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Viruses from the Flaviviridae family contain human relevant pathogens that
generate subgenomic noncoding RNAs during infection using structured

exoribonuclease resistant RNAs (xrRNAs). These xrRNAs block progression of
host cell’s 5’ to 3’ exoribonucleases. The structures of several xrRNAs from
mosquito-borne and insect-specific flaviviruses reveal a conserved fold in

which a ring-like motif encircles the 5’ end of the xrRNA. However, the xrRNAs
found in tick-borne and no known vector flaviviruses have distinct character-
istics, and their 3-D fold was unsolved. Here, we verify the presence of xrRNAs
in the encephalitis-causing tick-borne Powassan Virus. We characterize their
secondary structure and obtain a mid-resolution map of one of these xrRNAs
using cryo-EM, revealing a unique double-loop ring element. Integrating these
results with covariation analysis, biochemical data, and existing high-
resolution structural information yields a model in which the core of the fold
matches the previously solved xrRNA fold, but the expanded double loop ring
is remodeled upon encountering the exoribonuclease. These results are
representative of a broad class of xrRNAs and reveal a conserved strategy of

structure-based exoribonuclease resistance achieved through a unique
topology across a viral family of importance to global health.

RNA viruses present a substantial global health threat, with urbani-
zation and climate change exposing a growing portion of the popu-
lation to infection'. Among these, the Flaviviridae family contains
many arthropod-borne viruses such as Zika virus, Dengue virus,
yellow fever virus, West Nile virus, Tick-Borne Encephalitis virus, and
Powassan virus, many of which are major human health threats**.
The genus Flavivirus contains positive sense single stranded RNA
(+ssRNA) viruses consisting of a single genomic RNA**'°, with one
open reading frame flanked by 5’ and 3’ untranslated regions (UTR)
that contain RNA elements essential for regulating and facilitating
the viral replication cycle™ ™.

In addition to replication of the genomic RNA, infection by fla-
viviruses results in smaller noncoding viral RNAs called subgenomic
flaviviral RNAs (sfRNAs)”. These sfRNAs result from incomplete
degradation of the viral genome by host 5’ to 3’ exoribonucleases
(primarily Xrn1) (Fig. 1A)'*". Specifically, structured RNA elements in
the 3’ UTR, called exoribonuclease resistant RNAs (xrRNAs), halt the
5’ to 3’ progression of Xrnl at discrete locations®?°. Importantly,
known xrRNAs are specific for blocking the progression of 5 to 3’
(not 3’ to 5’) exoribonucleases and they function independently
of bound protein factors*®*~?*, That is, the structure of the xrRNA
that the 5’ to 3’ exoribonuclease encounters as it approaches from
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Fig. 1| Flaviviridae sfRNA biogenesis and xrRNA structural determinants.

A Cartoon representation of sSfRNA production and function through Xrnl-
mediated degradation of the viral genome. B Overview of the phylogenetic rela-
tionship within Flaviviridae based on the sequence of viral protein NS5. The tree
files, alignments, and analysis were reanalyzed from data published by Bamford et
al.** and Mifsud et al.* C Structural features of Flaviviridae xrRNAs are shown on the

cartoon representations of the secondary structures of each class or subclass.
Known long-range tertiary interactions are indicated with colored lines and boxes
in class 1. Analogous predicted interactions in class 2 are indicated with dashed
colored lines and boxes. The blue letters indicate conserved junction nucleotides,
blue no symbol in subclass 1b denotes the absence of a nucleotide in this position.
Source data is provided as a Source Data file.

the 5’ side is necessary and sufficient to specifically halt the proces-
sive enzyme.

Often, flaviviruses contain multiple tandem xrRNAs in their 3’ UTR
leading to sfRNAs of different sizes, though whether different sfRNAs
are redundant or have independent functions is unknown®”?. The
sfRNAs have been implicated in several cytopathic and pathological
effects such as disrupting host mRNA turnover, inhibiting RNAi,
altering the host interferon response, and facilitating host
switching'®’®”*, No analogous xrRNA structures have yet been
identified in cellular RNAs; this and the ubiquitous presence of xrRNAs
in Flaviviridae make them potential targets for anti-flaviviral
therapeutics.

Current understanding of the structure-based mechanism of
sfRNA formation comes from high-resolution crystal structures of
xrRNAs from several mosquito-borne flaviviruses (MBFV). These
include Zika Virus (ZIKV), Murray Valley Encephalitis Virus (MVEV),
and the distantly related Tamana Bat Virus (TABV)*****, These
xrRNAs all form a compact structure based on a three-way helical

junction. The defining structural characteristic is a unique ring-like
feature that encircles the 5’ end of the xrRNA. Versions of this ring-
like feature have been observed in all xrRNA structures solved to
date, including those from plant-infecting viruses unrelated
to flaviviruses*®*. The presence of this ring-like feature, combined
with functional and biophysical studies, show that this ring
acts as a molecular brace against the surface of the
exoribonuclease?*>*°-2, This feature appears to create a mechanical
block that specifically prevents processive 5 to 3’ exoribonucleases
from progressing past a defined point. Tertiary interactions that
stabilize flavivirus xrRNAs” unique fold include pseudoknots, base
triples, non-Watson-Crick base pairing, base stacking, and metal ion
coordination****%3, Evidence that this specific structure and stabi-
lizing interactions are conserved among flaviviral clades comes from
comparative sequence alignments of xrRNAs found throughout
F[auiuiridael()fZZ,M,ZS,45,47,48,54*56‘

xrRNAs are ubiquitous in Flaviviridae where evolution gave rise to
variation in sequence and structure””***>¢  Examination of
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covariance models of all Flaviviridae xrRNAs and the crystal structures
mentioned above reveals differences that allow xrRNAs to be classified
into two major classes: class 1 (subdivided into subclass 1a and subclass
1b) and class 2 (Fig. 1B)****. These classes are based on differences in
the size, secondary structural elements, and tertiary interactions that
stabilize the 3-D fold. The division is also supported bioinformatically
with comparative sequence alignments®. Subclass 1a contains xrRNAs
from MBFV, while subclass 1b xrRNAs are present in insect-specific
flaviviruses (ISFV), TABV, and members of Pegivirus, Pestivirus, and
Hepacivirus genera®. Although subclasses 1a and 1b have many simi-
larities, differentiating structural features are the presence or absence
of an unpaired nucleotide between P2 and P3 and fundamental dif-
ferences in the tertiary interactions that close the ring
feature? (Fig. 1C).

The class 2 xrRNAs lack 3-D structural characterization compared
to class 1 and have thus far only been found in members of the tick-
borne flaviviruses (TBFV) and no known vector flaviviruses
(NKVFV)?234385758 (Fig 1B). The secondary structures of the class 2
xrRNAs have been depicted several ways, but recent analyses led to
versions showing features reminiscent of the class 1 with some key
differences* (Fig. 1C). Specifically, within the helical junction, an
unpaired junction nucleotide is conserved as an A in all known
sequences of class 2, while it is always a C in the subclass 1a and is
always absent in the subclass 1b. Additionally, an important pseu-
doknot (PK1) in class 2 appears to be significantly longer (6-10 base
pairs) than in class 1 (1-3 base pairs)** (Fig. 1C).

Based on its similarities to class 1, it is hypothesized that the class 2
xrRNAs also contain a ring-like feature important for blocking Xrnl,
but there is no 3-D structural information to verify this. Likewise, it is
not clear how a ring-like structure could be accommodated given the
larger proposed PKI1. Also, the location where the exoribonuclease
halts on class 2 xrRNAs is within the putative expanded PK1 element
rather than in unpaired RNA upstream of the xrRNA ring structure?. If
class 2 xrRNAs contain a ring-like feature, it likely has substantial
deviations from class 1, given the differences in the proposed sec-
ondary structures. Finally, bioinformatic searches for new xrRNAs
would be enhanced by structural insight, as current knowledge of class
2 comes mostly from biochemical studies.

