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ABSTRACT Chikungunya virus (CHIKV) is a mosquito-borne alphavirus associated
with debilitating arthralgia in humans. RNA secondary structure in the viral genome
plays an important role in the lifecycle of alphaviruses; however, the specific role of
RNA structure in regulating CHIKV replication is poorly understood. Our previous
studies found little conservation in RNA secondary structure between alphaviruses,
and this structural divergence creates unique functional structures in specific alpha-
virus genomes. Therefore, to understand the impact of RNA structure on CHIKV biol-
ogy, we used SHAPE-MaP to inform the modeling of RNA secondary structure
throughout the genome of a CHIKV isolate from the 2013 Caribbean outbreak. We
then analyzed regions of the genome with high levels of structural specificity to
identify potentially functional RNA secondary structures and identified 23 regions
within the CHIKV genome with higher than average structural stability, including
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hikungunya virus (CHIKV) is an arthropod-borne alphavirus that causes febrile

illness associated with severe acute and persistent arthralgia. Since its identification
in 1952, CHIKV has caused sporadic outbreaks in Africa, Asia, and the Indian subcon-
tinent. However, recent outbreaks in the countries surrounding the Indian Ocean in
2005, as well as the 2013 introduction of the virus into the Americas, illustrate CHIKV's
reemergence as a global threat to public health (1, 2). Despite its status as a significant
emerging disease threat, there are currently no approved vaccines or virus-specific
therapies for treating acute or chronic CHIKV disease. Therefore, it is important to
understand the factors that contribute to CHIKV pathogenesis, since this information
may inform the development of safe and effective vaccines and therapies.

The alphavirus genome is a positive sense, single-stranded RNA that encodes two
polyproteins. The first polyprotein encodes the four nonstructural proteins (nsP1 to
nsP4), which together comprise the RNA replication machinery. The second, an inter-
nally encoded polyprotein encompassing the 3’ third of the viral genome, encodes the
virion structural proteins from a subgenomic RNA. While the role of viral proteins in the
alphavirus life cycle has been extensively studied, a growing body of evidence suggests
that coding and noncoding RNA structural elements (e.g., stem loops) are also critical
determinants of alphavirus replication and pathogenesis. These include structures in
the 5'UTR that prevent host innate immune recognition, RNA packaging signals, and
RNA elements that regulate viral transcription and translation (3-7). However, the full
complement of RNA secondary structures in the CHIKV genomic RNA has not been
determined. Given the importance of RNA secondary structure in alphavirus biology, a
better understanding of CHIKV RNA secondary structures is likely to provide new
insights into the viral factors that contribute to the CHIKV life cycle and CHIKV disease
pathogenesis.

We attempted to identify conserved alphavirus RNA secondary structures using
Sindbis virus (SINV), Venezuelan equine encephalitis virus (VEEV), and CHIKV but found
little of the RNA secondary structure landscape is conserved across these viruses (8).
Retrospectively, this is not entirely surprising, since some recognized functional RNA
secondary structures, such as RNA packaging signals, are found at different locations of
the genomes of different alphaviruses, while other structures are only found in a subset
of viruses in the genus (9, 10). Furthermore, alphaviruses have very low signals of
nucleotide covariation, the traditional “gold standard” for identifying conserved, func-
tional RNA secondary structures (8, 11-15).

Because the RNA secondary structure landscape of alphaviruses is not highly
conserved (8), we used selective 2'-hydroxyl acylation analyzed by primer extension
and mutational profiling (SHAPE-MaP) to perform de novo RNA structural analysis on
the CHIKV genome to identify potentially functional RNA secondary structures. SHAPE-
MaP is an RNA structure probing technique that combines chemical probing of
unpaired nucleotides of the genome with next generation sequencing to identify
highly flexible, or unstructured, regions in long RNAs (16). The mutational profiling is
combined with rigorous thermodynamic free energy modeling to generate experimen-
tally derived, high-confidence models of RNA secondary structure (11, 16). This method
has been applied to several other RNA viruses to identify important RNA structural
features (8, 17-20). We hypothesized that functionally important RNA secondary struc-
tures specific to CHIKV would fold into a single, specific conformation relative to the
rest of the genome. With this approach, we identified the four known functional RNA
elements in the CHIKV coding sequence, as well as 19 previously unidentified elements.
We confirmed the functional importance of one element through structure disrupting
mutagenesis strategies. Furthermore, three variants of the CHIKV 3'UTR have been
reported (21, 22), and our studies defined the RNA structure of each variant. We further
characterized the impact of each of these variants on CHIKV host range. Together, these
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studies provide important new information on the location and stability of RNA
structures distributed throughout the CHIKV genome.

RESULTS

SHAPE-MaP analysis of the CHIKV genomic RNA. RNA structure plays an impor-
tant role in alphavirus biology and contributes to functions ranging from regulation of
RNA and protein synthesis to immune evasion (3-7). However, despite CHIKV's impor-
tance as an emerging pathogen, our understanding of how viral RNA structure impacts
the CHIKV life cycle has largely been inferred from analysis of the RNA secondary
structure in other alphaviruses (5, 6). Extensive analysis of functional RNA secondary
structures has been performed on Sindbis virus (SINV), Semliki Forest virus (SFV), and
Venezuelan equine encephalitis virus (VEEV). These analyses identified specific regions
within alphavirus genomes where RNA secondary structure plays important functional
roles in RNA packaging, RNA and protein synthesis, and immune evasion (3, 4, 23, 24).
We recently determined the full genome RNA structure of the Girdwood S.A. strain of
SINV and the ZPC738 strain of VEEV using SHAPE-MaP (selective 2'-hydroxyl acylation
analyzed by primer extension and mutational profiling). This analysis found that the
genomes of both SINV and VEEV are highly structured beyond the 5UTRs of both the
genomic and subgenomic RNAs. This finding suggests that in addition to the previously
defined functional RNA structures, additional RNA secondary structures may play a role
in SINV or VEEV replication. However, the structure profiles are highly divergent
between the two viruses, with little correlation between SHAPE-MaP profiles, few
conserved RNA secondary structures, and low structure compatibility among conserved
structures (8). We used structural conservation as a method to identify functionally
important RNA structures in SINV, but this method failed to identify all the known RNA
secondary structures important for SINV replication. Therefore, the field needs alterna-
tive methods to identify potentially important structured regions in alphaviruses.

We hypothesized that RNA structures likely to fold into a single specific conforma-
tion had an increased likelihood of being functionally important. Therefore, to test this
idea, we set out to determine the RNA secondary structure of the genomic RNA of a
human CHIKV isolate from the 2013 outbreak on the Caribbean island of St. Martinique.
We treated purified CHIKV genomic RNA isolated from cell-free virions with the 1M7
SHAPE reagent, and SHAPE-MaP was performed to generate a SHAPE reactivity profile
for the entire CHIKV genome (Fig. 1). SHAPE reactivity indicates the relative flexibility of
a nucleotide, and nucleotide flexibility correlates with base-pairing likelihood. The
SHAPE-MaP technique measures SHAPE reactivities with single nucleotide precision
(25). SHAPE reactivities above 0.8 indicate likely unpaired bases (shown in red), as
illustrated by an unstructured region spanning nucleotides 6350 to 6550 (Fig. 1A, left).
SHAPE reactivities below 0.4 indicate likely paired and therefore unreactive bases
(colored black), as illustrated by a representative structured region spanning nucleo-
tides 10550 to 10750 (Fig. 1A, right). There are large-scale fluctuations in the SHAPE
reactivity across the genome, which are best visualized as a median windowed SHAPE
reactivity, as shown in Fig. 1B, where we plotted the median windowed SHAPE (called
regional SHAPE). These data indicate there are specific regions in the CHIKV genome
that have low median SHAPE or are more likely to form RNA secondary structures.

