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ABSTRACT: Targeting ribosomal frameshifting has emerged as a
potential therapeutic intervention strategy against COVID-19. In
this process, a −1 shift in the ribosomal reading frame encodes
alternative viral proteins. Any interference with this process
profoundly affects viral replication and propagation. For SARS-
CoV-2, two RNA sites associated with ribosomal frameshifting are
positioned on the 5′ and 3′ of the frameshifting residues. Although
much attention has been focused on the 3′ frameshift element
(FSE), the 5′ stem-loop (attenuator hairpin, AH) can play a role.
Yet the relationship between the two regions is unknown. In
addition, multiple folds of the FSE and FSE-containing RNA
regions have been discovered. To gain more insight into these RNA
folds in the larger sequence context that includes AH, we apply our
graph-theory-based modeling tools to represent RNA secondary structures, “RAG” (RNA-As-Graphs), to generate conformational
landscapes that suggest length-dependent conformational distributions. We show that the AH region can coexist as a stem-loop with
main and alternative 3-stem pseudoknots of the FSE (dual graphs 3_6 and 3_3 in our notation) but that an alternative stem 1 (AS1)
can disrupt the FSE pseudoknots and trigger other folds. A critical length for AS1 of 10-bp regulates key folding transitions. Together
with designed mutants and available experimental data, we present a sequential view of length-dependent folds during frameshifting
and suggest their mechanistic roles. These structural and mutational insights into both ends of the FSE advance our understanding of
the SARS-CoV-2 frameshifting mechanism by suggesting how alternative folds play a role in frameshifting and defining potential
therapeutic intervention techniques that target specific folds.

■ INTRODUCTION
The COVID-19 pandemic has inspired innovative research
into coronavirus proteins and viral RNAs, spanning many areas
of protein dynamics, RNA structure and folding, and structural
biophysics. Such research has been sustained because new
therapeutic approaches are needed for recurrent viral threats.
The frameshifting process has been a promising area of
research with long-term therapeutic potential against viral
infections.1−6 RNA frameshifting is regulated by the
frameshifting element (FSE) of the RNA virus, located in
the open reading frame ORF1a,b region of SARS-CoV-2’s viral
genome that codes for the polyproteins necessary for viral
protein synthesis (Figure 1). However, ORF1a and ORF1b
overlap by a single nucleotide in coronavirus genomes: ORF1b
starts from the −1 reading frame compared to ORF1a. The
FSE is responsible for the programmed −1 ribosomal
frameshift (−1 PRF), where translating ribosomes shift their
reading frames by one nucleotide in the 5′ direction (−1).

After this frameshift is complete, the ribosomes can decode the
ORF1b polyproteins.7

The FSE of coronavirus has been characterized as a
pseudoknot and associated with the −1 PRF slippage event
at the 7-residue slippery site.8−13 The SARS-CoV-2 FSE is an
84-nt segment and contains, from 5′ to 3′, a 7-nt slippery site
(UUUAAAC) and a 77-nt downstream RNA structure (see
Figure 1).
A 20-residue attenuator hairpin (AH) upstream (3′-end) of

the FSE may also be involved in frameshifting.14,15 The AH
may downregulate the frameshifting process, causing ribo-
somes to dissociate from the mRNA before receiving the −1
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PRF signal. Thus, the AH contributes to control a specific ratio
of ORF1a to ORF1b polyprotein products, thereby helping
optimize viral protein synthesis and replication.16,17

Although prior studies have characterized the 2D and 3D
structures of the FSE, including flanking sequences, the exact
folding interplay between the AH and FSE regions and the
influence of these regions on frameshifting have yet to be fully
elucidated.
Previous studies have underscored the significance of long-

range RNA interactions in influencing the structure and
function of the pseudoknot and the FSE within the SARS-
CoV-2 RNA genome. For instance, Manfredonia et al.,18 Lan
et al.,19 and Ziv et al.20 highlighted the importance of context-
dependent effects on the FSE structure, emphasizing that local
and global RNA folding can impact functional outcomes.
Additionally, a study by Andrews et al.21 identified a segment
within AS1 that exhibits statistically significant sequence
covariation, providing strong evidence for its structural
conservation and suggesting the incorporation of more
upstream nucleotides. Building upon these insights, particularly
regarding 2D and 3D RNA folding and the context-dependent

effects on the FSE structure, would provide a valuable
framework to interpret structural and functional results and
integrate them into a broader understanding of SARS-CoV-2
RNA biology.
In our previous work, we explored the multiple-conforma-

tional landscape of the SARS-CoV-2 downstream FSE using
our graph-theoretic approach, “RAG” (RNA-As-Graphs),
which uses tree and dual graphs to represent, study, predict,
and design RNA secondary (2D) structures.22−26 With our
coarse-grained dual graphs, we delineated the alternative RNA
structures of the downstream FSE and designed mutants via
inverse folding27 that transform the FSE topology into
others.28,29 Our FSE landscape includes the dominant 3-stem
pseudoknot, which we term dual graph 3_6 (confirmed by X-
ray, NMR, and Cryo-EM2,30−34), the alternative pseudoknot
3_3, and the three-way junction 3_5 (boxes in Figure 1).29