Although we have successfully crystallized several class 1
xrRNAs, attempts to obtain diffraction-quality crystals of repre-
sentative class 2 xrRNAs were unsuccessful. However, single particle
cryo-electron microscopy (cryo-EM) has emerged as an invaluable
method for determining the structure of biomolecules previously
inaccessible by traditional structural approaches. Cryo-EM was
recently applied to several RNAs to determine tertiary structure and
dynamics, and we and others recently presented a scaffold-based
approach to facilitate the structural determination of diverse RNAs
by cryo-EM**%, We chose to apply a scaffold-based approach to the
structure of a class 2 xrRNA from a lineage Il Powassan virus (POWV)
isolate. POWV is an emerging tick-borne human pathogen found in
both North America and north-east Asia that can cause severe
encephalitis®®®®, The presence of xrRNAs in the POWV genomic RNA
and its ability to form infection-critical sSfRNAs had not been verified,
and the structures of any putative class 2 xrRNAs in POWV were
unknown.

Here we report the results of combined virological, biochemical,
bioinformatic, and structural methods applied to the xrRNAs from
POWV. We verified the presence of two xrRNAs in POWV 3’'UTR that
result in sSfRNA formation. We used cryo-EM to obtain mid-resolution
maps of a POWV class 2 xrRNA that were sufficient to observe the
overall topology of the RNA. This architecture contains a core fold that
is similar to the subclass 1b xrRNAs, but a ring-like feature that is more
extensive than those previously observed. Specifically, the ring forms a
double loop around the 5’ end of the xrRNA that may interact with Xrnl
in unique ways compared to the ring in class 1. Integrating biochemical,

functional, bioinformatic, and existing high-resolution data allowed us
to construct a model suggesting key tertiary interactions akin to those
in other xrRNA classes. Structure-informed bioinformatic analysis then
helped us catalog a more complete set of class 2 xrRNAs and define key
features of the class. Overall, our findings fill a key gap in under-
standing the diversity of 3-D structures in Flaviviridae xrRNAs, and
further highlight the essential role of conserved but variable ring-like
folds in xrRNAs.

Results

Powassan virus produces subgenomic flaviviruses during
infection

We chose to use the putative class 2 xrRNAs from a lineage Il Powassan
virus (Spooner isolate) as a model system®. POWV is an emerging
human pathogen found in North America for which no targeted
therapies exist, and the sequence of its 3’ UTR suggested the presence
of two class 2 xrRNAs (Fig. 2A)*>*. Additionally, POWV is not a select
agent (as defined by the US National Institutes of Health), and can be
cultured in the lab. To verify that POWYV infection results in the pro-
duction of sfRNAs, we infected Vero cells at various multiplicities of
infection (MOI) and assessed sfRNA generation by northern blot
(Fig. 2B). Blots revealed two discrete bands at sizes consistent with
sfRNA 1 and sfRNA 2 species starting at the 5’ end of the first and the
second putative xrRNA structures, respectively. Thus, POWV makes
sfRNAs as expected.

To verify that these sfRNAs were due to authentic xrRNAs, we
used an established in vitro Xrnl resistance assay. Briefly, in vitro
transcribed RNA comprising the entire POWV 3’ UTR was challenged
with pure recombinant Xrnl then resolved by denaturing poly-
acrylamide gel electrophoresis (Fig. 2C). We observed two bands of the
expected sizes that would result if the enzyme began degrading the
input RNA but then halted at one of the two putative xrRNAs. The
pattern matches that observed during infection as assayed by northern
blot (Fig. 2A-C). These results confirm the production of sfRNAs by the
xrRNAs in POWV during infection and demonstrate these structures
function without protein cofactors, a hallmark of true xrRNAs. Overall,
the results presented above establish these POWV xrRNAs as a model
for class 2 xrRNAs for both cell culture-based experiments and in vitro
biochemical assays.

The exonuclease halt site on POWV class 2 xrRNAs differs from
the class 1

In class 1 xrRNAs, the Xrnl halt site resides a few nucleotides upstream
of the P1 helix and pseudoknot 1 (PK1), in unpaired 5’ nucleotides that
emerge from the center of the ring-like structure®. In class 1, the 1-3
base pairs that comprise PK1 lie within the ring and are essentially
inaccessible to the approaching enzyme. This configuration supports
current models that the ring is preformed essentially as observed in
the crystal structures, and the surface of the exoribonuclease braces
against it. This prevents unwinding of base pairs that are within or
behind the ring. However, in contrast to class 1, the proposed PK1 in
class 2 is much longer (Fig. 1C)***%, Indeed, the halt point on other
class 2 xrRNAs has been mapped to a region that would lie within this
longer base-paired pseudoknot (termed P1.1/P1.2 in some previous
depictions)*.

We determined the exoribonuclease halt site on POWV xrRNAs.
Briefly, we treated in vitro transcribed POWV 3’'UTR RNA with Xrnl,
recovered the xrRNA-protected products, and mapped the resulting
5’ ends by reverse transcription (Fig. 2D, E). In contrast to the class 1
xrRNAs - where the halt site exists primarily at a single position four
nucleotides upstream of PK1 - in POWV the halt sites are located
within PK1 for both the first and second POWV xrRNA (Fig. 2F). This is
meaningful because the active site within Xrnl only accommodates
non-base-paired RNA, and -5 nucleotides are needed to span the
distance from the surface of the enzyme to the active site®’°, Thus,
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Fig. 2 | Identification characterization of POWV xrRNAs. A Cartoon repre-
sentation of POWV 3’ UTR. Abbreviations: DB - dumbbell, 3’ SL - 3’ stem loop.

B Northern blot of POWV-infected Vero cells at the indicated MOI and time post
infection. Probes were specific for the 3 UTR of POWV or the U6 RNA loading
control. Three independent experiments were performed, results of one is shown.
C In vitro degradation by Xrnl of in vitro transcribed RNA of the POWV Spooner
isolate 3’ UTR. The partially degraded but stable RNAs appear as bands in the lane
with Xrnl, demonstrating the presence of xrRNAs. The gel is representative of

experiments performed in triplicate. D, E Stop site analysis of POWV xrRNA; and
xrRNA,. RNA treated with Xrnl was analyzed using reverse transcription primer
extension. The intensity of the resultant bands is graphed as a function of
nucleotide position. F Secondary structure diagram of the POWV xrRNA; in the
context of the full 3 UTR with the results of IM7 chemical probing. G In vitro RNA
resistance assay demonstrating the functional importance of both PK1 and PK2. A
diagram of the mutations is found in Fig. S3. The gel is representative of experi-
ments performed in triplicate. Source data is provided as a Source Data file.

to reach the halt point, the enzyme must unwind parts of PK1. This
contrasts with the class 1 flavivirus xrRNAs but may share some
similarity with some xrRNAs found in plant viruses***%,

The pattern of halt sites on the POWV xrRNAs also revealed sev-
eral stop sites within the xrRNA rather than a well-defined single
location (Fig. 2D-F). Specifically, on the upstream xrRNA;, the halt sites
were spread across -8 nucleotides in PK1, with the three most promi-
nent. In the downstream xrRNA,, the halt sites were spread among a
shorter stretch of -3 nts in PK1. Overall, both xrRNA halt sites differ
from the precision of the halt site of class 1. These results suggest
differences in how Xrnl interacts with class 1 vs. class 2 xrRNAs and
perhaps some variability within different class 2 xrRNAs. Overall, the
location and pattern of halt sites leads to the hypothesis that the
configuration of the ring-like structure and extended PK1 in class 2

differs from class 1, and this may affect the way Xrnl interacts with the
XrRNA structure.