While RNA secondary structures are not highly conserved across alphaviruses, it is
unknown if overall viral RNA structured-ness correlates with sequence conservation.
Figure 1B shows the regional SHAPE of CHIKV colored by the sequence conservation
scores from our previous work (8). We observed very little pattern for highly conserved
regions and their overall structured-ness within CHIKV. Regions with high sequence
conservation scores (Fig. 1B, in yellow) are found with low- and above-average SHAPE
reactivity values. Likewise, the least conserved regions of the genome (dark purple and
blue) also fluctuate between very low and very high SHAPE reactivity values. For
example, the 3UTR of CHIKV, which differs within CHIKV strains, contains some of the
least and most reactive nucleotides in the genome (26). Interestingly, the hypervariable
domain near the end of nsP3, which is often omitted from alignments of alphavirus
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FIG 1 SHAPE-MaP indicates specific RNA secondary structures are found throughout the CHIKV genome. (A, left) Example of SHAPE reactivities in a
high-SHAPE, unstructured region. (Right) Example of SHAPE reactivities in a low-SHAPE, very structured region. Although individual reactivities do not reveal
(Continued on next page)
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genomes due to drastic divergence in sequence, has very low SHAPE reactivity in
CHIKV, SINV, and VEEV (8, 27). However, this shared low SHAPE reactivity does not result
in similar secondary structures (8).

In order to identify the likely RNA secondary structures across the CHIKV genome,
we computed base-pairing probabilities for the entire genome from the SHAPE reac-
tivity data (Fig. 1C, top arches). From these base-pairing probabilities, we computed the
Shannon entropy of base pairing for each nucleotide using a 55-nucleotide window
(Fig. 1C, bottom), where low-entropy suggests a single, well-defined conformation (13,
14, 16, 28, 29). We used these base pairing probabilities and entropy values to
generate SHAPE-MaP-derived structural predictions, which represent the most likely
structural conformation for a specific region of the genome. We included the
SHAPE-MaP derived RNA secondary structures for the entire CHIKV genome, with
nucleotides colored according to SHAPE reactivity in Fig. S1 (https://drive.google
.com/file/d/1ZIrFGYxsrUeREOQcUB_rWPirpLki4C6F/view?usp=sharing) in the sup-
plemental material.

Identification of specific RNA secondary structures within the CHIKV genomic
RNA. SHAPE-MaP analysis of the CHIKV genome indicates that RNA secondary structure
is distributed throughout the viral genome (Fig. 1; see also Fig. S1). While SHAPE-MaP-
derived structural predictions represent the most likely structural conformation for any
region of the genome, it is likely that many regions of the genome are capable of
adopting several different conformations. We hypothesized that functionally important
RNA secondary structures would be both highly structured (SHAPE reactivity of <0.3)
and highly specific (Shannon entropy of <0.04) compared to the rest of the genome
and therefore likely to adopt a single RNA secondary structure. Low SHAPE reactivity
indicates the region is often involved in base pairing interactions. While low SHAPE
indicates likely structure, the RNA sequence can be involved in many different confor-
mations to achieve this low SHAPE reactivity (11). Regions with low Shannon entropy
indicate that there are few possible conformations; therefore, regions with low SHAPE
reactivity and low Shannon entropy are likely to have a single well-determined sec-
ondary structure (16). By using cutoffs that were shown to yield specific structures in
prior studies (8), we identified 23 regions that meet these criteria (Fig. 1D). Four of these
23 regions contain RNA structures known to be functionally important in CHIKV
replication or pathogenesis: a stem-loop of the 5’ conserved sequence element (CSE),
a region within the CHIKV packaging signal, a stem-loop just 3’ of the opal termination
codon that is involved in opal termination codon readthrough, and an RNA structure
involved in ribosome frameshifting to produce the viral TF protein (3, 5, 7, 23, 30).

5' conserved sequence element. Our analysis identified nucleotides 70 to 195 as
being highly specific and highly structured. This region includes stem-loop 3 (SL3) of
the genome, which contains the nonstructural polyprotein start codon, and SL4, the
first stem-loop of the 5'CSE. The 5CSE (nucleotides 165 to 216 in CHIKV) is one of the
few structurally conserved motifs across alphaviruses and is important for proper
alphavirus genome replication during infection (5, 6, 8). Figure 2A expands this struc-
tured region in CHIKV to include the entire 5CSE. Both stem loops of the 5'CSE are
predicted to be composed of 9 bp each, with the first stem-loop having seven unpaired
nucleotides in the terminal loop and the second stem-loop having four unpaired
nucleotides composing the terminal loop. The SINV 5'CSE second stem-loop has more

FIG 1 Legend (Continued)
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local structure, the pattern of reactivities in a region provides information about structuredness within that region. (B, top) Cartoon of the CHIKV genome.
(Bottom) Regional median SHAPE reactivities across the CHIKV genome compared to the global median SHAPE. Regions below the x axis indicate more
structure than average, while regions above the x axis indicate less structure than average. The histogram is colored according to the regional conservation
score using representative full-genome sequences across the alphavirus genus (8, 27). Yellow indicates highly conserved regions, and purple indicates less
conserved regions. HVD, hypervariable domain. (C, top) Base pairs within CHIKV genome. The color indicates base pairing probability. (Bottom) Windowed
Shannon entropy across the genome. Low Shannon entropy values correspond to regions that form a single structure. (D, top) Boxes along the genome
indicate highly structured regions, as determined by both computational prediction and experimental reactivities. Red boxes indicate structured regions with
previously known functional importance. Black boxes indicate novel structured regions. (Bottom) SHAPE-MaP informed secondary structure models of highly

structured regions. Nucleotide color corresponds to SHAPE reactivity scale in panel A.
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FIG 2 SHAPE-MaP analysis identifies previously known functional RNA secondary structures. (A) SL3 of the
CHIKV genome and the 5’ conserved sequence element modeled using SHAPE-MaP data. The nonstructural
polyprotein start codon is boxed. (B) Putative CHIKV packaging signal, as identified by Firth et al. (3). Triple
adenosine motifs within loops and bulges are circled; the predicted GUG(G) motifs from Kim et al. are boxed
(3). (C) The CHIKV TCR with the canonical opal stop codon position boxed. The CHIKV strain used had
predominantly Arg at this position and is modeled as such. (D) The CHIKV TF frameshift element is plotted
with the slippery U motif circled. Nucleotide color corresponds to the SHAPE reactivity key in Fig. TA.

than 4 unpaired nucleotides in the apical loop and only 8 bp making up the stem (5,
8, 31). The CHIKV 5'CSE secondary structure is more similar to that of VEEV, which is also
predicted to have 9 bp making up each stem-loop and only four unpaired nucleotides
of the second stem-loop (6, 8).

Packaging signal. The putative packaging signal for CHIKV is in nsP2 (nucleotides
2501 to 3079) (3), but an RNA structure had yet to be determined for this region (Fig.
2B). Our analysis identified a portion of this region (nucleotides 2590 to 2713) as one
of the 23 highly specifically structured regions. For SINV and VEEV, the packaging signal
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is composed of four to six stem loops with triple G motifs in the loops. The CHIKV
packaging signal was predicted to have a similar multistem motif but instead of GGG,
the stems would be topped with a GUG(G) motif (3). The SHAPE-MaP model indicates
that the region encompassing the CHIKV packaging signal is composed of eight stem
loops with the predicted GUG(G) motifs being predominantly nonreactive nucleotides
contained entirely within stems (Fig. 2B, boxed). Instead we identified multiple in-
stances of a triple A motif located in loops and bulges following a similar reactivity
pattern to that of the triple G motif in SINV and VEEV (8).

