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ABSTRACT

As the COVID-19 outbreak spreads, there is a growing need for a compilation of conserved RNA genome regions in the
SARS-CoV-2 virus along with their structural propensities to guide development of antivirals and diagnostics. Here we pre-
sent a first look at RNA sequence conservation and structural propensities in the SARS-CoV-2 genome. Using sequence
alignments spanning a range of betacoronaviruses, we rank genomic regions by RNA sequence conservation, identifying
79 regions of length at least 15 nt as exactly conserved over SARS-related complete genome sequences available near the
beginning of the COVID-19 outbreak. We then confirm the conservation of the majority of these genome regions across
739 SARS-CoV-2 sequences subsequently reported from the COVID-19 outbreak, and we present a curated list of 30
"SARS-related-conserved” regions. We find that known RNA structured elements curated as Rfam families and in prior lit-
erature are enriched in these conserved genome regions, and we predict additional conserved, stable secondary struc-
tures across the viral genome. We provide 106 “SARS-CoV-2-conserved-structured” regions as potential targets for
antivirals that bind to structured RNA. We further provide detailed secondary structure models for the extended 5’
UTR, frameshifting stimulation element, and 3’ UTR. Lastly, we predict regions of the SARS-CoV-2 viral genome that
have low propensity for RNA secondary structure and are conserved within SARS-CoV-2 strains. These 59 “SARS-CoV-2-
conserved-unstructured” genomic regions may be most easily accessible by hybridization in primer-based diagnostic
strategies.
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INTRODUCTION machinery, structural proteins, and accessory proteins.
The genome additionally harbors various cis-acting RNA
elements, with structures in the 5’ and 3’ untranslated re-
gion (UTRs) guiding viral replication, RNA synthesis, and vi-
ral packaging (Fehr and Perlman 2015). Conserved RNA
elements offer compelling targets for diagnostics. In addi-
tion, such RNA elements may be useful targets for antivi-
rals, a concept supported by the recent development of
antisense oligonucleotide therapeutics and small-mole-
cule RNA-targeting drugs for a variety of targets across in-
fectious and chronic diseases (Spurgers et al. 2008;
Connelly et al. 2016; Bennett et al. 2019).

Conserved structured RNA regions have already been
shown to play critical functional roles in the life cycles of

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused a rapidly expanding global pandemic,
with the Coronavirus Disease 2019 (COVID-19) outbreak
responsible at the time of writing for over 600,000 cases
and 25,000 deaths (Rangan et al. 2020b). The emergence
of this pandemic has revealed an urgent need for diagnos-
tic and antiviral strategies targeting SARS-CoV-2. Like oth-
er coronaviruses, SARS-CoV-2 is a positive sense RNA
virus, with a large RNA genome approaching nearly 30 ki-
lobases in length. Its RNA genome contains protein-cod-
ing open reading frames (ORFs) for the viral replication
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coronaviruses. Most coronavirus 5" UTR’s harbor at least
four stem-loops, with many showing heightened sequence
conservation across betacoronaviruses, and various stems
demonstrating functional roles in viral replication (Yang
and Leibowitz 2015). Furthermore, RNA secondary struc-
ture in the 5" UTR exposes a critical sequence motif, the
transcriptional regulatory sequence (TRS), that forms
long-range RNA interactions necessary for facilitating the
discontinuous transcription characteristic to coronaviruses
(van den Born et al. 2005). Beyond the 5" UTR, the frame-
shifting stimulation element (FSE) in the first protein-cod-
ing ORF (ORF1ab) includes a pseudoknot structure that is
necessary for the ratiometric translation of ORF1a and
ORF1ab from two overlapping reading frames via pro-
grammed ribosomal —1 frame-shifting (Plant and Dinman
2008). In the 3’ UTR, mutually exclusive RNA structures in-
cluding the 3" UTR pseudoknot control various stages of
the RNA synthesis pathway (Stammler et al. 2011).
Beyond these canonical structured regions, the RNA
structure of the SARS-CoV-2 genome remains mostly un-
explored. Unbiased discovery of other conserved regions
and/or structured regions in the virus has the potential to
uncover further functional cis-acting RNA elements.
Here, we analyze RNA sequence conservation across
SARS-related betacoronaviruses and currently available
SARS-CoV-2 sequences, and we identify structured and
unstructured regions that are conserved in each sequence
set; these intervals can provide starting points for a variety
of diagnostic and antiviral development strategies (Fig. 1).
To identify structured regions, we predict maximum ex-
pected accuracy structures around conserved regions
and report the support of these single structures from pre-

A sARS-related

conserved
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SARS-CoV-2-conserved-structured
106 regions (~120 nts)
(small molecule targets)

dictions of each RNA's structural ensemble. We additional-
ly identify thermodynamically stable secondary structures
across the whole genome, finding that currently known
structures fall within these predictions, but also identifying
new candidate structured regions. We pinpoint unstruc-
tured genome intervals by identifying bases with low aver-
age base-pairing probabilities. Finally, we present
secondary structure models for key RNA structural ele-
ments of SARS-CoV-2 annotated in the betacoronavirus
family. Many of our conclusions, first reported in the
bioRxiv preprint server (Rangan et al. 2020b), have been
confirmed in a later bioRxiv report (Andrews et al. 2020),
which we discuss briefly.

RESULTS

RNA sequence conservation in SARS-related
betacoronaviruses and SARS-CoV-2

To identify potential regions of conserved RNA secondary
structure in the virus, we located stretches of the SARS-
CoV-2 genome with high RNA sequence conservation
across SARS-related betacoronavirus full genome se-
quences. By identifying regions with high RNA sequence
conservation as a first step, we reasoned that we would
be more likely to filter for functionally relevant structures
that must be conserved through virus evolution and there-
by discover targets that are potentially less likely to
develop resistance against therapeutics or to escape diag-
nosis as the virus evolves. To ensure reasonable numbers
of sequences while still focusing on conservation and
structure patterns most relevant to the current pandemic,

SARS-CoV-2
conserved

SARS-related-conserved
30 regions (>15 nts)
(SARS, COVID-19 diagnostics)

Cc

SARS-CoV-2

nstri I
Unstructured conserved

SARS-CoV-2-conserved-unstructured
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(COVID-19 RT-PCR diagnostics,
antisense oligonucleotides)

FIGURE 1. We aim to provide a series of genome regions in SARS-CoV-2 that are useful for a variety of diagnostic and therapeutic strategies,
including regions that are (A) conserved in SARS-related betacoronaviruses and SARS-CoV-2 sequences (Table 1), (B) regions that are structured
and conserved in SARS-CoV-2 sequences (Table 2), and (C) regions that are unstructured and conserved in SARS-CoV-2 sequences (Table 3).
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we chose to analyze not all betacoronaviruses but a sub-
group of SARS-related betacoronaviruses. These include
SARS, SARS-CoV-2, and SARS-related bat coronaviruses,
but not MERS, MHV, or other betacoronaviruses which
have been classified into distinct subgroups based on dif-
ferent sequence and structure features in, for example,
their 5 UTR’s (Chen and Olsthoorn 2010).