The POWV xrRNAs adopt a conserved secondary structure

Existing models of xrRNA allow robust predictions regarding the sec-
ondary structures of the POWV xrRNAs, but there may be features not
obvious in those analyses. Also, the fact that the enzyme must partially
unwind the xrRNA to reach the halt points raised the question of
whether the xrRNA secondary structure could change after encoun-
tering the enzyme. We therefore experimentally queried the secondary
structure of the POWV class 2 xrRNA in different contexts using che-
mical probing, specifically by DMS-MaP” (Dimethyl sulfate (DMS;
modifies Watson crick face of A and C)’?) and SHAPE-MaP (selective 2"-
hydroxyl acylation analyzed by primer extension (1-Methyl-7-
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Nitroisatoic Anhydride (Im7; modifies 2’0OH in flexible backbone
regions)’>”*. To recapitulate the viral genomic context of the POWV
xrRNA, we probed constructs consisting of the (1) full 3’ UTR, (2) sSfRNA
1, and (2) sfRNA 2. The two sfRNA species were produced by in vitro
treatment with Xrn1 followed by probing.

Overall, the measured reactivity profiles of the xrRNAs from the
POWV 3’ UTR, sfRNA 1, and sfRNA 2 were all similar, indicating the
secondary structure does not change in these different contexts
(Fig. 2F, S1, S2). Nucleotide reactivities from both Im7 and DMS were in
agreement with features present in the proposed class 2 xrRNA sec-
ondary structure model®. The three-way helical junction is present in
both xrRNAs, demonstrated by the overall high reactivities in the L2
and L3 loops that are not involved in tertiary interactions. The P1, P2,
and P3 helices generally show low reactivity except for some of the
nucleotides at the terminal end of the helix; this is expected in terminal
base pairs. The large unpaired region after the proposed PK1 is
accessible for modification in all constructs supporting the same sec-
ondary structure in all contexts.

Importantly, the presence of both pseudoknots was supported by
both Im7 and DMS probing. To further test their presence and
importance, we made substitution mutations that disrupted either PK1
or PK2 and tested them for Xrnl resistance in vitro (Fig. 2G, S3). Both
mutants lost the ability to block the exoribonuclease, and resistance
was rescued with compensatory mutations (Fig. 2G, S3). This matches
results performed on xrRNAs from other viruses*>>. However, ele-
vated reactivities within the 5’ portion of PK1 suggest that while the
pseudoknot forms, there are conformational dynamics present at the
5 end. We note that these more dynamic base pairs correspond to the
location just upstream of the mapped stop sites in the xrRNAs, which is
interesting given that the enzyme must unwind these nucleotides to
reach the halt sites (Fig. 2F).

Cryo-EM yields an intermediate resolution map of POWV xrRNA
structure

To better interpret the functional and biochemical data and under-
stand the structural basis of exonuclease resistance in class 2 xrRNAs,
we used cryo-EM to interrogate the structure of POWV xrRNA;. We
chose xrRNA; as it was well behaved biochemically, it has substantial
sequence similarity and secondary structure redundancy with xrRNA,,
and the more pronounced difference in the halting pattern suggested
it might best reveal key differences with class 1 xrRNAs.

To perform cryo-EM, we employed our previously described
scaffolding approach®. Briefly, the xrRNA was appended to a modified
version of the Tetrahymena ribozyme, creating a large and structurally
recognizable chimeric RNA amenable to cryo-EM. The connection
point was through the xrRNA’s L2 loop. The L2 loop is not conserved in
sequence, does not make any known long-range interactions, and
analogous loops are known to be dispensable in other xrRNAs***
(Fig. S4A). The xrRNA’s L2 loop was connected to the ribozyme’s P6b
element. This connection has been shown not to disrupt the folding of
the scaffold RNA or the appended domain®.

To ensure appending of the xrRNA to the scaffold did not perturb
xrRNA fold or function, we performed an Xrnl resistance assay on this
scaffolded version of the POWV xrRNA. The xrRNA maintained resis-
tance to Xrnl in vitro within the context of the chimeric RNA, and
disruption of PK2 eliminated Xrnl resistance in the chimeric RNA as it
does in the isolated xrRNA (Fig. S4B, C). Likewise, the intron scaffold
itself is not Xrnl resistant. Because XrRNA function is necessarily
dependent on the proper 3-D fold and formation of an intricate set of
tertiary contacts, these results strongly suggest that the xrRNA adopts
the correct functional fold within the cryo-EM construct.

We used the scaffolded xrRNA to prepare grids and collect cryo-
EM data that was analyzed using a similar processing pipeline as pre-
vious work®. Following multiple rounds of 2D classification, classes
were present in which the appended xrRNA domain is clearly observed

(Fig. S5). The resulting 493,118 particles were then used for initial map
generation. The maps had clear features corresponding to the xrRNA,
revealing its global architecture. However, 3D variability analysis
revealed a degree of structural heterogeneity among this set of parti-
cles. To recover the most complete map possible, we used 3-D classi-
fication to partition these states (Fig. S5). The resultant maps yielded
several volumes corresponding to what appeared to be various levels
of ‘melting’ of the distal regions of the structure. Interestingly, this
supports the idea that these regions are conformationally dynamic as
indicated in the chemical probing data and consistent with the fact
that the enzyme must unwind them.

We proceeded with the most complete and well resolved map,
corresponding to what we interpret as the fully base-paired extended
PK1. Non-uniform refinement of these 55,485 particles yielded a map
with a global resolution of 4.1A in the scaffold domain with a local
resolution of the xrRNA of 5.1A (Fig. 3A, $5-S7). Within the inter-
mediate resolution xrRNA portion of the map, clear structural features
were observable. Importantly, both major and minor grooves were
apparent and phosphate bumps were clear along the backbone for
most of the map, allowing the backbone to be traced (Fig. 3B). Also,
there is no observed interaction between the scaffold intron RNA and
the xrRNA, further supporting the assertion that the xrRNA fold is not
altered when attached to the intron.

Structural model of a POWV xrRNA reveals features reminiscent
of other xrRNAs

Although the map could not reveal high-resolution details between
bases ab initio, we integrated the map with existing structural infor-
mation from other xrRNAs, sequence conservation, the known sec-
ondary structure, and the data presented here to construct a full model
of POWV xrRNA; (Fig. 3C, D, S6-8). While we could not make atomic
resolution conclusions, the backbone could be readily traced, the
overall topology was clear, and all nucleotides were placed. This model
thus allowed us to compare the architecture of this class 2 xrRNA with
the class 1.

The POWV xrRNA architecture has several features that match the
class 1 xrRNAs, indicative of function dependent on a specific shared
3-D structure (Fig. 3C, D). First, the expected paired helical elements
P1, P2, and P3 are present, as is pseudoknot 2 (PK2) formed through
pairing between the sequence at the 3’ end with part of L3. These stems
adopt an overall configuration similar to class 1 xrRNAs in which
P1 stacks with P2, while P3 stacks on PK2?***, Interestingly, the overall
angle between the helices and the trace of the backbone through the
core of the POWV xrRNA structure is much more like the subclass 1b
xrRNA from TABV than the subclass 1a from ZIKV (Fig. 3E, S9). Stated
another way, the class 2 and class 1b xrRNA seem to share a common
core fold within their three-way junctions. As with the class 1 xrRNAs,
the POWV class 2 core structure gives rise to a ring-like motif, although
it differs substantially from previous structures, further described and
discussed in later sections of this manuscript.

Bioinformatic analyses reveals conserved determinants of exo-
nuclease resistance
To better interpret the cryoEM and refine the structural model, we
used our initial model to guide a bioinformatic analysis to (1) identify
additional examples of class 2 xrRNAs, (2) develop a more robust
understanding of the class 2 sequence and structural constraints, and
(3) determine if the structural model of the POWV xrRNA; is repre-
sentative of class 2 xrRNAs in general. This type of approach has pro-
ven successful in identifying additional variants of structured RNAs as
well as supporting proposed folds through statistically significant
covariation” 7’

We used a comparative sequence alignment from 28 previously
identified class 2 xrRNA sequences®>* with the program Infernal® to
query a database containing all deposited viral genome sequences
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hence not built. Structural features are labeled. E Comparison of POWV and TABV
ring topologies colored corresponding to C.

(retrieved 01/06/2023). This search identified 38 putative class 2
xrRNAs, 35 from TBFVs and 3 from NKVFVs (Fig. S10 Supplementary
Data 1). Of the 13 recognized TBFV species, 10 were identified in this
search, including both lineages of POWV as well as multiple subtypes
of tick-borne encephalitis virus.