Opal termination readthrough element. The third known functional RNA second-
ary structure is a stem-loop found at the start of nsP4, or just 3’ of the canonical opal
stop codon (Fig. 2C). We found a highly specific stem-loop at nucleotides 5672 to 5742
that is part of the termination codon readthrough (TCR) element, which increases
readthrough of the opal stop codon in order to translate the full-length nonstructural
polyprotein (nsP1 to nsP4) (7, 30). It should be noted that our virus contained a mixed
population at the opal stop codon itself (nsP3 aa520), with the majority coding for an
arginine (codon CGA) at this position and a minor population containing the canonical
opal stop codon (UGA) (32). While this region was modeled with the majority Arg
residue codon (520R), it should be noted that the structure of the TCR is not dependent
on the codon at nsP3 aa520. Our SHAPE-MaP derived structural prediction indicates
that the 520R codon is contained in a stem structure adjacent to the TCR, where the
two stems are separated by a one nucleotide space (Fig. 2C). However, many of these
nucleotides are moderately reactive and therefore flexible during treatment. This
suggests these nucleotides likely adopt an open conformation which would create a
spacer of 11 nucleotides between the 520R codon and the base of the TCR, which is
consistent with the TCR model previously proposed by Firth et al. (30).

TF frameshift element. The final known functionally important RNA secondary
structure identified was the TF frameshift element (nucleotides 9933 to 10041) (Fig. 2D).
This element is located in the 6K coding region and causes a —1 frameshift due to a
slippery UUUUUU motif followed by a hairpin. The new reading frame encodes the TF
protein. The UUUUUU element is present in other alphavirus genomes but secondary
structure following this motif is not predicted to be present in all alphaviruses (7, 8, 23).
The general motif predicted for this element in CHIKV was the UUUUUU motif, followed
by a spacer of five to nine nucleotides, and then a structured region, which was based
largely on comparison to other viruses (23). Our model, generated from data gathered
from the full-length genomic RNA, indicates the UUUUUU motif is followed by nine
nucleotides, the majority of which are highly reactive supporting the prediction that
these nucleotides are unpaired. A long stem follows the unpaired nucleotides, which
agrees with the general motif predicted for other frameshift elements (23). Further-
more, all nucleotides predicted to participate in base pairing are supported by very low
reactivity scores.

Overall, comparisons between our SHAPE-MaP data and prior computational RNA
structure predictions are largely consistent (7, 8, 23), though we did identify subtle, but
potentially functional important differences. This illustrates the utility of combining
structure probing techniques combined with high-throughput sequencing like SHAPE-
MaP for both identifying and providing more refined information of RNA secondary
structures in RNA virus genomes.

CHIKV SL3 enhances genome transcription. As noted above, identification of the
5'CSE by SHAPE-MaP validated the accuracy of our approach. However, we were
intrigued by the identification of SL3, the stem-loop immediately upstream of the 5'CSE
that contains the initiating AUG, as a highly specific structure. Previous studies of the
5'CSE in other alphaviruses predicted this stem-loop and disrupted it when probing the
functional importance of the 5'CSE itself. However, the function of SL3 alone has never
been studied (5, 6). Disruption of the stem loops in the 5CSE in combination with the
upstream stem-loop results in a decrease in SINV replication in mammalian cells and
severe defects in replication within mosquito cells, while analogous mutations in VEEV
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are lethal to the virus (5, 6). However, during serial passaging of the disrupted VEEV,
Michel et al. reported that compensatory mutations were generated in the large
stem-loop 5’ of the 5'CSE, analogous to SL3 of CHIKV (6), and these compensatory
mutations were predicted to stabilize the large stem-loop. This suggests that SL3 is
functionally important, at least in the context of a structurally disrupted 5'CSE.

To assess the impact of disruption of this region on CHIKV replication, we
mutated nucleotides 67 to 216, which encompasses SL3 and the 5'CSE (9SL3-5). We
also designed two mutants that disrupted SL3 alone (9SL3) and the 5'CSE alone
(05'CSE) (Fig. 3A, red stars; see also Table S1 [https://drive.google.com/file/d/
1ZIrFGYxsrUeREOQcUB_rWPirpLki4C6F/view?usp=sharing]). To avoid affecting cod-
ing capacity, our mutagenesis strategy used wobble-base codon shuffling to maximally
disrupt base pairing in the RNA secondary structure, while maintaining both the coding
capacity and dinucleotide frequency (8). In vitro-transcribed genomic CHIKV RNA was
electroporated into BHK-21 cells and successful infection was measured by the number
of resulting infectious centers. Disrupting SL3 alone had no impact on infectious center
production compared to the wild-type (WT) control (Fig. 3B). In contrast, the 95'CSE
mutant produced significantly fewer infectious centers, confirming the importance of
this region for alphavirus replication (5, 6). The dSL3-5 mutant was nonviable, yielding
no infectious centers. This suggests that both SL3 and the 5'CSE are necessary for
optimal CHIKV RNA infectivity.

We next tested whether dSL3 and 95'CSE were impaired for replication in mamma-
lian and mosquito cells. Both mutants exhibited slower replication kinetics compared to
WT in mammalian cells (Fig. 3C). In mosquito cells, the 9SL3 mutant had an interme-
diate phenotype between that of WT and the 95'CSE mutant (Fig. 3E). This suggested
that SL3 is required for efficient virus replication in both mosquito and mammalian
cells, but that the magnitude of effect of SL3 is host dependent, while the 5CSE is
important for CHIKV replication for both host cell types.

We next defined the stage in the CHIKV replication cycle that requires SL3. Genome
and protein accumulation were measured early in infection by qRT-PCR and Western
blotting, respectively (Fig. 3D and F). Disrupting SL3 resulted in a delay in accumulation
of genomic RNA compared to WT. However, the protein nsP3, a component of the viral
replicase complex, and E2 glycoprotein accumulated to similar levels in cells infected
with the WT or mutant viruses. Densitometry analysis indicated that viral proteins were
slightly more abundant in WT infected cells than in 9dSL3 infected cells by 12h
postinfection (Fig. 3G). This is likely due to a greater abundance of WT RNA present at
8 and 12 h postinfection and not due to impaired translation of the dSL3 RNA since
there are similar levels of viral protein accumulation at 8 h postinfection. This suggests
that SL3 functions to enhance genomic RNA replication and is not necessary for proper
viral protein synthesis in mammalian cells.

While our mutations were designed to disrupt RNA secondary structure in SL3 and
the 5'CSE, this method also disrupts sequence. In order to test whether 9SL3 and 95'CSE
mutants were attenuated due to structure disruption or sequence disruption, we
generated three additional mutants. Using the same wobble-base codon shuffle algo-
rithm, we chose sequences that maintained the secondary structure of the region but
used a different sequence to maintain coding capacity. The CodonShuffle program
predicts a minimum free energy structure for each codon shuffled sequence generated
(15). We mutated nearly all available nucleotides possible that would also maintain the
predicted secondary structure. These “fixed” structure mutants (scrSL3, scr5'CSE, and
scrSL3-5) differ in sequence from WT but are predicted to be structurally the same (Fig.
4A; see also Table S1). When these fixed structure mutants are assessed for infectivity
as before, all mutants produce the same number of infectious centers as WT RNA (Fig.
4B). These data indicate that structure within SL3 plays an important role in promoting
efficient CHIKV replication in combination with the 5'CSE stem loops.