We carried out this analysis beginning with three differ-
ent sequence alignments. Each captures a range of com-
plete genome sequences across the SARS-related
betacoronaviruses, but differ in the total number of se-
quences and in the redundancy of those sequences, as
follows:

1. The first multiple sequence alignment (SARSr-MSA-1)
was computed by aligning sequences curated by
Ceraolo and Giorgi (2020), filtered by including only
the reference genome sequence NC_0405512.2 (Wu
etal. 2020) from the SARS-CoV-2 sequence set, remov-
ing the two MERS sequences, and leaving in all remain-
ing betacoronavirus whole-genome sequences. This
alignment captures a range of SARS-related bat corona-
virus and SARS sequences but comprises only 11 se-
quences. These sequences correspond well to the
SARS-related group defined in Gorbalenya et al.

(Viruses and Coronaviridae Study Group of the
International Committee on Taxonomy of 2020).

2. The second MSA (SARSr-MSA-2) was obtained from
BLAST by searching for the 100 complete genome se-
quences closest to the SARS-CoV-2 reference genome.
This alignment captures a larger set of SARS-CoV-2,
SARS, and bat coronavirus sequences than SARSr-
MSA-1 but includes many sequences with high pairwise
similarity.

3. The final MSA (SARSr-MSA-3) was obtained by locating
all complete genome betacoronavirus sequences from
the NCBI database, and removing mutually similar se-
quences with a 99% sequence conservation cutoff.
With 180 sequences with at most 99% pairwise se-
quence similarity, this MSA captures a broader set of
betacoronaviruses than SARSr-MSA-1 and SARSr-
MSA-2 but is more challenging to align due to higher
sequence diversity.

We computed conserved regions as contiguous stretch-
es of 15 nt or longer that were 100% conserved (cutoff for
SARSr-MSA-1), 98% conserved (cutoff for SARSr-MSA-2),
or 54% conserved (cutoff for SARSr-MSA-3). Searching
for conserved regions of 15 nt or more enables the design
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FIGURE 2. In black we annotate SARSr-MSA-1 conserved regions of the genome, superimposed on SARS-CoV-2 genome ORFs. We depict the
top secondary structures as ranked by Matthews correlation coefficient that overlap with these conserved regions, ordered from A to E. Regions A
to E are annotated on the genome in yellow and are located at genome positions: (A) 13743-13798, (B) 17511-17566, (C) 28990-29054, (D) 172—
236, (E) 26-109. Secondary structures are colored by sequence conservation in SARSr-MSA-1 (cyan = more conserved, purple = less conserved).
In magenta are depicted curated Rfam families present in coronaviruses, including the frameshifting stimulation element (FSE), the 3 UTR pseu-
doknot (PK3), and the 3’ stem-loop II-like motif (s2m). Figures prepared in Geneious (Kearse et al. 2012) and draw_rna (https:/github.com/

DasLab/draw_rna).
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of antisense oligonucleotides that fall within these stretch-
es. The sequence conservation cutoffs chosen ensured
that at least 75 candidate conserved stretches were used
for further structure analysis for each MSA. When calculat-
ing sequence conservation at the 5 and 3’ sequence ends
of the sequence, we did not include sequences thatinclud-
ed only leading or trailing sequence deletions up to that
point to avoid sequencing artifacts.

In Figure 2, we depict conserved regions (100% conser-
vation cutoff, SARSr-MSA-1) alongside the genome coordi-
nates for the reference SARS-CoV-2 sequence. We observe
intervals of conservation in the 5 UTR and 3’ UTR, as ex-
pected based on prior work demonstrating sequence con-
servation surrounding structured RNA elements in these
regions (Madhugiri et al. 2014), but we also noted stretches
of RNA sequence conservation within some viral ORFs.

Interestingly, in SARSr-MSA-1 and SARSr-MSA-2 we
found that conserved stretches overlapped with previously
curated Rfam (Kalvari et al. 2018) families for Coronaviridae
RNA secondary structures: the frameshifting stimulation el-
ement (Rfam family RFO0507), the 3" UTR pseudoknot
(Rfam family RF00165), and the 3" stem—loop Il-like motif
(Rfam family RFO0164) (Fig. 2). Locations for the frameshift-
ing stimulation element, 3’ UTR pseudoknot, and 3" stem—
loop ll-like motif were confirmed using Infernal (Nawrocki
and Eddy 2013), with all regions discovered at an E<
10™* threshold. We also found overlap between conserved
stretches and additional 5" UTR structures that have been
established for previous coronaviruses, including the orig-
inal SARS virus, including stem-loops 2-3 (SL2-3) and
stem—loop 5 (SL5) (Yang et al. 2015). These five known
RNA structures overlap with conserved regions more than
expected; in 10,000 random trials, the chance that five ran-
domly chosen intervals of these lengths all overlap with the
conserved regions from SARSr-MSA-1 or SARSr-MSA-2 is
less than 0.0003. The enrichment of known RNA structures
in these conserved regions suggests that other conserved
regions may also harbor RNA structures.

To further tighten this list of conserved sequences to
ones most relevant to the current COVID-19 outbreak,
we analyzed whether sequence regions conserved across
SARS and bat coronaviruses remain conserved in the
SARS-CoV-2 strains, most of which emerged after our
analysis above (Fig. 1A). We determined the conservation
of conserved genome regions from SARSr-MSA-1 across
SARS-CoV-2 sequences as of deposition date 03-18-20.
For this analysis, we obtained two whole-genome multiple
sequence alignments, keeping only full-length genome
sequences of at least 29,000 nt in both cases: the first in-
cludes 103 NCBI sequences (SARS-CoV-2-MSA-1), and
the second includes 739 sequences deposited to GISAID
(Elbe and Buckland-Merrett 2017) (SARS-CoV-2-MSA-2).
We noted conserved regions in the betacoronavirus align-
ment SARSr-MSA-1 were more likely to be at least 99%
conserved in both SARS-CoV-2-MSA-1 and SARS-CoV-2-

940 RNA (2020) Vol. 26, No. 8

MSA-2 than random intervals of the same size (binomial
test P-value <1 x 107>). Table 1 lists these regions, which
we term the SARS-related-conserved regions. These ge-
nome regions are conserved across the betacoronavirus
sequences in SARSr-MSA-1 and have at least 99% se-
quence conservation across whole-genome sequences
from the SARS-CoV-2 outbreak as of March 18, 2020
(SARS-CoV-2-MSA-2).

Conservation percentages for SARSr-MSA-1, SARSr-
MSA-2, SARS-CoV-2-MSA-1, and SARS-CoV-2-MSA-2 are
included in Supplemental File 1. We expect that some di-
agnostic and therapeutic strategies will benefit from focus-
ing on conserved regions across a broad range of
betacoronaviruses, whereas others may benefit from fo-
cusing on regions conserved only in SARS-CoV-2 isolates
to date.