We calculated a consensus sequence and secondary structure
from the identified sequences using CaCoFold visualized with
R2R7*7*#, The resulting covariation patterns supported the secondary
structure elements observed in the cryo-EM structure of the POWV
xrRNA, recovering all stems and pseudoknots present in this class
(Fig. 4A). The patterns also showed that the helical organization and
base pairing schemes present in the POWV xrRNA are general to all
class 2 xrRNAs. These results largely agree with previous work bioin-
formatically characterizing class 2 xrRNAs**°, However, we were now
able to integrate our structural model with this covariation analysis to
provide evidence for several structural features critical for function.

The covariation and conservation patterns also agreed with the 3-D
structural model, further validating it.

The most striking feature is the extended PK1 and double loop,
supported by the chemical probing, bioinformatic, and cryoEM data.
Several additional covariation-supported base pairs were identified,
representing a more extensive base pairing context between the 5’ end
of the structure and the seemingly unpaired sequence between P3 and
P1.Indeed, this length ranges from 7 to 15 base pairs. To accommodate
this extended interaction, the linker region between PK1 and P1 (S3) is
sufficiently long in all cases to allow for the formation of PK1
(Fig. S10B, C).

The other pseudoknot present in all flavivirus xrRNA classes is
PK2, which is variable in length in different xrRNAs. In class 2, the
bioinformatic analysis confirms that PK2 is always present and is 4 base
pairs in length. It likely stabilizes the ring-like motif through long-range
base pairs and continuous stacking with P3.
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Fig. 4 | Sequence and structure conservation of class 2 xrRNAs from flavivirus.
A Consensus secondary structure model of class 2 xrRNAs calculated by
R-Scape’®”’. B Diagram denoting the location of three perfectly conserved A bases
that were mutated to test their functional significance. C. Structure of the POWV
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- S~ — o <« input RNA
—_ |- resistant
products

xrRNA with the three conserved A bases indicated in B and C. D. In vitro RNA
resistance assay demonstrating the functional importance of the three perfectly
conserved (A) nucleotides in class 2 xrRNAs. The gel is representative of experi-
ments performed in triplicate. Source data are provided as a Source Data file.

Based on the alignment, the P1 helix consists of three Watson-
Crick base pairs and a terminal non-Watson-Crick pair, consisting
in most cases of an A«G pair. In some cases, this is replaced by a CC
dinucleotide. Although the resolution of the maps precludes an
analysis of detailed hydrogen bonding schemes, this CC dinu-
cleotide is similar to that found in class 1b, and thus a similar
pairing scheme is possible (Fig. S11)******. Higher resolution data
will be needed to confirm the details of this putative interaction. If
present, P2 ranges between 1 and 7 base pairs with an average of 5.
The four-base pair P3 helix length is conserved, with ~-92% of the
aligned sequences containing a CGGG-CCCG pattern and the
remaining 8% of sequences containing UGGG-CCCA or UGGG-
CCUA (Fig. 4A, S10, S12).

A functionally important interaction that is found in all class 1
xrRNAs is a base triple formed between a nucleotide at the 5’ end of the
xrRNA and a Watson-Crick base pair in stem L3. In class 1, this triple can
be C*+G-C (class 1b) or U-A-U (class 1a), and mutational experiments
show it to be essential for exoribonuclease halting activity’*****, The
covariation analysis of class 2 presented here provides strong evidence
for the presence of an analogous C*+G-Y (Y denotes a C or U) base triple
in class 2, as the three corresponding nucleotides are universally
conserved. The backbone trace provided by the map is consistent with
the formation of this triple. Consistent with this, the mutation of C16 to
a U to disrupt the putative triple resulted in loss of Xrnl resistance
(Fig. S13). However, the additional mutation of the G-C pair to a A-U
pair to restore the putative triple did not restore resistance (Fig. S13).
While this may indicate that the triple does not form, an equally valid
interpretation is that the C*+G-Y triple, rather than the U-A-U triple, is
specifically required to avoid alternate secondary structures from
forming. This latter interpretation is consistent with the conservation
analysis. We assert that the bulk of the evidence supports a base triple
in this position. If true, a base triple appears to be a key interaction in
all classes of flavivirus xrRNAs, forming between the 5’ end of the
xrRNA and the three-way junction to position the 5 end to pass

through the center of the ring (Fig. S14). Final confirmation will require
higher-resolution structural data.

The POWV xrRNA; secondary structure contains a single unpaired
nucleotide, A36, between P2 and P3. In the class 1a xrRNAs, a highly
conserved and essential C nucleotide is in this position, where it is a
defining characteristic, making interactions with the P1 helix. In our
model of the POWV xrRNA;, the unpaired A23 occupies this same
position. Interestingly, while both the class 2 and subclass 1a contain a
nucleotide in this position, it is distinctly absent in the subclass 1b>**,
While the POWV xrRNA; core is more class 1b-like, this specific
nucleotide is likely more class 1a-like. Interestingly, Xrnl resistance
experiments testing substitutions, deletions, and insertions at this
position show that each class of xrRNA is highly sensitive to the
identity and presence or absence of the correct nucleotide in this
position?>#2*4>*_ Analysis of the structures of different xrRNAs sug-
gests this strict requirement may correlate to the size or nature of the
ring-like structure and specific stabilizing interactions in different
xrRNA classes.

Perfectly conserved A bases are necessary for function

Several perfectly conserved A bases are present that are not base-
paired in the phylogenetically supported secondary structure or in our
3-D structural model. As noted previously, in class 2 xrRNAs, a perfectly
conserved A base is present between P2 and P3. Two others are located
adjacent to P1. The cryoEM map is not of sufficient resolution to allow
us to determine the details of any interactions they are making
(Fig. S15). However, their location and the fact that in class 1 xrRNAs,
analogously-placed bases form non-Watson-Crick interactions that are
essential to form the resistant motif suggest that they are also critical
for class 2 xrRNA function®*** (Fig. 4B, C).

To test the importance of interactions formed by these A’s in the
POWV class 2 xrRNA, we prepared RNA in which each A was indivi-
dually mutated to a G and challenged these RNAs with Xrnl in vitro.
Point mutations of any one of these bases resulted in the loss of
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Fig. 5| A conserved ring-like fold present across all xrRNA structures. A The
ring-like structure (magenta) encircling the 5’ end (blue) of the xrRNA from ZIKV
(PDB: 5TPY)?, Murray Valley Encephalitis virus (MVE) (PDB: 4PQV)*, TABV (PDB:
7K16)**, POWV (this study), and Sweet Clover Necrotic Mosaic Virus (SCNMV) (PDB:
6D3P)*, The open circle denotes the start of the ring structure, the boxed 1 indi-
cates the completion of one loop. In POWV, the RNA loops around the 5" end a

processive 5' to 3’
degradation

{?}W//\

Xrn1 encountering

ring 2
Y —
) \//
Xrn1 encountering
ring 1 and 2

Y —

second time, indicated with green arrows and a boxed 2. B Proposed mechanistic
model of Xrnl encountering a class 2 xrRNA based on the three-dimensional
structure and biochemical experiments. Depicted is the double loop consisting of
the primary ring-like motif found in all solved xrRNAs to date (1) and the second
ring resulting from the extended PK1 interaction in class 2 XxrRNAs (2).

resistance (Fig. 4D). All three As are universally conserved in class 2
xrRNAs, which suggests they are critical features for forming the
proper resistant motif. Comparisons with class 1 xrRNAs, our structural
model, and our consensus secondary structure support the hypothesis
that A; is involved in structuring the base of P1 and mediates the
transition between PK1, PK2, and P1. A, is important in defining the ring
like feature like is seen in class 1 xrRNAs?***, Based on its positioning
in our map and the similarities to a long-range interaction in class 1
XrRNAs?224455¢ A3 js likely involved in a long-range base pair with a G
in L3. For each of these, a G is likely not tolerated as it cannot form the
specific hydrogen bonding interactions needed, but higher resolution
information is needed to verify this and observe the specific tertiary
interactions formed by these universally conserved and functionally
critical As.