Identification of 3'UTR variants in CHIKV. SHAPE-MaP analysis requires high-
throughput sequencing of RNA treated with a SHAPE chemical probe to detect SHAPE
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adduct induced mutations. These sequencing results are compared to an untreated
control, therefore providing deep sequencing results of the viral genomic RNA. The
sequencing results for the negative-control portion of our SHAPE-MaP analysis found
that the 3'UTR of the CHIKV isolate used in our study was 738 nucleotides in length and

FIG 3 Legend (Continued)

The data represent aggregates of three independent experiments. (C and D) Mutant virus growth in mammalian Vero81 cells (C) and mosquito C6/36
cells (D). The data are means of nine biological replicates across three independent experiments. (E) SL3 genome transcription was assessed by qRT-PCR
in mammalian Vero81 cells. The data shown represent one of three independent experiments, each performed with three biological replicates. (F) Viral
protein synthesis was assessed by Western blotting. The blot is representative of three independent experiments. (G) Densitometry was performed for
nsP3 and E2 using ImageJ software. The data are representative of two independent experiments analyzed. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The
symbols in panels C and D indicate the P value for the following comparisons: *, WT versus 9dSL3; #, WT versus d5CSE; and +, dSL3 versus 95CSE.
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blunt vectors for sequencing and clarification of 3UTR sizes. Clones containing one of each 3UTR were digested and

separated by gel electrophoresis.

had repeat element nucleotide sequences and pattern consistent with those found in
Asian CHIKV strains (26, 33). However, we also noted the read depth increased in the
(1 + 2) repeat element regions of the 3'UTR (Fig. 5A), similar to a previously described
duplication in this region within Caribbean CHIKV isolates (21, 22). To further define the
3'UTR of our isolate, we performed 3'RACE on RNA isolated from the virus stock. This
analysis revealed three distinct isoforms of the viral 3UTR (Fig. 5B): (1) the 738-
nucleotide canonical 3UTR (Fig. 5A, top), (2) a 912-nucleotide variant with a partial
3'UTR duplication (Fig. 5A, middle, solid red box) which has been previously identified
(21, 22), and (3) a novel 583-nucleotide variant containing a 152-nucleotide deletion
that removes the 3’ end of the first copy of the (1+2) repeat element and the majority
of the second (1+2) repeat element (Fig. 5A, bottom, dotted red box and line).

We constructed three CHIKV infectious clones, each containing one of the three
3'UTR variants. Since the 3'UTR duplication has been shown to enhance CHIKV replica-
tion in mosquito cells and deletion mutants were observed to be attenuated, we
initially tested the three viruses for their ability to replicate in C6/36 mosquito cells (21,
22, 34, 35). We observed three distinct phenotypes from the three 3UTRs (Fig. 6A). The
3'UTR duplication clone (3'dup) exhibited faster kinetics and achieved an overall higher
peak titer than the canonical (3'canon) or deletion (3'del) 3'UTR variant. The 3'del virus
was severely attenuated for growth in mosquito cells, achieving a peak titer 100- to
1,000-fold lower than the other 3'UTR variants. However, all three viruses exhibited
similar growth kinetics in Vero81 mammalian cells (Fig. 6B). These data show that
duplications in the CHIKV 3'UTR are beneficial for virus replication in mosquito cells and
are unimportant for virus replication in mammalian cells.

To determine how 3'UTR variation impacts virus replication and CHIKV-induced
pathology in vivo, we used the C57BL/6J mouse model of CHIKV pathogenesis. Previous
studies of CHIKV 3'UTR variation and its impact on replication in vivo have used infant
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FIG 6 Variation in CHIKV 3UTR impacts virus replication in mosquito cells but not the vertebrate host. Growth
curves of 3UTR variant infectious clones in mosquito C6/36 cells (A) and mammalian Vero81 cells (B) are shown.
The data are aggregated from three independent experiments with nine total biological replicates. (C) Inoculated
footpad swelling of C57BL/6J mice after infection with 3UTR variants. Data for days 0 to 7: n = 30 for 3’canon,
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mice and artificial 3'UTR constructs (26). The impact of naturally occurring 3'UTR variants
on CHIKV-induced disease has not yet been assessed. We infected 6-week-old C57BL/6J
mice with 100 PFU of virus in the left hind footpad and monitored CHIKV-induced
footpad swelling using our established methods (32). As shown in Fig. 6C, each of the
three variants induced a similar degree of swelling in the footpad. We also found no
differences in viral replication between the three viruses at 3 days postinfection in the
left foot (inoculation site), right foot, sera, or spleen (Fig. 7D). Therefore, we did not
detect a role for the 3'UTR variation in modulating CHIKV replication or disease in a
mouse model of CHIKV disease. Rather, consistent with prior results, our studies
suggest that variants in this region of the CHIKV 3'UTR are primarily affecting viral
fitness in mosquito cells (21, 26, 34, 35).

RNA structure differences between CHIKV 3'UTR variants. The differences in
sequence of the 3'UTR variants suggested that each 3'UTR might assume a different
RNA secondary structure. The 3'UTR variants primarily differ in sequence at the start of
the 3'UTR where the duplication and deletion occurred, creating one, two, or two and
a hybrid copy of a repeat element. The 3’ ends of the 3UTR variants are identical in
sequence and repeat composition. Therefore, we hypothesized that if the RNA structure
of the three 3'UTRs were to differ, it would be at the start of the 3'UTR, while the 3" end
of the UTR would have a similar SHAPE reactivity pattern and RNA secondary structure
model.

The duplication, deletion, and canonical 3'UTRs were in vitro transcribed from the
respective infectious clone. SHAPE-MaP was performed on the in vitro transcribed 3'UTR
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RNA using the same conditions applied to the full-length RNA genome. Figure 7 shows
the median SHAPE reactivity profiles for each 3UTR. The color of the reactivity profiles
corresponds to the repeat elements in the 3'UTR. The SHAPE reactivity profile of the
duplication variant contains highly reactive nucleotides that correspond to the hybrid
sequence repeat element unique to the duplication 3'UTR (Fig. 7A, dark gray). These
nucleotides reach much higher reactivity levels than any of the nucleotides in
the canonical or deletion 3'UTR (Fig. 7B and C, respectively). This suggests that
the additional sequence in the duplication 3UTR is less structured than any portion
of the canonical or deletion 3'UTRs.

This highly reactive extra sequence supported our hypothesis that RNA secondary
structure at the start of the 3UTR would be different among the three variants, but the
end of each 3UTR would be similar. We modeled the RNA secondary structure for each
3'UTR based on SHAPE data and found all three 3'UTRs share a secondary structure at
the end of the 3'UTR (see Fig. S1, end), while the major differences in secondary
structure occur at the start of the 3'UTR (Fig. 8). Each 3'UTR begins with the same
hairpin, but the structures that follow are slightly different. The duplication 3'UTR is
predicted to be largely single stranded beyond some shared secondary structure at the
start and a few other hairpins. The start of the deletion 3'UTR also lacks significant
structure compared to the canonical and duplication 3'UTR. Interestingly, we noticed a
two-hairpin motif that occurs once in the canonical 3UTR and twice in the duplication
3'UTR and is absent in the deletion 3'UTR (Fig. 8, boxes). Of note, the duplication virus
has the most copies of this structure motif and replicates faster and to higher titers in
mosquito cells, while the deletion virus lacks this structure motif and replicates slower
and to lower titers (Fig. 6A and 8).