Predictions for structured regions in SARS-CoV-2

The intrinsic RNA structure of a conserved genome region
is of interest in current medical research (Fig. 1B). On one
hand, stable secondary structure domains are candidates
for harboring stereotyped 3D RNA folds that present tar-
gets for small-molecule drug therapeutics. On the other
hand, if an RNA region is sufficiently unstructured to allow
binding by hybridization probes, antisense oligonucleo-
tides may be used to disrupt these functional structures.
Such unstructured stretches may also be more likely to
be accessible to diagnostic strategies including standard
RT-PCR assays (Bustin and Nolan 2004).

We used two approaches to make predictions for con-
served structured regions in SARS-CoV-2. First, we predict-
ed RNA structures centered on the most sequence-
conserved regions of SARS-related betacoronavirus ge-
nomes (alignment SARSr-MSA-1). For each conserved
stretch (at least 15 nt long, 100% sequence conservation)
along with 20 nt flanking windows, we predicted maximum
expected accuracy (MEA) secondary structures using
CONTRAfold 2.0 (Do et al. 2006). We then sought to
rank sequences based on the predicted probability that
the RNA folds into the MEA structure and not other struc-
tures. For this ranking, we used the estimated Matthews
correlation coefficient (MCC) from each construct’s base-
pairing probability matrix (Hamada et al. 2010). We note
here that while MCC is often used in the RNA structure
modeling literature to assess agreement of a prediction
with a reference structure, we here use the metric to assess
how tightly concentrated the ensemble of predicted sec-
ondary structures is to a single predicted secondary struc-
ture, the MEA structure. An MEA structure with a higher
estimated MCC is expected to have unpaired and paired
bases that better align with the construct’s predicted en-
semble base-pairing probabilities, lending support to the
single-structure MEA prediction. In Figure 2 regions A-E,
we display the five conserved regions with the top
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maximum expected accuracy (MEA) secondary structures
as ranked by the estimated MCC (all regions listed in
Supplemental File 1). Regions D and E occurred within
the 5" UTR and correspond to known SARS-related virus
stem—-loops SL5a and SL2, respectively. Interestingly, re-
gion A'is close to but does not overlap with the frameshift-
ing stimulation element; it lies 200 nt downstream from the
FSE and could perhaps be involved in a more elaborate
structure, as has been described for human coronavirus
229E and other coronaviruses (Herold and Siddell 1993).

We also sought independent methods to identify ther-
modynamically stable and conserved RNA structures, with-
out initially guiding the search to focus on extremely
sequence-conserved genome regions. We made predic-
tions for structured regions using RNAz (Gruber et al.
2010), beginning with the betacoronavirus alignment
SARSr-MSA-1. RNAz predicts structured regions that are
more thermodynamically stable than expected by compar-
ison to random sequences of the same length and se-
quence composition (z-score), and additionally assesses
regions by the support of compensatory and consistent
mutations in the sequence alignment (SCI score). These
two criteria are combined into a single P-score, which
when tested empirically on a set of ncRNAs produced a
false-positive rate of 4% at a P>0.5 cutoff and 1% at a
P>0.9 cutoff. To predict structured regions across the
full viral genome, we scanned the SARSr-MSA-1 alignment
in windows of length 120 nt sliding by 40 nt, predicted all
RNAz hits in the plus strand ata P> 0.5 cutoff, clustered the
resulting hits to generate maximally contiguous loci of the
genome with predicted structure, and filtered results to
only include loci with at least one window with a P>0.9
structure prediction.

Cyan: RNAz structured loci
Yellow: Unstructured intervals

The RNAz approach led to the prediction of 44 struc-
tured genome loci comprising 117 windows with predicted
structure (P> 0.9) (Fig. 3). These structured loci cover 46%
of the SARS-CoV-2 genome, suggesting that the SARS-
CoV-2 genome is highly structured, as has also been found
in a recent in silico map of the SARS-CoV-2 RNA structur-
ome (Andrews et al. 2020). We found that five canonical
RNA structures (the frameshifting stimulation element,
the 3’ UTR pseudoknot, the 3" UTR hypervariable region,
5" UTR SL2-3, and 5" UTR SL5) were present in these loci.
Additionally, conserved SARS-CoV-2 regions overlap sig-
nificantly with predicted RNAz loci, with 62 of 78 SARS-
CoV-2 conserved intervals at a 97% sequence cutoff over-
lapping by at least 15 nt with RNAz loci. This enrichment
is statistically significant (P-value <0.001 from comparisons
to 10,000 random placements of conserved intervals). This
enrichmentalso holds when considering overlaps with con-
served regions from SARSr-MSA-1; 124 of the 229 SARSr-
MSA-1 conserved intervals at a 90% conservation cutoff
overlap by at least 15 nt with RNAz loci (P-value 0.0038).
This analysis potentially expands the set of conserved struc-
tural regions of SARS-CoV-2 beyond known Rfam families
and those noted in the literature (full set of RNAz loci in
Supplemental File 1). Top-scoring structured windows
from RNAz that overlap with conserved sequence regions
in SARS-CoV-2-MSA-2 for at least 15 nt are included in
Table 2; we termed these SARS-CoV-2-conserved-struc-
tured regions. Overlapping intervals between the RNAz
predictions and conserved sequence regions in SARSr-
MSA-1 are included in Supplemental File 1.

We sought to further check structured windows report-
ed by RNAz using orthogonal approaches. First, we ex-
plored using R-scape to make structure predictions with
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FIGURE 3. Structured (cyan) and unstructured (yellow) intervals on the genome ORFs for SARS-CoV-2, predicted from RNAz and CONTRAfold
2.0 analysis, respectively. A-C highlight the three secondary structures for windows that do not overlap with known Rfam or literature-annotated
structures with the highest P-value scores from RNAz (all P> 0.9). These windows are located at genome positions 14207-14366 (A), 17126-17245
(B), and 26176-26295 (C). Secondary structures are colored by sequence conservation (cyan = more conserved, purple = less conserved). Figures
prepared in Geneious (Kearse et al. 2012) and draw_rna (https:/github.com/DasLab/draw_ma).
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covariation signal in the sequence alignments (Rivas et al.
2020). However, we found that the SARSr-MSA-1 align-
ment had insufficient variation to detect conserved base
pairs with covariation, lacking alignment power for all ge-
nomic windows (Rivas et al. 2020). Second, we compared
windows predicted from RNAz above to those computed
from ScanFold in a recent analysis (Andrews et al. 2020).
We find that 90 of the 117 RNAZ structured windows (P>
0.9 cutoff) are predicted ScanFold structured regions
that meet a P-value threshold of 0.05. This overlap is stat-
istically significant (P-value <1 x 107). Third, we validated
structured window predictions with alifoldz, a program that
calculates a z-score for an alignment window by comparing
the window's consensus minimum free energy structure to
that of random shuffled alignments. To mirror the RNAz
analysis above, we scanned through windows of length
120 nt sliding by 40 nt. We chose a z-score cutoff of
—2.69, which kept only 1% of windows when running ali-
foldz on all shuffled windows across the genome. This ap-
proach led to predicting 228 alifoldz structured windows,
overlapping with 104 of the 117 RNAz structured windows
(P> 0.9 cutoff). Again, this overlap is statistically significant
(P-value <1 x 107°). RNAz structured windows supported
by alifoldz analysis are highlighted in Supplemental File 1.