The POWV class 2 xrRNA contains a unique double-loop
structure

While many features of the POWV class 2 xrRNA match or are analo-
gous to class 1, a dramatic difference is in the size of PK1. The resultant
expansion of the ring-like feature creates a form that we refer to as a
double loop (Fig. 5A). In class 1 xrRNAs, the 2-3 base pair long PK1
forms stacking interactions with P2 and positions the 5’ end of the
XrRNA to pass through the center of the fold****°. The 13-base pair
long PK1 in the POWV xrRNA; also positions RNA to pass through the
middle of the fold but forms a stem that extends away from the core of
the structure (Figs. 2E, 5A). In fact, the expansion of PK1 makes it the
longest base paired element in the structure and the junction within
class 2 flavivirus xrRNAs is technically a four-way junction between P1,
P2, P3, and PKI1. The 3’ end of PK1 is linked to the 5" end of P3 by a

stretch of nine unpaired nucleotides (S3) that are not visible in our
cryo-EM maps and hence could not be modeled. This is likely due to a
high degree of conformational flexibility in these unpaired nucleo-
tides, consistent with the chemical probing (Fig. 2F).

The expansion of PK1 and the resultant extended stem is due to a
large insertion into the stretch of nucleotides that make up the ring
structure (Fig. 3E). In the class 1 xrRNA, the length of the ring is con-
served at ~15 nucleotides, forming a continuous and tight loop around
the 5" end of the xrRNA*?***, In contrast, in the POWV class 2 the large
insertion between P2 and P3 creates an apparent break in the ring at
the point of the insertion (Fig. 3D, E). However, closer examination
reveals that the ring is still formed but is now expanded such that it
wraps around the 5’ end twice (Fig. 5A). Thus, whereas all other xrRNA
structures obtained to date show only a single loop around the 5’ end,
the POWV class 2 forms a remarkable double loop ring with a full
helical turn of base-paired RNA embedded within it.

Discussion

xrRNAs are ubiquitous in several genera of the viral family Flaviviridae,
and are responsible for the production of non-coding viral sfRNAs.
Understanding of the RNA structure-based mechanism of exoribonu-
clease resistance has come from solved structures of flavivirus class 1
xrRNAs, but this understanding lacked information on the 3-D struc-
ture of the class 2 xrRNAs. Here, we demonstrate the production of
sfRNAs in POWV due to the presence of authentic xrRNAs and verify
their secondary structures. We then integrated bioinformatic, bio-
chemical, functional, existing high-resolution structural data, and
intermediate-resolution cryo-EM maps to develop a 3-D structural
model of a POWV class 2 xrRNA. The structural model, while unable to
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directly inform on detailed intramolecular interactions, reveals critical
and unique features of the class 2 xrRNAs and furthers our under-
standing of the structural diversity of flavivirus xrRNAs.

One of the most distinctive features of the class 2 xrRNAs com-
pared to previously solved xrRNAs is the extended PK1 and the asso-
ciated expanded double loop ring structure (Fig. 5A). In other solved
flavivirus xrRNA structures, the ring wraps around the 5" end of the
RNA only once, using a loop -15 nucleotides in length®***, This is also
true in xrRNAs from some plant-infecting viruses*®*%, The purpose of
this expansion in the class 2 is not clear, however it is possible that the
folding pathway is influenced by the extended PK1; that is, it helps
prevent misfolding. However, xrRNAs with a smaller PK1 and ring
structure can fold correctly. One other possibility is that the extended
structure has a function beyond exoribonuclease resistance, such as
binding a specific protein needed for other functions of the 3’'UTR such
as is seen in Zika virus®*>®*, Finally, there may be some advantage to a
double loop ring around the 5’ end of the xrRNA that may change the
mechanism or tune the efficiency of exonuclease resistance. Deter-
mining which of these or other possibilities will be an important focus
of future studies.

In subclass 1a xrRNAs, such as those found in Zika virus and
Murray Valley Encephalitis virus, PK2 is critical in forming the proper
resistant fold and stacks with P3?"*, Variation in the number of base-
pairs in PK2 may change the stability of the xrRNA and has been shown
to alter the dynamics of the RNA*, Adding base pairs may increase Xrnl
resistance in the presence of destabilizing mutations®, emphasizing its
importance in folding and resistance. In class 2 xrRNAs, PK2 is always
present and 4 base pairs long. Like in subclass 1a xrRNAs, class 2
PK2 stacks on P3, likely also participating in the stabilization of the
overall fold and resistance.

The shared structural features between the class 1 and class 2
xrRNAs suggest a shared mechanism where the xrRNA braces against
the surface of the enzyme, presenting a topological block that the
enzyme cannot resolve. This in turn suggests that, similar to the class 1,
class 2 xrRNAs can resist other 5’ to 3’ exoribonucleases such a yeast
Dxol and bacterial RNase J*, but additional experiments are needed to
verify this.

The presence of the double-loop ring structure in the class 2
xrRNAs raises questions of how this affects the details of exoribonu-
clease resistance compared to other xrRNAs. Unlike the class 1 xrRNAs,
where the exoribonuclease halts on an unpaired region of RNA outside
of the ring and pseudoknot, in the class 2 the enzyme halts at locations
within PK1 in a region that pairs with nucleotides in the ring structure.
This location of the enzyme halt site within PK1, knowledge of the
structure and behavior of xrRNA, and the POWV xrRNA 3-D structure
now allows a model to be proposed. Specifically, as the enzyme
degrades in a 5’ to 3’ direction, it must unwind part of the PK1 stem. In
fact, because -5 nts of single-stranded RNA are needed to span the
distance between Xrnl’s surface and its catalytic center, almost the
entire PK1 stem will be unwound when the enzyme reaches its 3’-most
halt point. In this state, the full stretch of RNA between P3 and P1, -20
nts, will be unpaired but trapped between the enzyme and the xrRNA
core, essentially wrapped twice around the 5’ end of the xrRNA. Thus,
in the class 2 xrRNAs, the ring itself may be remodeled by the
enzyme (Fig. 5B).

We predict that the induced steric clashes produced by this
remodeling add resistance to the enzyme’s continued movement.
Furthermore, the increasing steric clash as the RNA ring is pressed
between the enzyme and the xrRNA core could progressively increase
resistance, explaining the ‘stuttering effect’ observed when the halt
sites were mapped (Fig. 2D, E). This differs from the class 1 in which
there is no evidence that parts of the structure are unwound by Xrnl or
that the ring is remodeled, and the halt site is more precise’*****>, This
less-precise halting mechanism could also introduce variability in how
subtly different class 2 xrRNAs behave, for example, the different

halting patterns of POWV xrRNA; and xrRNA,. While direct biophysical
evidence for this process is not available, this model presents a testable
model for future exploration.

The structure of a class 2 xrRNA presented here, combined with
previous subclass 1a and subclass 1b structures, provides a picture of
xrRNA diversity in the known flavivirus xrRNAs. All use a similar
architecture comprising a central helical junction and two interwoven
pseudoknots that create a compact fold. The ring-like structure is also
ubiquitous, although the nature of the ring differs between the classes
1and 2, suggesting that different interactions between the ring and the
exoribonuclease provide resistance.

Despite the overall similarities in the architecture and the core
fold, there are conserved differences that show how each class has
evolved a precise and specific set of intramolecular tertiary contacts
that cannot be interchanged easily. For example, while all form a ring-
like element, the interactions between the base of the P1 stem and L3
that close the ring are different in each class. Likewise, the identity and
presence of a nucleotide between P2 and P3, and the overall com-
pactness of the ring element, are different across the classes and are
not readily interchanged. Hence, evolution has crafted a set of related
RNA folds using different sets of interactions to create similar 3-D
outcomes, demonstrating the remarkable structural plasticity and
adaptability of RNA structure.