DISCUSSION

RNA secondary structure plays a major role in multiple aspects of RNA virus biology.
Given the importance of CHIKV as a re-emerging pathogen, we generated a whole-
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FIG 8 Variation in 3UTR reactivity corresponds to distinct models of secondary structure. SHAPE
informed secondary structure models of the 5" ends of the (A) duplication, (B) canonical, and (C) deletion
3UTRs are shown. Secondary structure models are for the (1+2) repeat element region for each 3UTR
where the duplication and deletion events occurred. Nucleotides that pair with sequence not shown
have been indicated by brackets and a note. In the duplication 3UTR one stem-loop is indicated with
connected brackets for clarity. Black boxes indicate two stem-loop motif that was duplicated. Nucleotides
are colored according to SHAPE reactivity key in Fig. 1A.

genome RNA secondary structure model for a human isolate of CHIKV to identify
potentially functional novel RNA secondary structures. Our single-nucleotide resolution
model both confirmed and refined past structural analyses of CHIKV RNA motifs and
identified novel RNA structures in the CHIKV genome. We found RNA secondary
structures are distributed throughout the genome and identified 23 regions across the
genome that are predicted to adopt a single RNA conformation due to their high
structural stability. These 23 regions include four previously identified functional RNA
elements (5'CSE, packaging signal, TCR, and the TF slippery site) (3, 5-7, 23). This
suggests that high structural stability may provide some predictive value for identifying
additional functionally relevant RNA structures in alphavirus genomes. We also dem-
onstrate that a stem-loop adjacent to the 5'CSE was functionally important in combi-
nation with the 5'CSE. In the process of performing SHAPE-MaP analysis of the CHIKV
genome, we analyzed several previously identified variants of the viral 3'UTR. SHAPE-
MaP analysis of these 3'UTR variants indicates a duplication in the 3'UTR results in more
unstructured RNA at the start of the 3UTR as well as the duplication of a two-stem-loop
motif. Using infectious clones, we showed that the variation in the CHIKV 3'UTR had
host-specific effects. The duplication 3'UTR enhances virus replication and the deletion
3'UTR inhibits virus replication in mosquito cells. However, variation in the CHIKV 3UTR
had no effect on virus replication or swelling in our mouse model of pathogenesis.
Validation and discovery of highly specific structures. Several RNA secondary
structures were previously shown to be functionally important for CHIKV replication.
These structures provided us an opportunity to both validate our SHAPE-MaP results
and to test our new method for identifying important RNA secondary structures for
CHIKV replication and pathogenesis. The 5CSE is the most conserved RNA secondary
structure element across the alphavirus genus. It can be found by sequence conserva-
tion or structure conservation analysis and unsurprisingly is one of the most specifically
structured regions in CHIKV (Fig. 2A) (8). Most prior analyses of this region focused on
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SINV and VEEV showing variable necessity depending on the virus (5, 6). It is interesting
that our analysis also identified the large stem-loop 5’ of the 5'CSE, SL3, as being highly
specific and structured. SL3, and its homolog across alphaviruses, contains the start
codon for the nonstructural polyprotein. Early structure disruption studies of the 5'CSE
included the SL3 homolog in their disruption strategies, but the role of this specific
stem-loop had not been studied (5, 6).

Recently, Kendall et al. released a SHAPE-informed RNA secondary structure model
for the CHIKV 5’end of the genome (36). Our model of the 5CSE and the base of SL3
agree with the Kendall model. Our models diverge after the base of SL3. The top of the
Kendall et al. model diverges into a Y-shaped structure, while the model we propose
continues from the base as a single stem with bulges. The 5" arm of the “Y” has a
number of reactive nucleotides placed in a stem with many unreactive nucleotides
placed in a single-stranded loop. These reactivity data are somewhat contradictory to
the model. They propose the shorter arm of the “Y” may actually form a pseudoknot
with the start codon and surrounding nucleotides to explain this discrepancy, but
attempts to confirm this structure were inconclusive (36). While we cannot rule out a
pseudoknot, the Kendall et al. reactivity data corresponds well with our reactivity data
and would support our model of a single long stem-loop. Regardless of this difference
in modeling, our functional analyses and the Kendall et al. functional analyses of this
stem-loop demonstrate the importance of SL3 in regulating CHIKV replication (Fig. 3).
Our data and Kendall et al. data support that RNA secondary structure is necessary for
SL3 and 5'CSE enhancement of virus replication (Fig. 4). Therefore, these data refine and
support recent advancements in understanding the role RNA structure plays in the
CHIKYV life cycle. Furthermore, our identification of SL3 as one of the 23 most specifically
structured regions of the genome, along with the previously known functional RNA
elements, suggests the remaining 19 specifically structured regions may play functional
roles as well.

Our analysis also identified a region of the putative packaging signal in CHIKV and
provides an RNA secondary structure model for this region (3). The packaging signal of
CHIKV, and likely very closely related alphaviruses, is located in the coding region of
nsP2, while SINV and other New World alphaviruses have a packaging signal further
upstream in nsP1 (3). Our data suggest the CHIKV packaging signal has multiple stem
loops in close proximity and is more specifically structured compared to the rest of the
genome, which is consistent with the packaging signal motifs identified for SINV and
VEEV. However, it does not have the triple G motif reported in other alphaviruses or the
hypothesized GUG(G) motif located in the loops (3). Instead, our secondary structure
model of the region contains a triple A motif in five of the loops with the same reactivity
pattern observed for the triple G motif in SINV (Fig. 2B, circled) (8). The lack of a triple
G motif in the loops of the CHIKV packaging signal, combined with the data that CHIKV
capsid can recognize and use the CHIKV, VEEV, and SINV packaging signals suggest that
CHIKV capsid is capable of recognizing a triple pyrimidine motif in order to package
genomic RNA (3).

The third known structure our analysis identified was the top of the TCR, a large
stem-loop 3’ of the nsP3 coding region, canonically following an opal stop codon. This
RNA secondary structure was predicted to be conserved across alphaviruses and can be
found in other viruses and organisms in general that contain an opal stop codon (30).
The CHIKV TCR was modeled recently by Kendra et al. from SHAPE data generated from
in vitro transcribed RNA segments (7). This model differed slightly from past predictions
that used sequence analysis of closely related alphaviruses (23, 30). Models generated
in silico for the TCR of VEEV, EEEV, and SINV clade viruses predicted an 8- to 12-
nucleotide spacer between the opal stop codon and the base of the TCR stem-loop
followed by an 11- to 12-bp stem with a one nucleotide asymmetric bulge (30). The
Kendra et al. CHIKV TCR model contains a spacer of five nucleotides between the opal
stop codon and the base of the TCR element with only a 3-bp stem before a large
bulge, followed by a 9-bp stem (7). Our model, generated from full-length genomic
RNA probed with the SHAPE-MaP technique, places the opal stop codon in a stem 11

December 2020 Volume 94 Issue 24 e00701-20

Journal of Virology

jviasm.org 15


https://jvi.asm.org

Madden et al.

nucleotides away from the base of the TCR, which itself contains a one-nucleotide
asymmetric bulge in the first 12 bp of the stem. We propose the true base of the CHIKV
TCR be with the first A:U, as shown in our model, which corresponds to the base of the
second helix in the Kendra et al. model, with the 11 intervening nucleotides between
the opal codon and the TCR base either single-stranded and flexible or in transitory
base pairs with neighboring sequence. We believe this would bring the three CHIKV
TCR models into concordance.

The final known functional RNA secondary structure in CHIKV identified by our
analysis was the frameshift element in the 6K coding region to generate the TF protein.
This structure has been validated as functional in CHIKV and SFV (7, 23). Our frameshift
element model differs from that proposed by Kendra et al. but is in accordance with the
general model proposed previously for secondary structures following slippery sites (7,
23). The Kendra et al. SHAPE data were generated from a CHIKV genome fragment and
predicts the spacer region involved in a helix at the base of a stem-loop. The discrep-
ancies in this model and the previously discussed TCR model are likely a reflection of
the methods used (SHAPE versus SHAPE-MaP), the sample RNA probed (in vitro-
transcribed RNA fragments versus genomic RNA), and the length of the sequence
modeled (78-nucleotide fragment versus the 109-nucleotide fragment composite gen-
erated from multiple windows) (7).

There are two RNA secondary structures found in other alphaviruses we either did
not identify or which failed to meet our criteria for highly structured and specific in our
analysis: the 5'IFIT stem-loop and the subgenomic downstream loop (DLP). The 5'IFIT
stem-loop was first shown to be functionally important for evading detection by IFIT1
in VEEV (4). Later studies showed that this stem-loop is likely present and serves the
same purpose, albeit with varied efficacy, in other alphaviruses including CHIKV (37).
Our SHAPE-MaP data support the presence of this stem-loop as the first stem-loop of
the CHIKV genome (see Fig. S1). Since this structure appears in the first 28 nucleotides
of the genome, and our analysis relied on calculations over a rolling window of 55
nucleotides of the genome it was not captured in our analysis of highly structured and
specific regions. While the subgenomic DLP has been shown to aid in replication of the
SINV sgRNA during infection, this structure was not predicted to be present in CHIKV
(38, 39). We also do not find an RNA secondary structure similar to the SINV DLP within
the first 200 nucleotides of the CHIKV capsid coding region. This supports the hypoth-
eses that CHIKV has an alternative mechanism for translating the sgRNA during
infection.