Conserved unstructured regions of SARS-CoV-2

We additionally located conserved regions of the viral ge-
nome predicted to lack structure, as such regions may be
desired targets for some diagnostic and therapeutic ap-
proaches (Fig. 1C). We scanned the SARS-CoV-2 reference
genome in windows of length 120 nt sliding by 40 nt, and
for each window, we predicted the base-pair probability
matrix with CONTRAfold 2.0, using these probabilities to
assemble average single-nucleotide base-pairing proba-
bilities across the genome. In Figure 3, we display the 76
stretches of the genome of length atleast 15 ntwhere every
base has average base-pairing probability at most 0.4.

It is interesting to note that some structured 120 nt win-
dows reported by RNAz include these unpaired stretches.
A simple explanation for this observation is that such re-
gions may encode for well-defined, conserved RNA struc-
tures that themselves harbor long unpaired loops to recruit
proteins, distal RNA elements, or other molecular
machinery.

Overall, we find that 58 of these unpaired stretches have
at least 15 nt of overlap with sequence regions that are
at least 97% conserved in SARS-CoV-2-MSA-2 (Fig. 5).
These unpaired stretches, termed SARS-CoV-2-conserved-
unstructured regions, are listed in Table 3 (overlaps with
SARSr-MSA-1 are included in Supplemental File 1).

As an orthogonal check for the unstructured intervals
predicted using CONTRAfold 2.0 base-pairing probabili-
ties, we used Vienna's RNAplfold to compute unpaired
probabilities for each genome position. In general, we
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found that RNAplfold predicted lower unpaired probabili-
ties than CONTRAfold 2.0, with only 10 intervals of length
at least 15 nt having average base-pairing probability at
most 0.4, in contrast with the 76 stretches predicted by
CONTRAfold 2.0. Nevertheless, we found that 9 of the
10 intervals predicted by Vienna's RNAplfold overlap
with unpaired intervals predicted from our CONTRAfold
2.0 analysis (regions listed in Supplemental File 1).

Secondary structure models for canonical structured
regions of SARS-CoV-2

Currently known RNA structures that recur across betacor-
onaviruses provide potential starting points for therapeutic
development targeting the SARS-CoV-2 RNA genome.
Here, we include secondary structures for the 5 UTR
extended partially into the coding region of ORF1ab (Fig.
4A), frameshifting stimulation element (Fig. 4B), and 3’
UTR (Fig. 4C) for SARS-CoV-2. These models are built by an-
alyzing homology with literature-annotated structures in
related betacoronaviruses (Chen and Olsthoorn 2010;
Wolfinger 2020) and by comparing to predicted secondary
structure models from physics-based secondary structure
prediction algorithms. The secondary structure for the 5’
UTR is the maximum expected accuracy (MEA) structure
predicted by CONTRAfold 2.0. We additionally include
computer-readable secondary structures in Table 4 and
Supplemental File 1. A brief review of salient secondary
structure features in these regions and their putative func-
tional roles in the betacoronavirus life cycle follows.

The extended 5" UTR includes five confident stem—loop
structures (SL1-SL5), with structures verified by chemical
mapping experiments in related coronaviruses (Chen and
Olsthoorn 2010; Yang et al. 2015). SL1 and SL2 are con-
served across betacoronaviruses, with SL2 having the high-
est sequence conservation across the 5 UTR (Madhugiri
et al. 2014). The high A-U base-pairing content in the
SARS-CoV-2 SL1 sequence and the bulged nucleotides
align with prior reports that SL1 is relatively thermodynam-
ically unstable to allow for the formation of long-range in-
teractions (Li et al. 2008). SL2 has been shown to be critical
for subgenomic RNA synthesis, with mutations in its con-
served pentaloop retaining the production of genome-
sized RNA, but not subgenomic RNA segments (Liu et al.
2007). SL3, conserved only in betacoronaviruses, presents
the transcription-regulating sequence (TRS) that base pairs
with one of several complementary sequences in nascent
negative-sense strands in a “copy-choice mechanism”
that gives rise to discontinuous transcription of subge-
nomic mRNAs (van den Born et al. 2005). SL4 contains a
short upstream ORF, here labeled uORF, which precedes
the first longer ORF1ab of the genome. The uORF leads
to attenuated transcription of ORF1ab that appears helpful
but is not essential for viral replication (Madhugiri et al.
2014). SL5 has been implicated in a potential role in viral
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FIGURE 4. Secondary structure diagrams for (A) 5’ UTR, (B) frameshifting stimulation element, (C) 3’ UTR. Nucleotides are black if 100% con-
served in the SARS, bat, and SARS-CoV-2 sequences in SARS-MSA-1, and gray otherwise. Special labeled domains are in boldface.
Structures are based primarily on manual identification of homology with literature coronavirus structure models. Note that numbering in C is
relative to 3’ end of virus sequence. Figures prepared in RiboDraw (https:/github.com/ribokit/RiboDraw).

www.rnajo

urnal.org 943


https://github.com/ribokit/RiboDraw
https://github.com/ribokit/RiboDraw
https://github.com/ribokit/RiboDraw
https://github.com/ribokit/RiboDraw
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on September 1, 2020 - Published by Cold Spring Harbor Laboratory Press

Rangan et al.

A 3 structured Structured

21 SARS-related

16 structured
26 SARS-CoV-2

10 SARS-CoV-2
Q8 SARS-relategd

SARS-related conserved SARS-CoV-2 conserved

5 unstructured
1 SARS-related
Unstructured

52 unstructured
4 SARS-CoV-2

27 SARS-CoV-2
194 SARS-related

SARS-related conserved SARS-CoV-2 conserved

FIGURE 5. We depict the predicted number of structured, unstructured, and conserved intervals for a choice of sequence conservation cutoffs.
The SARS-related conserved intervals are all regions of at least 15 nt with each position at least 90% conserved across an alignment of SARS, bat
coronavirus, and SARS-CoV-2 sequences (SARSr-MSA-1). The SARS-CoV-2 intervals are regions of at least 15 nt with each position at least 97%
conserved across an alignment of currently available SARS-CoV-2 sequences (SARS-CoV-2-MSA-2). Structured intervals are loci predicted from
RNAz with some loci containing multiple RNAz windows, and unstructured intervals are stretches of at least 15 nt where all bases have base-pair-
ing probability at most 0.4. All interval intersections are required to have at least 15 nt overlaps, with the number of overlapping intervals listed for
each interval type involved in the intersection. Top-scoring structured intervals conserved in SARS-CoV-2 sequences (green) are listed in Table 2.
Top-scoring unstructured intervals conserved in SARS-CoV-2 sequences (blue) are listed in Table 3.

packaging, and contains the AUG start codon for long
ORF1ab which encodes the viral replicase/transcriptase
polyprotein. The SARS-CoV-2 SL5 domain has common
features with the domain in other group llb betacoronavi-
ruses, for instance including UUCGU pentaloops on SL5a
and SL5b, and a GNRA tetraloop on SL5c (Chen and
Olsthoorn 2010). Prior DMS-probing data for Stem 5 in
SARS-CoV aligned with the proposed SL5a,b,c structures
(Chen and Olsthoorn 2010). Two additional stems (SL6
and SL7) are predicted in the MEA structure from
CONTRAfold 2.0, but prior literature has not established
whether such stems embedded in the coding region are
functionally important across betacoronaviruses.