Methods

Phylogenetic tree construction

The phylogenetic tree for Flaviviridae was constructed using the
published maximum likelihood data using the viral NS5, the viral RNA
dependent RNA polymerase, described in Bamford et al.** and Mifsud
et al.® The tree was rendered in Figtree v1.4.4 (https://github.com/
rambaut/figtree/releases) and adjusted in Adobe Illustrator.

Cell Culture and POWYV growth

Vero (African green monkey kidney fibroblast; ATCC CCL-81; passage
15) were grown in 1x MEM (Corning) supplemented with 1% MEM non-
essential amino acids (Gibco), 1% sodium pyruvate (Gibco), 1x pen/
strep (Gibco), 1mM HEPES (Gibco), and 10% heat inactivated FBS
(Corning). BHK-21 (baby hamster kidney fibroblast cells; ATCC ccl-10)
were maintained in DMEM (Cytiva) supplemented with 1 mM sodium
pyruvate (Gibco), 27 mM sodium bicarbonate (Gibco), 1x Pen/strep
(Gibco), and 1M amphotericin B (Gibco), and 8% heat inactivated FBS
(Corning).

POWV stock generation and quantification

All viral culture was performed in a BSL-3 facility. One aliquot of POWV
of unknown titer was blindly passaged onto an 80% confluent T-175
flask of Vero cells, and incubated for 10 days at 37 °C with intermittent
rocking. Once 50-60% cell clearance was observed, the supernatant
was collected and clarified by centrifugation at 300 x g for 20 minutes
at 4 °C. From the clarified supernatant, concentrated viral stocks were
generated via ultracentrifugation. Briefly, 20 mL of clarified super-
natant was gently layered on top of 10 mL of 20% sucrose dissolved in
PBS (4°C, sterile filtered) in an ultra-clear 1 x 3.5 centrifuge tube
(Beckman 344058). The samples were ultracentrifuged at 140,000 x g
in a SW28 rotor (Beckman) for 3.5 hours at 4 °C. The supernatant was
aspirated, and the resultant viral pellet was resuspended in completelx
DMEM (1 mM sodium pyruvate, 27 mM sodium bicarbonate, 1x Pen/
strep, and 1uM amphotericin B) supplemented with 10% heat-
inactivated FBS. Concentrated viral stocks were quantified by a
plaque-forming unit assay with BHK-21 cells.

In vitro POWV infection and viral RNA extraction

Vero cells were grown in 6-well culture plate and inoculated with
0.5 mL of POWV stock or mock inoculum at a MOI of 1 or 5 in serum-
free 1x complete MEM (1% MEM non-essential amino acids, 1% sodium
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pyruvate, 1x pen/strep, and 1 mM HEPES). After a one-hour incubation
at 37 °C, the inoculum was then aspirated from the cells, washed with
1x PBS, and overlayed with 1x complete MEM. The cells were incubated
at 37 °C for 24 or 48 hours. After incubation, approximately 1.0 x 106
Vero cells per condition were washed 3x in in cold PBS, scraped in
buffer TLK (Omega Bio-tek), and homogenized in the Qiashredder
(Qiagen) spin column disrupter. Total RNA was purified from the cel-
lular lysate with E.Z.N.A Total RNA Kit (Omega Bio-tek) following the
manufacturer’s instructions.

Northern Blot analysis of POWV sfRNA

1.0 pg of total RNA from the POWV or mock-infected cells was
resuspended in 2x formamide loading buffer (Thermo) and run on
a precast 6% Invitrogen Novex TBE gel at 160 V for one hour. The
gels were stained with 0.5 ug/mL ethidium bromide and imaged on
a UV imager. Next, the RNA was electroblotted to a sheet of
HyBond-N* nylon membrane (GE) using the Genie Electrophoretic
Transfer Apparatus (Idea Scientific) at 1.6 V for 2 hours, following
the manufacturer's instructions. UV crosslinking of the RNA to the
nylon membrane was performed with a Stratalinker (Stratagene)
using the optimal crosslink setting. Next, the membrane was cut
into two separate pieces, separating the viral sfRNA from the
U6 snRNA loading control. Each blot was transferred into indivi-
dual glass vials and blocked with ULTRAhyb Oligo Hybridization
Buffer (Ambion) at 42 °C for two hours with rotation. Source blots
are included I the Source Data file.

During the blocking step, the radiolabeled DNA probes were
prepared. 100 pmol of POWV_Probe and U6_probe DNA probes were
radioactively labeled with 5mCi of [y**P] ATP using 20 units of T4
polynucleotide kinase (NEB) for 2 hours at 37 °C. The radiolabeled
probes were purified with P-30 spin columns (BioRad). The probes
were heated to 90 °C for 2 minutes and quickly resuspended in 10 mL
of 42 °C ULTRAhyb Oligo Hybridization Buffer (Ambion).

Next, the blocking ULTRAhyb Oligo Hybridization Buffer
(Ambion) was removed from the membranes and replaced with the
10 mL buffer containing the radiolabeled probe and incubated over-
night with rotation at 42 °C. The blots were then washed 4 times in 2x
saline-sodium citrate (SSC buffer; 300 mM NaCl, 30 mM Naz;CgHs05,
0.5% SDS, pH 7.0) for 15 minutes at 42 °C. The blots were imaged on the
Typhoon 9400 scanner (GE Life Sciences) and aligned with the ethi-
dium bromide-stained UV image to get the appropriate sizing of
the bands.

Class 2 xrRNA bioinformatic searches and covariance model
analysis

An initial class 2 xrRNA alignment was created from a total of
28 sequences of proposed class 2 xrRNA from TBFV 3’ UTR. The
sequences were manually aligned with RALEF v0.8% using previous
TBFV class 2 secondary structure alignments as a reference. Using
Infernal v1.1.4%° a database of all available +ssRNA viral sequences
downloaded from the National Center for Biotechnology Information
(NCBI; last retrieved on 1/06/2023) was searched using default para-
meters. Hits from the Infernal searches were manually added to the
comparative sequence alignment if they met all the following criteria:
Infernal E value<0.05, >15% nucleotide variation within each
sequence, and location within the 3’ UTR. Sequences with higher E
values were also inspected and added to the list if they met the last
three requirements. For the final proposed covariance model of 36
class 2 xrRNA sequences, statistical validation was performed using
R-scape v2.0.0.j’°”° and rendering the covariance model with R2R
v1.0.5%.

In vitro RNA transcription
DNA templates were ordered as gBlock DNA fragments (IDT) and
cloned into pUC19. 200 pL PCR reactions using primers containing an

upstream T7 promoter were used to generate dsDNA templates for
transcription. Typical PCR conditions: 100 ng plasmid DNA, 0.5uM
forward and reverse DNA primers (Supplementary Data 2), 500 uM
dNTPs, 25mM TAPS-HCI (pH 9.3), 50 mM KCI, 2mM MgCl,, 1mM
-mercaptoethanol, and Phusion DNA polymerase (New England Bio-
Labs). Templates for RNA used in aminoacylation assays were ampli-
fied using reverse primers containing two 5-terminal 2’-O-methyl
modified bases to ensure the correct 3’ end of the RNA. dsDNA
amplification was confirmed by 1.5% agarose gel electrophoresis.
Transcriptions were performed in 1 mL volume using 200 uL of PCR
product (-0.1uM template DNA) and 10 mM NTPs, 75mM MgCl,,
30 mM Tris-HCI (pH 8.0), 10 mM DTT, 0.1% spermidine, 0.1% Triton
X-100, and T7 RNA polymerase. Reactions were incubated at 37 °C
overnight. After transcription, insoluble inorganic pyrophosphate was
removed by centrifugation at 5000 x g for 5 minutes, then the RNA-
containing supernatant was ethanol precipitated with 3 volumes of
100% ethanol at =80 °C for a minimum of 1 hour and then centrifuged
at 21,000 x g for 30 minutes at 4 °C to pellet the RNA, and the ethanolic
fraction was decanted. The RNA was resuspended in 9 M urea loading
buffer then purified by denaturing 10% PAGE. Bands were visualized by
UV shadowing then excised. Bands were then crush-soaked in
diethylpyrocarbonate-treated (DEPC) milli-Q water at 4 °C overnight.
The RNA-containing supernatant was then concentrated using spin
concentrators (Amicon) to the appropriate concentration in DEPC-
treated water. RNAs were stored at —80 °C with working stocks stored
at —20 °C. Normal levels of batch-specific variations in RNA purity were
observed between preparations of RNA.