Cocirculation of 3'UTR variants. When CHIKV was introduced to the Western
hemisphere in 2013, a bottle-necking event occurred in which a duplication in the
3'UTR of CHIKV became fixed in the population (21, 22). The additional duplication in
the 3'UTR set the American strain of CHIKV apart from the parental Asian strain, which
itself harbored multiple duplications from the predicted ECSA parental strain (26). We
confirmed by 3'RACE that our virus stock consisted of a mixed population of viruses
that possessed the duplication 3'UTR, as well as the canonical and a deletion 3'UTR
variant (Fig. 5).

We confirmed previous reports that the 3'UTR duplication event enhanced replica-
tion in mosquito cells but found that, conversely, the deletion inhibited replication
compared to the canonical and duplication 3'UTR (Fig. 6A) (21, 26, 34). It was known
that the 3'UTR variants had no effect on virus replication in mammalian tissue culture,
but the impact of these specific 3'UTRs on in vivo replication and pathogenesis had not
been assessed. We saw no effect on virus replication, dissemination, or pathogenesis in
our mouse model of CHIKV disease (Fig. 6C and D). This differs from previous studies
that suggested deletions of the 3'UTR increased virus fitness compared to the WT 3'UTR
isoform. However, those studies evaluated virus RNA persistence in a 12-day-old CD1
mouse model (26), while our studies evaluated acute viral replication and pathogenesis
in 6-week-old adult C57BL/6J mice.
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3'UTR variant structure. Given the impact of the 3'UTR variants on replication in
mosquito cells, we used SHAPE-MaP to analyze the RNA secondary structure of each of
these variants. Of note, the extra sequence found in the duplication 3UTR is composed
of highly reactive nucleotides. Instead of creating an additional 177 nt with similar
reactivity pattern, these nucleotides are more reactive, or flexible, than any other
nucleotides found in the other two 3'UTRs or elsewhere in the duplication 3'UTR.
Differing reactivities of individual repeat elements, which reflect different levels of
structured versus unstructured RNA in the 3'UTR (Fig. 7 and 8) may affect RNA
accessibility to host factors in the context of infection. Importantly, the additional
sequence in the duplication 3'UTR created a second copy of a two-hairpin motif found
only once in the canonical 3'UTR. This same motif is completely absent in the deletion
3'UTR. The copy number of this secondary structure corresponds with the replicative
fitness observed in mosquito cells by each 3UTR variant virus. The repeat of this
two-stem-loop structure is reminiscent of the 3'UTR structures found in SINV that have
been implicated in enhanced SINV replication in insect cells (40). However, future work
will need to be done to assess whether the mosquito cell replication phenotypes in
CHIKV are due to nucleotide sequence, copy number of novel RNA secondary struc-
tures, or the length and flexibility of unstructured RNA present in the 3'UTR. This may
influence accessibility to host factors interacting with the primary sequence motifs
within the duplicated 3'UTR.

The variability in 3UTR structure and the consequences of this variation on virus
replication in one host but not the other suggests that the 3'UTR is a flexible part of the
genome used to aid in host switching. A similar phenomenon has been reported in
dengue virus and related flaviviruses (41). The 3UTR of mosquito-borne flaviviruses
contain stem loops resistant to Xrn1 degradation, termed xrRNAs (41-43). Flaviviruses
produced from mosquito cells have highly heterogenous 3'UTR sequences, with often
mutated or deleted xrRNAs. These mutated variants exhibit replication advantages in
mosquito cells. However, when these viruses are transmitted to the vertebrate host, the
3'UTR diversity collapses to a nearly singular 3'UTR variant with multiple stable xrRNAs.
This is because at least one functional xrRNA significantly enhances virus replication in
vertebrate cells (44, 45).

The opposite appears to be true for CHIKV. Replication in vertebrate cells generates
3'UTR diversity, often through deletions of repeat elements by copy-choice recombi-
nation, but these deletions are deleterious for replication in mosquito cells (35). Our
analysis confirms these observations and provides experimental evidence of previously
predicted RNA secondary structures associated with specific repeat elements in the
3'UTR: SL-a, SL-b, and SL-Y (35, 46). Our chemical probing data support that presence
of SL-a, a large stem-loop at the start of the 3UTR present in all CHIKV 3'UTR variants,
and SL-b, the second stem-loop of the two-hairpin motif found to be deleted or
duplicated, and the forked stem loops predicted for SL-Y (Fig. 8; see also nucleotides
11715 to 11753 and 11899 to 11937 in Fig. S1). Finally, our data also suggests these
structures are separated by large spans of unstructured regions (35, 46). Our data in
combination with prior studies of the 3'UTR, strengthens the hypothesis that the 3'UTR
contains RNA secondary structures and sequences that are functionally important for
efficient host switching. Duplicated RNA secondary structures and repeat sequence
elements are found in other alphavirus 3'UTRs, and there is some evidence that other
alphaviruses generate heterogenous 3'UTRs in a host-dependent manner like CHIKV
(40, 47). Future studies should focus on the host specific function of each structure and
begin to tease apart the relationship between the RNA secondary structure and
underlying sequence.

CHIKV RNA structure considerations. We now understand that RNA secondary
structures are not conserved across the alphavirus family aside from a few impor-
tant structures (8), and it remains difficult to identify novel functional RNA second-
ary structures in the broader context of RNA viruses generally (17, 19, 20, 48). We
proposed identification of low Shannon entropy regions within a specific virus
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genome as a method to identify novel functional RNA elements. Our study supports
the idea that functionally important RNA secondary structures can be identified by
determining the most stably structured regions of a genome after SHAPE-MaP analysis,
as we identified the four known important secondary structures and 19 novel structures
in CHIKV with this strategy. Future studies will focus on assessing the 19 uncharacter-
ized structured regions for functional importance using structure disruption strategies
similar to those done in this study to assess the 5’ end of the genome (Fig. 3). However,
these types of analyses will require multiple mutagenesis and phenotyping strategies
for each structure and are beyond the scope of this study.

New methods assessing the tertiary structure of RNAs, such as RING-MaP and
SPLASH, offer additional strategies when looking for functional RNA elements (20, 49).
These strategies can more accurately identify longer range nucleotide interactions than
SHAPE-MaP, where our analysis was limited to structures with a maximum pairing
distance of 500 nucleotides. Tertiary structure and long-distance RNA-RNA interactions
within a single RNA molecule are also likely to be more transient and, in terms of RNA
viruses, highly dependent on the stage of replication and interacting proteins (50-52).
These considerations also illustrate the need for further refinement of methods to
assess RNA secondary structure in cells. Therefore, while our models of RNA secondary
structures for virion-derived genomic RNA provide an important resource, there are
likely other viral RNA conformations that occur within the infected cell (20, 53). Using
sequence-based strategies like synonymous site conservation, which was designed to
identify functional elements in RNA with coding constraints, in combination with
experimentally informed RNA secondary structure models may also aid in identification
of functional RNA elements (54). However, sequence-based methods often require
dozens of sequences of the same RNA to be reliable. This would not be useful for newly
emerged viruses, where few sequences are available, or for regions of viral genomes
with little to no coding capacity, or with extensive overlapping reading frames.