The frameshifting stimulation element (FSE) is located in
ORF1ab and is involved in regulating a (—1) ribosomal
frameshift event that is necessary for completing trans-
lation of ORF1ab. The FSE consists of a conserved pseudo-
knot structure that regulates the rate of ribosomal
frameshifting at an upstream slippery site (Plant and
Dinman 2008). This domain is nearly exactly conserved be-
tween SARS-CoV and SARS-CoV-2, suggesting a similar
mechanism for ribosomal pausing and slippage between
the two viruses (Kelly and Dinman 2020).

The 3’ UTR contains various domains critical for regulat-
ing viral RNA synthesis and potentially translation. The
most 5’ region of the 3' UTR includes a switch-like domain
involving mutually exclusive formation of a pseudoknot
and stem-loop, both of which are essential for viral replica-
tion with putative roles in establishing the kinetics of RNA
synthesis (Goebel et al. 2004; van den Born et al. 2005).
The hyper-variable region (HVR) is not essential for viral
RNA synthesis, as this can be removed while allowing for
viral replication in tissue culture; however, viruses without
this domain have lower pathogenicity in mice (Goebel
etal. 2007). This domain contains a completely conserved
octonucleotide sequence with unconfirmed functional sig-

944 RNA (2020) Vol. 26, No. 8

nificance. The stem—loop Il-like motif (s2m) is another sub-
region of the HVR that is conserved in SARS-CoV-2 and
other coronaviruses. A crystal structure of the SARS s2m
domain has been shown to be homologous to an rRNA
loop that binds translation initiation proteins, leading this
domain to have a proposed role in recruiting host transla-
tional machinery (Robertson et al. 2005). The domain has
been proposed to be a selfish element due to its recur-
rence in  numerous virus families outside the
Coronaviridae, but its function is not well understood
(Jonassen et al. 1998).

DISCUSSION

Understanding the RNA structure of the SARS-CoV-2 ge-
nome can guide RNA-targeting interventions and diagnos-
tic development. Here we have presented an initial
analysis of RNA sequence conservation across betacoronavi-
ruses and current SARS-CoV-2 sequences, predictions for
structured and unstructured domains of the viral RNA ge-
nome, and homology-derived secondary structure models
for previously established coronavirus structured elements
that recur in the SARS-CoV-2 genome: the extended 5
UTR, the frameshifting stimulation element, and the 3
UTR. By filtering for sequences that have more than one of
these properties, we have curated three sets of RNA geno-
mic regions of potential interest for further structural analy-
sis, which we have termed the SARS-related-conserved,
SARS-CoV-2-conserved-structured, and SARS-CoV-2-con-
served-unstructured sets. Figure 5 gives a more extensive
presentation of how these sets overlap. Our hope is that
these steps will provide useful starting points for efforts to
develop antivirals and diagnostics that depend on targeting
either structured or unstructured viral genomic regions.
The alignments used here act as an initial starting point
for evaluating RNA sequence conservation in SARS-
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related viruses and in SARS-CoV-2 strains. Further conser-
vation analysis may benefit from exploring the use of co-
don-correct viral genome alignments (Libin et al. 2019)
or reference-guided alignments (Tzou et al. 2017).
Additionally, alignments capturing a broader range of
betacoronavirus sequences may enable the use of covari-
ation signals for secondary structure prediction with tools
like R-scape (Rivas et al. 2017).

The abundant RNA structures involved in the replication
cycle of betacoronaviruses present ample opportunities for
therapeutic development, but our analysis is not complete.
First, while homology with prior structures annotated in
betacoronaviruses lends some confidence to the 5’ UTR,
frameshifting stimulation element, and 3" UTR secondary
structures presented here, there may still be some inaccura-
cies. Forinstance, SL6 and SL7 in the 5’ UTR are built based
on computer modeling. As another example, the
frameshifting stimulation element structure presented
here differs in two base pairs compared to that presented
by Kelly and Dinman (2020). While a recent analysis of the
SARS-CoV-2 structurome conducted with ScanFold (An-
drews etal. 2018) supports various base pairs in the homol-
ogy modelsforthe 5" UTR, FSE, and 3" UTR presented here,
base pairs in the SL5 basal stem of the 5’ UTR and in the hy-
per-variable region of the 3’ UTR are not predicted by Scan-
Fold (Andrews etal. 2020). Some of these base pairs would
not be found by ScanFold because they involve pairing of
nucleotides that extend beyond the ScanFold window
size used (120 nt), as is the case for the SL5 basal stem in
the extended 5’ UTR and the basal portion of the 3" UTR hy-
per-variable region stem. Some otherbase pairsinvolvedin
pseudoknots would not be found by ScanFold. However,
numerous base pairs in the hyper-variable region model
presented here (29695-29809 in numbering based on ref-
erence genome NC_0405512.2 [Wu etal. 2020], or—117 to
—63 in numbering corresponding to Fig. 4C) that could be
identified by ScanFold windowed analysis were not found
by ScanFold; itis possible that RNAin these regions adopts
a heterogeneous set of secondary structures or a tertiary
structure stabilized by noncanonical pairs that are not mod-
eled in ScanFold. Additional biochemical and genetic ver-
ification, particularly through compensatory mutagenesis,
will be needed to further assess these structures.

Beyond the secondary structures highlighted here, prior
work has pinpointed a variety of RNA-RNA interactions im-
portant to the betacoronavirus life cycle. Long-range inter-
actions between the 5 UTR and 3" UTR have been
implicated in RNA synthesis, for instance with mutations
inthe 5 UTR SL1 only supporting viral replication when co-
evolving with specific mutations in the 3’ UTR (Guan et al.
2012; Madhugiri et al. 2014). Such long-range RNA-RNA
interactions would be missed in our analyses above which
have focused on shorter windows. In related coronaviruses,
RNA structures that act as packaging signals have been
identified in genomic ORFs (Madhugiri et al. 2014). Such

packaging signals may reside in regions identified here
from our RNAz computational analysis or may have been
missed. Last, it seems likely that the reverse complement
of the RNA genome harbors important functional elements
which we have not analyzed in detail in this study.

We believe a more thorough structure/function analysis
of the virus should be obtainable with recent experimental
technologies that integrate multidimensional chemical
mapping, electron microscopy, and computer modeling
(Kappel et al. 2019; Zhang et al. 2019). New candidates
for structured RNA elements in SARS-CoV-2 could play
various functional roles, perhaps regulating viral packag-
ing, replication, RNA synthesis, or translation initiation.
To further improve these structure predictions, information
about protein-binding events should be integrated, and
biochemical assays can be conducted with these proteins
present or even in cells. Accounting for protein-binding
events will be critical to completing a picture of accessible
and structured RNA sites.