Expression of Kluyveromyces lactis Xrn1AC

The DNA sequence encoding the Xrnl enzyme from K. lactis (residues
1-1245) containing an in-frame C-terminal hexahistidine affinity tag
was a kind gift from Dr. Liang Tong at Columbia University. The
protein was recombinantly expressed in BL21 (DE3) cells. Cells were
grown in LB to an ODg¢qo of 0.6, then protein expression was induced
using 500 uM isopropyl 3-D-1-thiogalactopyranoside (IPTG) overnight
at 18°C. Pelleted cells were resuspended in lysis buffer containing
20 mM Tris-HCI (pH 7.0), 500 mM NaCl, 2mM f-mercaptoethanol
(BME), 10% (v/v) glycerol, and cOmplete EDTA-free protease inhibitor
cocktail tablets (Roche). Cell lysate was then sonicated on ice for
2 minutes of: 20 seconds on, 40 seconds off at 75W. Cell lysate was
clarified by centrifugation at 30,000xg for 30 minutes at 4 °C. The
soluble fraction was purified by nickel affinity chromatography in a
buffer containing 150 mM NacCl, 20 mM Tris-HCI (pH 7.0), 200 mM
imidazole, 10% glycerol, and 2 mM f-mercaptoethanol. The protein
was exchanged into a storage buffer containing 50 mM Tris-HCI (pH
8.0), 150 mM NaCl, 2mM DTT, and 50% glycerol using a spin con-
centrator (Amicon) and stored at 1.0 mg mL™* at -80 °C, with working
stocks stored at —20 °C.

Expression of Bdellovibrio bacteriovorus RppH

A plasmid containing BARppH (Uniprot ID Q6MPX4_BDEBA, Q6MPX4)
in frame with a hexahistidine tag was a kind gift of J. Belasco at New
York University. BARppH was purified in a manner identical to that of
XrnlAC as described above. The protein was concentrated to
12mgmL™ in a buffer containing 150 mM NaCl, 25 mM Tris (pH 7.5),
1mM DTT, and 50% (v/v) glycerol and then stored at —80 °C.

In vitro RNA degradation assays

Assays were performed using 2 ug of RNA in a 20 uL volume. RNA was
refolded as described above, then divided into two 10 pL volumes. To
both, 1uL of BdRppH was added and to one 1L of KIXrnlAC was
added. To the other volume 1pL of KIXrnlAC storage buffer (150 mM
NaCl, 50 mM Tris, 2 mM DTT, 50% (v/v) glycerol, pH 8.0) was added.
The reactions were then incubated at 37 °C for 2 hours. The reactions
were quenched with the addition of 1 volume of 9 M urea loading
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buffer and resolved on a 10% denaturing PAGE gel, then the RNA was
visualized by methylene blue staining.

Stop site analysis

Full-length in vitro transcribed POWV 3’'UTR was degraded with Xrnl
following the in vitro Xrnl degradation assay outlined above. A FAM-
labeled primer specific to the 3’ terminal end was annealed to the
RNA and then immobilized on oligo-dT,s beads (Invitrogen). The
RNA was reverse transcribed on the oligo-dT,s beads with 2.5 uL of
reverse transcription mixture consisting of 1x first strand buffer
(Invitrogen), 25mM 1,4-Dithiothreitol (DTT), 4 mM dNTPs, and
20 units of Superscript Il reverse transcriptase (Invitrogen). The
mixture was incubated at 52 °C for 50 min and the RNA was subse-
quently hydrolyzed with 0.4 M NaOH at 65 °C for 20 min. The sam-
ples were cooled on ice for 2 min and then neutralized with 5 uL of an
acid quench mixture consisting of 1.4 M NaCl, 0.6 N HCI, and 1.3 M
NaOAc. The beads were washed 3x with 70% EtOH, dried, and the
cDNA was eluted in 11 L of a ROX-formamide mixture composed of
2.75uL of ROX-500 ladder (Applied Biosystems) diluted in 1.2 mL of
HiDi-formamide (Applied Biosystems) at room temperature for
15min. The cDNA mixture was transferred to an optical plate and
analyzed with an ABI 3500 Genetic Analyzer Capillary Electrophor-
esis machine (GE).

In parallel, a Sanger sequencing ladder was constructed through
reverse transcription of unmodified POWV 3’'UTR (Data S2). In brief,
2.5 uL of an RNA mixture was made consisting of .2 uL of 0.25 uM FAM
primer, 1.5 uL of oligio-dT,s beads (Invitrogen), 0.5 uL of 2.4 uM RNA,
and 0.25uL of 5M betaine. To this, 2.5uL of a ladder reverse tran-
scription mixture 2.5 uL of reverse transcription mixture consisting of
1x first strand buffer (Invitrogen), 25 mM 1,4-Dithiothreitol (DTT),
4mM dNTPs, and 20 units of Superscript Ill reverse transcriptase
(Invitrogen). The cDNA was eluted off the beads in 11 uL of a ROX-
formamide outlined above. The 11 yL cDNA mixture was transferred to
an optical plate and analyzed with an ABI 3500 Genetic Analyzer
Capillary Electrophoresis machine (GE). After running the Xrnl
degraded 3’UTR and the Sanger Sequencing ladder on the ABI 3500
Genetic analyzer Capillary Electrophoresis machine, the HiTRACE
MATLAB suite®” (https://ribokit.github.io/HiTRACE/) with MATLAB
(v8.3.0.532) was used to analyze the stop site data.

In vitro probing of POWV 3'UTR, sfRNA 1, and sfRNA 2

1m7 and DMS probing of the POWV 3’'UTR. 1.0 pg of in vitro tran-
scribed full-length POWV 3’'UTR was heat denatured in 12 uL DEPC-
treated H,0 at 95 °C for two minutes and then immediately transferred
to ice. To this 8.0 uL of concentrated RNA folding buffer was added
with a final concentration of 100 mM NaCl, 50 mM Tris pH 7.5, 4 mM
MgCl, in 20 pL. The RNA was folded for 20 minutes at 55 °C and slowly
cooled to room temperature for 10 minutes. After cooling, the reaction
was split into two equal 0.5ug RNA aliquots to be modified with their
respective chemical probe and control. One 0.5ug aliquot was labeled
with 10 mM 1m7 (Sigma) or DMSO (Sigma) at 37 °C for 75 seconds (five
1m7 hydrolysis half-lives). In parallel, the other 0.5 ug of folded RNA
was modified with 0.5% DMS (Sigma) or EtOH for 5 minutes at 37 °C,
and then quenched with 2-Mercaptoethanol to a final concentration of
37.5% (Sigma). All conditions were purified and concentrated using the
RNeasy Micro Kit (Qiagen).

1m7 and DMS probing of the POWV sfRNA 1 and sfRNA 2. 2 g of
folded in vitro transcribed POWV 3’'UTR was degraded with Xrnl fol-
lowing the in vitro Xrnl degradation assay outlined above. Once the
reaction was complete, the RNA was modified with 0.5% DMS, 10 mM
1m7, and their appropriate controls. The reactions were cleaned up
using the RNeasy Micro Kit (Qiagen), and the sfRNA 1 and sfRNA 2
bands were separated on a 6% denaturing PAGE gel. sfRNA bands were
visualized by UV shadowing, cut from the gel, and eluted at 4°C

overnight in ~5mL of elution buffer consisting of 50 mM Sodium
cacodylate, pH 6.5, 0.1mM EDTA, and 50 mM NaCl. The RNA was
concentrated with a 30 K molecular weight cut-off Amicon Ultra spin
Concentrators (Millipore-Sigma) and buffer exchanged into
DEPC water.