The ability to generate experimentally informed RNA secondary structure models of
long RNAs is advantageous for known and recently emerged viruses. Future work
should be done to identify characteristics of known functional secondary structures so
that they can be used to predict functional importance in novel structures. These
characteristics can help prioritize novel structures for experimental testing. This will be
especially helpful among structurally divergent but related RNAs, like virus genomes,
and newly emerged viruses for which few genome sequences are available.

MATERIALS AND METHODS

SHAPE-MaP of CHIKV genomic and 3" UTR RNA. CHIKV genomic RNA was extracted from
sucrose-purified virions produced from Vero81 cells with TRIzol according to the manufacturer’s protocol.
Individual 3"UTRs were transcribed in vitro. For SHAPE modification, 2 ug of virion RNA was incubated at
37°C for 15 min in folding buffer (110 mM HEPES [pH 8], 10 mM MgCl,, 111 mM KCl) and then treated
with 100 nM 1-methyl-7-nitroisatoicanhydride (1M7) for 5 min at 37°C. Negative-control RNA was
incubated with 5 ul of dimethyl sulfoxide in place of 1M7. The denatured control RNA sample was
incubated at 95°C for 2 min and then treated with 100 nM 1M7 for 2 min at 95°C. The treated RNA was
purified over Zymo RNA Clean and Concentrator-5 columns (Zymo). A 500-ng portion of Random Primer
9 (NEB) was added, followed by incubation at 65°C for 5 min, and then the sample was placed on ice.
Reverse transcriptase buffer (10 mM deoxynucleoside triphosphates, 0.1 M dithiothreitol, 500 mM Tris
[pH 8.0], 750 KCl, and 500 mM MnCl,) was added, and the reaction mixture was incubated at 42°C for 2
min before the addition of 200 U of SuperScript Il (Thermo Fisher Scientific), followed by incubation at
42°C for 180 min. The reaction was heat inactivated at 70°C for 15 min, and RNA was purified over G-50
columns (GE Healthcare). The NEBNext mRNA second strand synthesis module (NEB) was used to
generate double-stranded cDNA according to the manufacturer’s protocol. The double-stranded cDNA
was fragmented, tagged, amplified, and barcoded using a Nextera XT DNA library preparation kit
(Illumina) according to the manufacturer’s directions. Excess oligonucleotides, primer dimers, small
library fragments, and nucleotides were removed with Agencourt AMPure XP beads (Beckman Coulter)
at a DNA-to-bead ratio of 0.6:1. Library size was determined by using a 2100 Bioanalyzer (Agilent
Technologies) and quantified with a Qubit fluorimeter (Thermo Fisher Scientific). Sequencing was
performed on a MiSeq desktop sequencer (lllumina).

SHAPE data processing. Reads from the untreated RNA control were aligned to CHIKV reference
sequence AF369024.2 using bowtie2 (v2.2.3) to generate a reference sequence (12). The ShapeMapper
pipeline (v1.2) was used to map SHAPE reactivities to the CHIKV genome (16). Because of low coverage
for nucleotides 11400 to 12012 with the CHIKV genomic RNA, the SHAPE reactivities for this region were
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calculated with additional data from in vitro-transcribed RNA. Default parameters for the ShapeMapper
pipeline were used except for a maximum insert size of 1,000, and for the 3’ end, a minimum map quality
of 20. The mean SHAPE reactivity and standard error for each nucleotide of the genomic RNA and
individual 3’UTRs tested are reported in Data Set S1 in the supplemental material. Median SHAPE values
were calculated over a rolling 55-nucleotide window. Generally, SHAPE reactivities below 0.4 indicate
likely paired bases, and SHAPE reactivities above 0.8 indicate likely unpaired bases. We were unable to
determine a quantitative odds ratio for paired and unpaired nucleotides at these specific SHAPE
reactivity thresholds (55, 56). Odds ratio calculations require a known RNA secondary structure, such as
rRNA which was not present due to using purified virion particles for our genomic RNA source. Base
pairing probabilities for the whole genome and each individual 3" UTR were obtained with Superfold v1.0
using the RNA structure software suite (v5.8.1), with a maximum pairing distance of 500 nucleotides (14,
16). SHAPE data were used as a folding restraint. Superfold was also used to find Shannon entropies of
base pairing at each position. Regional entropies were generated by finding the median Shannon
entropy over a 55-nucleotide rolling window. Highly structured regions were defined as regions with low
median Shannon entropy and low SHAPE, as in Siegfried et al. and Smola et al. (11, 16). In total, 23
structured regions were found within the CHIKV genome. Structures for these regions were extracted
from the whole-genome structure obtained with Superfold.

To compare the SHAPE reactivity among the 3UTR variants in Fig. 7, the rolling median SHAPE values
were calculated in reference to the median SHAPE reactivity of the whole-genome CHIKV SHAPE
excluding the 3UTR to create a common reactivity scale. Consequently, the denominator when calcu-
lating the median SHAPE reactivity for each 3UTR was the average SHAPE reactivity of the CHIKV genome
from positions 1 to 11,301 (the 3UTR begins at position 11,302).

Sequence conservation. Sequence conservation analysis used the multiple sequence alignment
generated in Kutchko and Madden et al., as well as the same method of calculating conservation scores
(8). Data were smoothed by calculating the median conservation score over a rolling 55-nucleotide
window.

3’RACE analysis of CHIKV genomic RNA. 3'RACE of the CHIKV genome was performed on purified
genomic RNA using the RLM-RACE kit (Ambion) according to the manufacturer’s directions. Briefly, RNA
was reverse transcribed using the 3’'RACE adapter (5'-GCGAGCACAGAATTAATACGACTCACTATAGGT12V
N-3’). 3UTR-specific PCR was performed with the 3’RACE adapter outer primer (5'-GCGAGCACAGAATT
AATACGACT-3’) and 3UTR gene-specific forward primer (5'-CTTGACAACTAGGTATGAAG-3') recognizing
CHIKV genome position 11302. PCR products were resolved on a 1% agarose gel and gel purified before
cloning into the pCR-Blunt vector (Thermo Fisher). Multiple transformants of each PCR amplicon were
sequenced, and the 3UTR variants were cloned into the infectious clone of the Caribbean CHIKV isolate
using Gibson Assembly. In each case, the infectious clone was resequenced to ensure the absence of
unintended mutations.

Generation of an infectious clone of the CHIKV Caribbean isolate. The full-length cDNA clone of
the early outbreak Caribbean CHIKV isolate virus was assembled from the consensus nucleotide se-
quence of purified genomic viral RNA (MG208125) (32). Michael Diamond (Washington University)
provided the clinical isolate sequenced for construction of the infectious clone. The isolate was originally
obtained on the island of St. Martin during the 2013 outbreak and was banked at the World Reference
Center for Emerging Viruses and Arboviruses (University of Texas Medical Branch). This virus was
amplified on Vero cells three times prior to receipt by our lab and amplified once on C6/36 cells before
sequencing. Briefly, 14 dsDNA gBlocks were synthesized by IDT to span the entire 12,012nt genome.
gBlocks were assembled into 5 overlapping genomic fragments, and each cloned into the pCR-Blunt
vector (Thermo Fisher). Each fragment was PCR amplified and assembled by ligation using unique
restriction sites in the CHIKV genome. A unique Sacl restriction site was included upstream of the SP6
promoter in fragment 1, and a unique Notl site was included in the fragment downstream of a poly(A)
sequence. The assembled CHIKV genome was inserted into the Sacl and Notl sites of plasmid pSinRep5
(Invitrogen). The sequence of the full-length clone and each 3UTR variant clone was confirmed by Sanger
sequencing (GenBank accession no. MT228631, MT228632, and MT228633).

Cells and viruses. Vero81 cells were cultured in DMEM (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 0.2 mM L-glutamine (Gibco). BHK-21 cells were cultured in
aMEM (Gibco) supplemented with 10% FBS and 0.2 mM L-glutamine. The mosquito cell line C6/36 was
cultured in Leibovitz L-15 media (Corning/Cellgro) supplemented with 10% FBS, 10% tryptose phosphate
broth (Sigma), and 0.2 mM L-glutamine. A low-passage-number isolate of Caribbean CHIKV was propa-
gated in C6/36 cells, and infectious supernatants were collected and purified over a 20% sucrose cushion.