The secondary structures predicted here present starting
points for 3D modeling of RNA-only structuresin various re-
gions, including the 5" UTR SL5, the frameshifting stimula-
tion element, the 3’ UTR pseudoknot, and the 3’ stem-loop
[I-like motif, and this modeling has begun (Rangan et al.
2020a). Furthermore, these regions and novel predicted
structures can serve as candidates for RNA-only structure
determination. Such 3D structures have the potential to re-
veal well-defined 3D folds with conserved binding domains
for small-molecule drugs, potentially presenting alterna-
tive approaches for targeting SARS-CoV-2.

MATERIALS AND METHODS

Open reading frame (ORF) annotation

The ORFs included in Geneious (Kearse et al. 2012) genome
maps (Figs. 2, 3) were obtained from protein annotations depos-
ited in NCBI for the reference genome NC_0405512.2 (Wu et al.
2020). We exclude ORF10, as recent reports have found no evi-
dence for ORF10 expression in SARS-CoV-2 (Kim et al. 2020).

Conservation analysis

Three alignments for SARS-related viruses were prepared:

1. SARSr-MSA-1 was generated by realigning the sequences cu-
rated by Ceraolo and Giorgi (Ceraolo and Giorgi 2020) with
MUSCLE (Edgar 2004) using default alignment settings, ex-
cluding all nonreference genome copies of the SARS-CoV-2
sequence and excluding MERS sequences JX869059.2 and
KT368829.1.

2. SARSr-MSA-2 was generated by downloading the MSA pro-
vided by BLAST for the top 100 complete genome sequences
closest to the SARS-CoV-2 reference genome.

3. SARSr-MSA-3 was generated by obtaining all complete beta-
coronavirus genome sequences available from the NCBI data-
base, removing mutually similar sequences using a 99% cutoff
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TABLE 1. SARS-related-conserved

Name Interval Sequence Conservation in SARS-CoV-2
SARS-related-conserved-1 14060-14075 UAGAUAAUCAAGAUCU 0.995896
SARS-related-conserved-2 15838-15857 UGGACUGAGACUGACCUUAC 0.995896
SARS-related-conserved-3 28554-28569 UUCGUGGUGGUGACGG 0.995868
SARS-related-conserved-4 28513-28546  AGAUGACCAAAUUGGCUACUACCGAAGAGCUACC 0.995868
SARS-related-conserved-5 16153-16169  GUUAUGCUUACUAAUGA 0.994528
SARS-related-conserved-6 27183-27212 GUACAGUAAGUGACAACAGAUGUUUCAUCU 0.99449
SARS-related-conserved-7 27165-27181 GACAAUAUUGCUUUGCU 0.99449
SARS-related-conserved-8 25511-25530 CACUCCCUUUCGGAUGGCUU 0.99449
SARS-related-conserved-9 25393-25409 AUGGAUUUGUUUAUGAG 0.99449
SARS-related-conserved-10  12905-12924  AGGUUUGUUACAGACACACC 0.99316
SARS-related-conserved-11 13346-13361 GUGGGUUUUACACUUA 0.99316
SARS-related-conserved-12  15496-15518  ACAACUGCUUAUGCUAAUAGUGU 0.99316
SARS-related-conserved-13  28799-28818 AGCAGAGGCGGCAGUCAAGC 0.993113
SARS-related-conserved-14  27457-27473 ~ GAGUGUGUUAGAGGUAC 0.993113
SARS-related-conserved-15  25547-25562  UUCUUGCUGUUUUUCA 0.993113
SARS-related-conserved-16 ~ 17089-17105 GGUACUGGUAAGAGUCA 0.991792
SARS-related-conserved-17  17956-17975 UGCAUAAUGUCUGAUAGAGA 0.991792
SARS-related-conserved-18  18034-18050 UUACAAGCUGAAAAUGU 0.991792
SARS-related-conserved-19 704-723  GACGAGCUUGGCACUGAUCC 0.991792
SARS-related-conserved-20  25376-25392  UACACAUAAACGAACUU 0.991736
SARS-related-conserved-21  10406-10422 UACAAUGGUUCACCAUC 0.990437
SARS-related-conserved-22  16364-16388 UGUCUGUUAAUCCGUAUGUUUGCAA 0.990424
SARS-related-conserved-23  15622-15644  UAUGAGUGUCUCUAUAGAAAUAG 0.990424
SARS-related-conserved-24  15349-15367  GUUCUUGCUCGCAAACAUA 0.990424
SARS-related-conserved-25  15301-15323 ~ AAAUGUGAUAGAGCCAUGCCUAA 0.990424
SARS-related-conserved-26  14077-14099  AAUGGUAACUGGUAUGAUUUCGG 0.990424
SARS-related-conserved-27 741-756  AAAACUGGAACACUAA 0.990424
SARS-related-conserved-28  25106-25128 GAAAUUGACCGCCUCAAUGAGGU 0.990358
SARS-related-conserved-29  26232-26267 UGAGUACGAACUUAUGUACUCAUUCGUUUCGGAAGA 0.990358
SARS-related-conserved-30  28270-28293  UAAAAUGUCUGAUAAUGGACCCCA 0.990358

Conserved regions across SARSr-MSA-1 and SARS-CoV-2-MSA-2. All intervals are at least 90% conserved across the SARS and bat coronavirus sequences in
SARSr-MSA-1, have length at least 15 nt, and have every position at least 99% conserved in current GISAID SARS-CoV-2 sequences (SARS-CoV-2-MSA-2).

Sequence intervals are relative to the reference genome NC_045512.2.

with CD-HIT-EST (Li et al. 2001), and computing an MSA with
Clustal Omega (Sievers et al. 2011) using default settings.

Two alignments for SARS-CoV-2 sequences were prepared:

1. SARS-CoV-2-MSA-1 was generated by downloading the MSA
provided by NCBI for the 103 whole-genome SARS-CoV-2 se-
quences deposited as of 03-18-20.

2. SARS-CoV-2-MSA-2 was generated from 739 GISAID (Elbe
and Buckland-Merrett 2017) sequences, including all sequenc-
es described in the Nextstrain project metadata file as of 03-
18-20 (https://github.com/nextstrain/ncov). Sequences were
aligned using MAFFT (Katoh and Frith 2012) with the —add
flag to add GISAID sequences to seed alignment SARS-CoV-
2-MSA-1, and the sequences in SARS-CoV-2-MSA-1 were sub-
sequently removed to avoid duplicates.

946 RNA (2020) Vol. 26, No. 8

All alignments are included in the associated GitHub repository:
https:/github.com/DaslLab/SARSCoV2_Secstruct_Cons.

Analysis of structured elements

To identify regions in the SARS-CoV-2 reference genome
NC_0405512.2 (Wu et al. 2020) that were matches to Rfam
(Kalvari et al. 2018) families, we used Infernal (Nawrocki and
Eddy 2013) to build covariance models from Rfam families
RRO164, RRO165, and RRO507 with cmbuild, and we ran cmscan
to find hits with an E< 1 x 107 threshold.