Reverse transcription and second-strand synthesis. The following
reverse transcription and second-strand synthesis method was
applied to the full-length 3’'UTR, sfRNA 1, and sfRNA 2 RNA species.
Approximately 400 ng of modified or control RNA was incubated
with 20ng/uL random primer 9 (NEB; S1254S) and 1.0uM of
POWV_SHAPEMAP_RT Primer (Supplemental Data S2) in a final
volume of 11 uL. The RNA was incubated at 65 °C for 5 minutes and
immediately cooled on ice. To each of the reactions 8.0 pL of con-
centrated MAP buffer (125mM Tris pH 8.0, 187.5mM KCI, 15mM
MnCl,, 25 mM DTT, 1.25 mM equimolar dNTP mix) was added to the
reaction followed by 200 units of Superscript Il reverse transcriptase
(Invitrogen) for a total reaction volume of 20uL. The mixture was
incubated in a thermocycler at 25°C for 10 minutes, 42°C for
3 hours, 70 °C for 15 minutes, with a final cooling step to 4 °C. The
RNA/cDNA hybrids were then purified with G25 spin column (Cyteva)
following the manufacturer's protocol. Second-strand synthesis was
carried out using the NEBNext Ultra Il Non-Directional RNA Second
Strand Synthesis Module (NEB; E6111) following the manufacturer’s
instructions. The resultant cDNA was purified using the DNA Clean &
Concentrator-5 kit (Zymo) eluting in 10 uL of DEPC-treated H,O and
quantified fluorometrically with the Qubit (Thermo) using the dsDNA
HS Assay Kit (Thermo).

Library prep and sequencing. Next generation sequencing library
prep was performed with the Nextera XT DNA library preparation kit
(Illumina) using the Nextera XT Index Kit v2 Set B (Illumina) following
the manufactures instructions. Samples were normalized and pooled
together using a combination of the Qubit (Thermo) and the 4200
TapeStation System (Agilent Technologies) with the High Sensitivity
D1000 Screen Tape (Agilent Technologies). Multiplexed libraries were
sequenced on the NovaSeq 6000 platform (Illumina).

Data analysis. Raw sequencing reads were first assessed with FastQC
and sequencing adapters were trimmed using Trimmomatic v0.40%,
The paired end processed reads were then analyzed with
Shapemapper2® using the default parameters with a -min-depth
5000. The normalized reactivity data was analyzed with a custom in
house pipeline consisting of Python v3.9 and R v4.2.2 scripts. Data was
visualized on the secondary structure using Varna 3.93%°.

In Vitro RNA transcription and purification for Cryo-Electron
Microscopy

DNA templates were ordered as gBlock DNA fragments (IDT) and
cloned into pUC19 or as overlapping primers. 1 mL PCR reactions using
primers containing an upstream T7 promoter were used to generate
dsDNA templates for transcription. Typical PCR conditions: 1 ng/uL
plasmid DNA, 0.5uM forward and reverse DNA primers, 500 uM
dNTPs, 25mM TAPS-HCI (pH 9.3), 50 mM KCI, 2 mM MgCl,, 1mM
B-mercaptoethanol, and Phusion DNA polymerase (New England Bio-
Labs). dsDNA amplification was confirmed by 1.5% agarose gel elec-
trophoresis. Transcriptions were performed in 5 mL volume using 1 mL
of PCR product (-0.1uM template DNA) and 10 mM NTPs, 75 mM
MgCl,, 30 mM Tris-HCI (pH 8.0), 10 mM DTT, 0.1% spermidine, 0.1%
Triton X-100, and T7 RNA polymerase. Reactions were incubated at
37°C for 3 hours. After transcription, insoluble inorganic pyropho-
sphate was removed by centrifugation at 5000 x g for 5minutes,
then the RNA-containing supernatant was ethanol precipitated with
3 volumes of 100% ethanol at =80 °C for a minimum of 1 hour and then
centrifuged at 21000xg for 30 minutes at 4 °C to pellet the RNA, and
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the ethanolic fraction was decanted. The RNA was resuspended in 9 M
urea loading buffer then purified by denaturing 6% PAGE. Bands were
visualized by UV shadowing then excised. Bands were then crush-
soaked in diethylpyrocarbonate-treated (DEPC) milli-Q water at 4 °C
overnight. The RNA-containing supernatant was then concentrated
using spin concentrators (Amicon) to the appropriate concentration in
DEPC-treated water. RNAs were stored at —80 °C with working stocks
stored at —20 °C.

POWYV RNA refolding

RNA was refolded at the described concentrations as follows. To the
RNA solution (usually 18 uL of 3 mg/mL), 1/20th the volume of 1 M Tris
pH 7.5 was added. The solution was heated to 90 °C for 3 minutes, then
allowed to cool to room temperature for 10 minutes. Subsequently,
1/20th the volume of 200 mM MgCl, was added. The solution was then
heated to 50 °C for 30 minutes then allowed to cool to room tem-
perature for 10 minutes. Once cooled, the folded RNA solution was
stored on ice until use.

Cryo-EM sample preparation and data acquisition

RNA sample was applied to a glow discharged C-flat (1.2/1.3, 400 mesh)
holey carbon grid. Samples were vitrified in liquid ethane using a
Vitrobot Mark IV (5 s wait time, 5.5 s blot, =5 blot force, 100% humidity,
4 °C). Samples were imaged on a Titan Krios equipped with a Gatan K3
camera and Bioquantum energy filter. Movies were collected in fringe-
free mode, with a physical pixel size of 0.788 A, total dose of 50 e/A?,
and a defocus range of —0.8 to —2.0 um. SerialEM®' v4.1 was used for all
data collection. Additional information on data collection can be
found in Supplementary Table 1.

Cryo-EM data processing

The general data processing workflow was approximately
equivalent for all datasets using cryoSPARC 4.0. Briefly, all data
were patch motion corrected, and the contrast transfer function
was locally fit. An initial set of particles was picked using blob
picker from the first 1000 micrographs. Particles were extracted
and 2D classified. Good classes for template picking were manu-
ally chosen. Template-based picking was performed using tem-
plate picker on the entire dataset. Particles were then extracted
and subjected to several rounds of 2D classification to sort out
junk particles. Good 2D classes and the associated particles were
manually curated after each round. The pruned particles were
then used for initial map generation using the Ab Initio recon-
struction job requesting 2 volumes. The resulting 2 volumes were
used for heterogeneous refinement, where one class was the good
class and the other a junk class to remove poor quality particles.
Several rounds of heterogeneous refinement were performed,
discarding the junk particles after each round until the map
quality stopped improving. Subsequently, the good volume and
particles were subjected to non-uniform refinement. Local motion
correction, local CTF refinement, and global CTF refinement were
then carried out on the data and the particles were subjected to
further rounds of non-uniform refinement to yield the final maps.
The final workflow, an abbreviated version of all processes
attempted, and additional information on data processing for the
map can be found in Supplementary Fig. 5.

Structure modeling

To build the atomic model, the Cryo-EM structure of the tetrahymena
ribozyme was placed into the maps using ridged body fitting (PDB:
8TJX)® followed by the solved crystal structure of the Tamana bat virus
xrRNA (PDB:7K16)*. The model was then manually built using the
TABV xrRNA as an initial reference and joined in COOT** v0.8.9.1. The
final model was refined against the map by way of several rounds of
real-space refinement in PHENIX*® v1.21.1 and manual adjustments in

COOT. The statistics of model refinement and validation are listed in
Supplementary Table 1.

Data availability

Structure coordinates and map file have been deposited in the Protein
Data Bank (PDB) and Electron Microscopy Data Bank (EMDB) under
accession numbers 9DP9 and 47099, respectively. Raw chemical
probing data is available at the NCBI's Gene Expression Omnibus
archive under accession GSE270001. The xrRNA class 2 alignment is
available in Stockholm format as online supplementary material.
Source data are provided with this paper (https://doi.org/10.6084/m9.
figshare.27317046). Source data are provided with this paper.
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