The St. Martin CHIKV infectious clone was used for 3UTR replication and pathogenesis studies
(GenBank accession no. MG208125) (32), and the 181/25 infectious clone was used for 5’ end structure
studies (GenBank accession no. EF452494) (57). Clonal virus pools made from infectious clones were
generated by linearizing the infectious clone plasmid and in vitro transcribing full-length capped
genomic RNA using mMessage mMachine SP6 transcription kits (Ambion).

1.0 X 107 BHK-21 cells were electroporated (850 V, 25 wF, three pulses) in a 4-mm gap cuvette
(Bio-Rad) with 10 g of RNA after being washed three times with PBS lacking Ca2* and Mg2*. Cells were
recovered in maintenance media. Supernatants with virus were harvested 24 h later at peak titer. Cell
debris were pelleted by centrifugation at 1,000 rpm for 10 min at 4°C. Single-use aliquots were made and
stored at -80°C.

Structure-disrupting mutations. CodonShuffle was used to generate mutant sequences within the
coding portion of the virus genome that maintain amino acid sequence and nucleotide composition (15).
The dn231 algorithm was used, which also preserves dinucleotide frequency. Because CodonShuffle
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generates many possible mutant sequences, the final mutant sequence for a region was selected to
maximize structural disruption in that region while maintaining similar codon usage frequencies within
the virus. Synthetic DNA fragments (IDT) containing selected mutations and two unique restriction sites
were incorporated into an infectious clone of the 181/25 (TSI-GSD-218) vaccine strain of CHIKV (57) by
Gibson assembly (NEB) (see Table S1).

In vitro analysis of virus replication. C6/36 mosquito cells and Vero81 monkey kidney cells were
infected at a multiplicity of infection (MOI) equal to 0.01 in biological triplicate. Supernatant samples
were collected at indicated times and stored at —80°C until titering. Virus titers of cell culture supernatants
were quantified by plaque assay on Vero81 cells after samples were diluted in 1X PBS (Gibco) with 1% FBS
and Ca2*/Mg?*. Cells were overlaid with 1X aMEM with 5% FBS, 0.2 mM L-glutamine (Gibco), 1 mM HEPES
(Corning), 1% penicillin-streptomycin (Gibco), and 1.25% carboxymethylcellulose sodium (Sigma). Virus was
allowed to plaque for 48 h (SM CHIKV) or 72 h (181/25) before monolayers were fixed with 4% paraformal-
dehyde, rinsed, and stained with crystal violet (0.25%; VWR). Data were analyzed by two-way analysis of
variance (ANOVA) with Tukey’s multiple-comparison test in Prism8 (GraphPad Software).

Infectious centers assay. A total of 1.0 X 107 BHK-21 cells were electroporated (850 V, 25 uF, three
pulses) in a 4-mm gap cuvette (Bio-Rad) with 10 ug of virus genomic RNA after being washed three times
with PBS lacking Ca2* and Mg2*. Cells were recovered in maintenance media and serially diluted in
maintenance media. Cell dilutions were plated over Vero81 monolayers overlaid with 1X «MEM with 5%
FBS, 0.2 mM L-glutamine (Gibco), T mM HEPES (Corning), 1% penicillin-streptomycin (Gibco), and 1.25%
carboxymethylcellulose sodium (Sigma). Plaques were allowed to form for 72 h before monolayers were
fixed with 4% paraformaldehyde, rinsed, and stained with crystal violet (0.25%; VWR). Data were analyzed
by one-way ANOVA with Tukey’s multiple-comparison test in Prism8 (GraphPad Software).

Western blotting for viral proteins during infection. Vero81 cells were infected at an MOI of 5 with
either 181/25 or mutant virus and incubated for 1 h with rocking every 15 min. After the incubation, cells
were washed three times with PBS, and the medium was replaced. Cellular lysates were made at
indicated times in radioimmunoprecipitation assay buffer. First, 5 ug of total protein was loaded and
separated on a 4 to 20% gradient TGX precast protein gel and transferred to a polyvinylidene difluoride
membrane. The membrane was then blocked overnight with 5% milk in PBST and probed with primary
antibodies for 1 h to overnight (mouse anti-nsP3 1:1,000 and mouse anti-E2 1:500 in 5% milk PBS-T).
Secondary antibodies were incubated for 1 h at room temperature in 5% milk with 0.01% SDS in 1X TBST
on a rocker. Membranes were washed three times with 1X TBST for 10 min each wash. The membranes
were then washed three times in 1X TBS for 10 min each time. The membranes were visualized with the
Odyssey infrared Imaging system (Li-Cor).

Densitometry analysis. Bands were quantified for E2, nsP3, and actin using Imagel) software
(National Institutes of Health; v1.53a). Band densities for individual proteins were normalized to actin
loading control densities. Fold change in expression was measured relative to WT expression of E2 or
nsP3 at 8 h postinfection.

qRT-PCR for detecting virus genome during infection. Vero81 cells were infected at an MOI of 5
with either 181/25 or mutant virus for 1 h with rocking every 15 min. Following the incubation, cells were
washed three times with PBS, and the medium was replaced. At the indicated times postinfection, the
medium was removed, and the cells were washed once in PBS before being lysed in TRizol (Life
Technologies) for total RNA isolation. RNA was purified according to the manufacturer’s protocol. gPCR
was performed on RNA using an iTaq Universal Probes one-step kit (Bio-Rad) and primers and probe
specific to either the 185 rRNA gene or the CHIKV nsP1 gene. Standard curves of both mammalian 185
cDNA and 181/25 infectious clone were run in parallel with samples for absolute quantification of the
gene copy number. All reactions were run in 96-well plates on an ABI 7300 real-time PCR machine in
technical duplicate. Data were analyzed by multiple t tests with Holm-Sidak correction in Prism8.

In vivo analysis of virus replication and pathogenesis. All animal studies were done following
IACUC-approved protocols under the supervision and scrutiny of University of North Carolina veterinar-
ians. The C57BL/6J mice that were utilized in this study were bred at UNC after breeding pairs were
purchased from Jackson Laboratories. Animals were allowed to age to 6 weeks before use. Animals were
inoculated with 100 PFU of virus in 10 ul of vehicle (PBS with 1% FBS and Ca2*/Mg2*). The inoculation
was given as a subcutaneous injection in the left hind footpad. For analysis of footpad swelling, the
footpad width was measured daily for 1 week using calipers (58). Data were analyzed by two-way ANOVA
with Tukey’s correction for multiple comparisons using Prism8 (GraphPad Software). To quantify infec-
tious virus levels in tissues, infected animals were sacrificed on day three after infection, and tissues were
harvested into Vero81 media containing sterile glass beads. After weighing, the tissues were homoge-
nized, and infectious virus was quantified by plaque assay on Vero81 cells as done for analysis of virus
replication in vitro. Data within each tissue were analyzed by one-way ANOVA with Tukey’s correction for
multiple comparisons using Prism8.

Data availability. Viruses and materials used in this study will be provided upon request. Nucleotide
sequences for the CHIKV 3UTR variant infectious clones have been deposited in GenBank under
accession numbers MT228631, MT228632, and MT228633. SHAPE-MaP data are available online in
SNRNASM format (https://docs.google.com/spreadsheets/d/10rnU4ImvytfHhv-nh47PHyUxMdiHc
-hDe00S0r409dA/edit?usp=sharing). Figure ST and Table S1 are available online in a single PDF
document (https://drive.google.com/file/d/1ZIrFGYxsrUeREOQcUB_rWPirpLki4C6F/view?usp=sharing).
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