MEA structures were computed using CONTRAfold 2.0 (Do
etal. 2006) for 20 nt flanking windows around conserved intervals
in SARS-CoV-2. To estimate the Matthews correlation coefficient
of these single-structure predictions, we computed the pseudo-
expected Matthews correlation coefficient as previously de-
scribed (Hamada et al. 2010). Base-pairing probability matrices
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TABLE 3. SARS-CoV-2-conserved-unstructured

Average unpaired Minimum unpaired

Name Interval probability proability Sequence

SARS-CoV-2-conserved- 29074-29087 0.891 0.764 AUACAAUGUAACAC
unstructured-1

SARS-CoV-2-conserved- 8078-8094 0.825 0.753 CCAAUGGAAAAACUCAA
unstructured-2

SARS-CoV-2-conserved- 1359-1374 0.837 0.717 UUGUUAAAAUUUAUUG
unstructured-3

SARS-CoV-2-conserved- 21626-21643 0.857 0.713 ACUCAAUUACCCCCUGCA
unstructured-4

SARS-CoV-2-conserved- 1420-1436 0.797 0.697 CGAAUACCAUAAUGAAU
unstructured-5

SARS-CoV-2-conserved- 18471-18484 0.780 0.695 UCAAUUUAAACACC
unstructured-6

SARS-CoV-2-conserved- 11910-11923 0.767 0.683 AAUCAUCAUCUAAA
unstructured-7

SARS-CoV-2-conserved- 23960-23981 0.787 0.678 UUUAAUUUUUCACAAAUAUUAC
unstructured-8

SARS-CoV-2-conserved- 13990-14003 0.796 0.662 CAAGCUUUGUUAAA
unstructured-9

SARS-CoV-2-conserved- 10009-10035 0.760 0.657 UCUUUACCAACCACCACAAACCUCUAU
unstructured-10

SARS-CoV-2-conserved- 23700-23718 0.823 0.655 CCAUACCCACAAAUUUUAC
unstructured-11

SARS-CoV-2-conserved- 18918-18934 0.832 0.654 UAUUGAAUAUCCUAUAA
unstructured-12

SARS-CoV-2-conserved- 27385-27402 0.810 0.654 UAAACGAACAUGAAAAUU
unstructured-13

SARS-CoV-2-conserved- 5773-5789 0.808 0.654 UAAACAUAUAACUUCUA
unstructured-14

SARS-CoV-2-conserved- 23910-23932 0.838 0.653 CACAAGUCAAACAAAUUUACAAA
unstructured-15

SARS-CoV-2-conserved- 17762-17785 0.767 0.650 CUGUCUUUAUUUCACCUUAUAAUU
unstructured-16

SARS-CoV-2-conserved- 25569-25582 0.826 0.649 UUCCAAAAUCAUAA
unstructured-17

SARS-CoV-2-conserved- 19569-19588 0.754 0.648 UUACAAACAAUUUGAUACUU
unstructured-18

SARS-CoV-2-conserved- 22552-22565 0.773 0.647 UAAUAUUACAAACU
unstructured-19

SARS-CoV-2-conserved- 25417-25437 0.747 0.640 ACAAUUGGAACUGUAACUUUG
unstructured-20

SARS-CoV-2-conserved- 12195-12210 0.746 0.634 UUAAAAAGUUGAAGAA
unstructured-21

SARS-CoV-2-conserved- 6757-6783 0.790 0.633 UUGUACUAAUUAUAUGCCUUAUUUCUU
unstructured-22

SARS-CoV-2-conserved- 15236-15257 0.747 0.630 ACAACAUGUUAAAAACUGUUUA
unstructured-23

SARS-CoV-2-conserved- 6225-6238 0.734 0.628 AUAAACCUAUUGUU
unstructured-24

SARS-CoV-2-conserved- 9578-9598 0.826 0.628 UAUUCUGUUAUUUACUUGUAC
unstructured-25

SARS-CoV-2-conserved- 21649-21662 0.821 0.627 UAAUUCUUUCACAC

unstructured-26

Continued
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TABLE 3. (Continued)

Average unpaired

Minimum unpaired

Name Interval probability proability Sequence

SARS-CoV-2-conserved- 23985-23998 0.800 0.625 AUCCAUCAAAACCA
unstructured-27

SARS-CoV-2-conserved- 7161-7174 0.774 0.625 ACACCUAUCCUUCU
unstructured-28

SARS-CoV-2-conserved- 6010-6029 0.739 0.625 ACCAAACCAACCAUAUCCAA
unstructured-29

SARS-CoV-2-conserved- 6515-6529 0.811 0.624 UUAAAAAUUACAGAA
unstructured-30

SARS-CoV-2-conserved- 18219-18232 0.750 0.624 UAAAAUGAAUUAUC
unstructured-31

SARS-CoV-2-conserved- 11659-11681 0.819 0.623 UUUACUCAACCGCUACUUUAGAC
unstructured-32

SARS-CoV-2-conserved- 24778-24797 0.771 0.622 AAAGAACUUCACAACUGCUC
unstructured-33

SARS-CoV-2-conserved- 21669-21683 0.789 0.621 UUUAUUACCCUGACA
unstructured-34

SARS-CoV-2-conserved- 6105-6122 0.777 0.619 AUAAGAAACCUGCUUCAA
unstructured-35

SARS-CoV-2-conserved- 28436-28452 0.808 0.619 GCUCUCACUCAACAUGG
unstructured-36

SARS-CoV-2-conserved- 16361-16375 0.773 0.619 UCUUGUCUGUUAAUC
unstructured-37

SARS-CoV-2-conserved- 28148-28162 0.734 0.617 UUUUACAAUUAAUUG
unstructured-38

SARS-CoV-2-conserved- 24165-24178 0.745 0.616 AAAUGAUUGCUCAA
unstructured-39

SARS-CoV-2-conserved- 26429-26447 0.741 0.615 UUAAAAAUCUGAAUUCUUC
unstructured-40

SARS-CoV-2-conserved- 6072-6086 0.727 0.615 AAUUUGCUGAUGAUU
unstructured-41

SARS-CoV-2-conserved- 1304-1319 0.822 0.615 GAGAAUUUGACUAAAG
unstructured-42

SARS-CoV-2-conserved- 1918-1933 0.752 0.614 UCUUGAAACUGCUCAA
unstructured-43

SARS-CoV-2-conserved- 27361-27375 0.741 0.612 GAAGAGCAACCAAUG
unstructured-44

SARS-CoV-2-conserved- 28853-28866 0.770 0.612 UCAAGAAAUUCAAC
unstructured-45

SARS-CoV-2-conserved- 14899-14913 0.742 0.610 UGUAUUAAUGCUAAC
unstructured-46

SARS-CoV-2-conserved- 19260-19273 0.761 0.610 UAACCUUAACUUGC
unstructured-47

SARS-CoV-2-conserved- 11724-11740 0.730 0.608 UUAGAUAUAUGAAUUCA
unstructured-48

SARS-CoV-2-conserved- 29008-29023 0.780 0.608 UGUCACUAAGAAAUCU
unstructured-49

SARS-CoV-2-conserved- 11537-11554 0.771 0.607 AUUGUUUUUAUGUGUGUU
unstructured-50

SARS-CoV-2-conserved- 11628-11645 0.850 0.607 AUUUUUGUACUUGUUACU
unstructured-51

SARS-CoV-2-conserved- 18681-18694 0.747 0.606 CACAUGCUUUUCCA
unstructured-52

SARS-CoV-2-conserved- 7366-7384 0.724 0.606 AAUAAUUAAUCUUGUACAA
unstructured-53

Continued
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TABLE 3. (Continued)

