virus particle.

Several vPAR-CL sites also aligned with, or were adja-
cent to, known RNA motifs (Figure 8). On RNA 1 (Fig-
ure 8A), we could not align any candidate vVPAR-CL sig-
nal to subgenomic RNA 3, which suggests the possibil-
ity that the exclusion of RNA 3 during packaging is due
to lack of strong RNA-capsid interactions. Interestingly,
two most significant vVPAR-CL sites on RNA 1, U159 and
U1233, aligned with previously discovered replication reg-
ulatory elements: a 5 cis element (nt. 68-205) that is essen-
tial for RNA 1 replication and mitochondria-targeting (58),
and short distal subgenomic control cis-element (nt. 1229—
1239) which mediates subgenomic RNA 3 replication (59).
Furthermore, U2515 and U2576 were located in the subge-
nomic promoter region (59,70) which are also adjacent to
a RNA 1 internal cis-acting replication element (intRE,
nt. 2322-2501) (59). Similarly, on RNA 2 (Figure 8B), we
noticed VPAR-CL site U534 is adjacent to a RNA 2 cis-
acting regulatory site (71), and U1155 which is within a
site required for specific packaging of both RNAs (25).
A previously predicted stem loop site (nt. 168-249) on
RNA 2 serves as a RNA 2 packaging signal (31). This is
also the only established FHV RNA packaging signal to
date. Our DMS-MaPseq map did predict a near identical
stem loop structure as previously proposed and we noticed
three significant (>10) VPAR-CL sites were clustered in
this critical region (Supplemental Figure S11). Since these
RNA-capsid interaction sites coincided with RNA cellular
replication/mitochondrial targeting sites, we suggest they
might be multi-functional in the virus life cycle, and there
can be a strong synergy between protein A-mitochondria
localization (16,72,73), RNA replication, and virus assem-
bly.

It was speculated previously that FHV packaging and
replication are coordinated events. When FHV and brome
mosaic virus (BMV) were co-expressed in plant cells, as-
sembled virions only packed their own respective viral
RNAs (27). Intracellular protein-protein interactions be-
tween FHYV replicase (protein A) and capsid were detected
(28). It has also been shown that FHV can ensure genome
assembly specificity only when capsids were translated from
replicating viral RNAs (30). It was hence suggested that
FHYV encapsidation may be coupled with the RNA replica-
tion. Our FHV vPAR-CL experiments directly implicated
only one aspect of FHV biology: the RNA sites interact-
ing with capsid proteins within virus particles. However,
upon further analysis and mutational assays, a number of
vPAR-CL sites clearly had important roles in FHV repli-
cation and regulation: U159 and U227 mutants showed se-
vere deficiency of RNA 1 replication and virion production,
while U1233 entirely abolished viral replication. This pro-
vides further evidence that FHV replication and packaging
are not sequentially separated events, but rather are syn-
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chronized, inter-dependent processes. Furthermore, these
RNA-capsid interactions are not only important in post-
replicational/translational RNA packaging but may also be
essential for multiple aspects of virus early stage activities in
host cells. It is important to note that the in virion capsid—
RNA interactions may be different from the intracellular
interactions between capsids and viral RNAs in host cells.
Whether these in virion interactions are conserved during
cellular packaging process is still unclear. Future intracel-
lular studies will confirm whether these VPAR-CL sites are
related to the specific selectivity of FHV RNAs by capsid
proteins.

Overall, our studies and vVPAR-CL methodology provide
insight into the nature of the encapsidated RNA genome
of ssRNA viruses. Some ssRNA viruses, such as MS2
phage, have successfully yielded asymmetrical cryo-EM re-
constructions that reveal the internal topology of the pack-
aged genome (1). For other viruses that have to date eluded
asymmetrical reconstruction, such as FHV when unper-
turbed by partial disassembly (74), our approach demon-
strates that the encapsidated genome does indeed contain
regions of coherent and consistent structure rather than
being packaged in an asynchronous and disordered fash-
ion. Future modeling and structural analyses will confirm
whether there exists a singular topology or an ensemble
comprising partially disordered regions together with con-
served structured regions. vVPAR-CL methodology may eas-
ily be deployed in other ssRNA viral systems, as well as un-
der experimental conditions which perturb internal RNA
structures (such as virus particle disassembly).
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