Average unpaired Minimum unpaired

Name Interval probability proability Sequence

SARS-CoV-2-conserved- 1031-1047 0.728 0.605 GAAAUUAAAUUGGCAAA
unstructured-54

SARS-CoV-2-conserved- 14367-14380 0.714 0.605 UUGUGCAAACUUUA
unstructured-55

SARS-CoV-2-conserved- 3797-3816 0.742 0.603 UUUGAUAAAAAUCUCUAUGA
unstructured-56

SARS-CoV-2-conserved- 22281-22296 0.742 0.601 CUUUACUUGCUUUACA
unstructured-57

SARS-CoV-2-conserved- 16038-16053 0.780 0.600 UUACCCACUUACUAAA

unstructured-58

Top unstructured regions (ranked by minimum unpaired probability over the interval, stretch of at least 15 nt) that overlap with conserved intervals from
SARS-CoV-2 for at least 15 nt at a 97% sequence conservation cutoff. Sequence intervals are relative to the reference genome NC_045512.2.

were computed with CONTRAfold 2.0, and these were then used SARSr-MSA-1 with at least four sequences in each window, using

to calculate the expected number of true positive, true negative, awindow size of 120 ntsliding by 40 nt, and using default settings
false positive, and false negative base pairs. These computations otherwise. RNAz hits were computed at the P> 0.5 threshold for
were carried out using the Amie package (https:/github.com/ the forward strand with z-scores computed without a shuffled se-
DaslLab/arnie). quence background for efficiency, using the —no-shuffle flag. The

RNAz (Gruber et al. 2010) structures were predicted in windows resulting RNAz structured windows were then clustered with
of the SARS-CoV-2 genome using the SARSr-MSA-1 alignment. rmazCluster.pl, filtered with rnazFilter.pl at a P>0.9 threshold,
We used rnazWindow.pl to compile alignment windows across and sorted with rnazSort.pl.

TABLE 4. Sequences and homology-modeled secondary structures for key structured genome regions of SARS-CoV-2

Name Sequence

Secondary structure dot-bracket

Extended 5 UTR ~ AUUAAAGGUUUAUACCUUCCCAGGUAACAAACCA
ACCAACUUUCGAUCUCUUGUAGAUCUGUUCUCUA
AACGAACUUUAAAAUCUGUGUGGCUGUCACUCGG
CUGCAUGCUUAGUGCACUCACGCAGUAUAAUUAA
UAACUAAUUACUGUCGUUGACAGGACACGAGUAA
CUCGUCUAUCUUCUGCAGGCUGCUUACGGUUUCG
UCCGUGUUGCAGCCGAUCAUCAGCACAUCUAGGU
UUCGUCCGGGUGUGACCGAAAGGUAAGAUGGAG
AGCCUUGUCCCUGGUUUCAACGAGAAAACACACG
UCCAACUCAGUUUGCCUGUUUUACAGGUUCGCGA
CGUGCUCGUACGUGGCUUUGGAGACUCCGUGGA
GGAGGUCUUAUCAGAGGCACGUCAACAUCUUAAA
GAUGGCACUUGUGGCUUAGUAGAAGUUGAAAAA

GGCGUUUUGCC
Frameshifting GUUUUUAAACGGGUUUGCGGUGUAAGUGCAGCC
stimulation CGUCUUACACCGUGCGGCACAGGCACUAGUACUG
element AUGUCGUAUACAGGGCUUUUG
3" UTR GACCACACAAGGCAGAUGGGCUAUAUAAACGUUU

UCGCUUUUCCGUUUACGAUAUAUAGUCUACUCUU
GUGCAGAAUGAAUUCUCGUAACUACAUAGCACAA
GUAGAUGUAGUUAACUUUAAUCUCACAUAGCAAU
CUUUAAUCAGUGUGUAACAUUAGGGAGGACUUGA
AAGAGCCACCACAUUUUCACCGAGGCCACGCGGA
GUACGAUCGAGUGUACAGUGAACAAUGCUAGGG
AGAGCUGCCUAUAUGGAAGAGCCCUAAUGUGUAA
AAUUAAUUUUAGUAGUGCUAUCCCCAUGUGAUUU
UAAUAGCUUCUUAGGAGAAUGACAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAA
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We ran alifoldz (Washietl and Hofacker 2004) on the same ge-
nome windows used with RNAz above, again using SARSr-MSA-
1. The alifoldz z-score computations were calculated for the for-
ward strand only with alifoldz.pl. We additionally calculated ali-
foldz z-scores for alignment windows that were shuffled with
shuffle-aln.pl to assess background z-scores, determining that
1% of shuffled alignment z-scores were less than —2.69.

We computed alignment powers with R-scape (Rivas et al.
2017) to assess the potential for using SARSr-MSA-1 for covaria-
tion analysis. We generated Stockholm alignment files with bio-
python (Cock et al. 2009) for windows of 120 nt each sliding by
40 nt. For each window, we ran R-scape with the —fold flag to pre-
dict new structures, obtaining estimates for the power of each
base pair in the predicted structure (here, power is the expected
sensitivity for detecting base pairs given the number of substitu-
tions in the alignment at that base pair). We then averaged across
base pairs in each structure to obtain the alignment power as de-
scribed previously (Rivas et al. 2020), noting that all windows'’
alignment powers fell below the 0.10 threshold used to distin-
guish low-power from high-power alignments.

Analysis of unstructured elements

To obtain probabilities that each genome position in SARS-CoV-2
was unpaired, we computed base-pairing probability matrices
with CONTRAfold 2.0 (Do et al. 2006) in windows of 120 nt sliding
by 40 nt, and for each genome position, we summed the proba-
bilities of pairing with all potential partners. We then averaged
these nucleotide pairing probabilities across all windows that nu-
cleotide was present in. Additionally, RNAplfold (Bernhart et al.
2006) was run with window size 120 nt, producing another set
of unpaired probabilities for each position in the genome.

DATA DEPOSITION

Code used for the conservation, structured, and unstructured
analyses above can be found at the GitHub repository: https://
github.com/DaslLab/SARSCoV2_Secstruct_Cons. The repository
additionally includes alignment files, Rfam families and covari-
ance models, and output from the RNAz, R-scape, alifoldz and
RNAplfold analyses.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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