The three RNA motifs in Figure 1 contain the same Stems 1
and 3, but different Stem 2, which involves the 3′-end (in 3_6)
or 5′-end (in 3_3). The 3_6 pseudoknot has also been
confirmed by various methods,2,30−33 mostly for downstream

Figure 1. SARS-CoV-2 FSE sequence and three associated 2D motifs of 118-nt FSE-containing RNA folds emerging from this work. To illustrate
the frameshifting process, the 0-frame and −1-frame codons are labeled with the overlapping regions of ORF1a and ORF1b marked. The attenuator
hairpin, the 7-nt slippery site, and the downstream stimulatory pseudoknot are highlighted. For each 2D structure containing AH and FSE that
adopts one of three possible folds, including the 3-stem H-type 3_6 pseudoknot, the alternative 3_3 pseudoknot, and the three-way junction 3_5
(unknotted RNA), corresponding dual graphs and arc plots are shown, with color-coded stems and loops labeled.
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sequences, but also with upstream sequences including the AH
and a large portion of AS1.34

In our first FSE work,28 we designed four double mutants for
77-nt RNAs that transform the 3_6 pseudoknot into stem-
loops 2_1 and 3_2, the three-way junction 3_5, and a 3_3
pseudoknot with S2 and S3 intertwined (rather than S1 and S2
in 3_3 in Figure 1). These 77-nt mutants were embedded in

114-nt RNAs called M1-M4 in ref.35 and experimentally tested
by DMS-MaP. As expected, DMS-MaP data for 114-nt
versions of our four 77-nt mutants28 yield 2_1, 3_2, and
3_5 for M1−M3 (see Results in ref.35 and Figure S1).
Later in ref.29, we also designed 77-nt minimal mutants (2

to 6 residues changed) to strengthen the 3_3, 3_6, and 3_5
FSE structures (termed M3_3, M3_6, and M3_5, respec-

Table 1. Sequences of the Central 77-nt FSE and Long FSE-Containing Constructs in the Mutants Studied in This Worka,b

aMutations from ref.29 (M3_3, M3_6, and M3_5) are in bold and cyan. bMutations designed in this work (M3_5+, M3_6+, M3_6*, and M2_2)
are in bold and cyan.

Figure 2. Conformational landscapes of the wild-type FSE with upstream or downstream extensions of sequence (top) and symmetric extensions of
sequence (bottom). (A) In the conformational landscapes with increasing upstream or downstream sequence, the ensemble of 2D folds at each
sequence length is predicted by NUPACK.38 For each length, probabilities of 2D folds are calculated from the Boltzmann factor, and all structures
containing AH and 3_6, 3_3, or 3_5 motifs are individually summed. Motifs containing 3_6 and AH are in red; motifs containing 3_3 and AH are
in green; and motifs containing 3_5 and AH are in purple. See Figure 4 for examples of folds at different lengths. (B) The bottom landscape is
computed with a symmetric extension on both ends of the 144-nt segment containing the FSE.
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tively;29 see mutant sequences in Table 1 and also Figure 3
later). Pekarek et al.35 also reported that our earlier mutants
decreased frameshifting by an order of magnitude (from 25.6%
to 1−1.3%, including M3_5 mentioned here).28 More recent
experiments show that our structure-stabilizing and transition-
suppressing mutants reduce frameshifting by an order of
magnitude,36 confirming our hypothesis that structural changes
in FSE stem formation and overall folding play a significant
role in fine-tuning the frameshifting process.
Here, we continue to explore the length-dependent RNA

folding via graph-theory-based modeling and chemical probing
experiments to discover the relationship between AH
formation and various alternative forms of the downstream
stimulatory sequence and relate these folds to frameshifting.
Specifically, we predict RNA folds as sequence increases via
conformational landscapes (introduced in the studies29,37) as
shown in Figure 2 and connect this information to
experimental information for specific RNA lengths.
Nonpseudoknot structures such as stem-loops have been

identified in our earlier RNA motifs28,29 and reported by others
for long RNA lengths.18,19,39−41 These stem-loops can coexist
with AH in long sequence constructs. We have proposed that
structural transitions among these three, and likely other
motifs, exist and play an important role in frameshifting.37 We
continue to investigate this proposal in this study.
Specifically, we find here that the 3_3 and 3_6 FSE

pseudoknots can coexist with AH in the wild-type sequence
and that a switch between the two pseudoknots (3_3 and 3_6)
depends on whether the residues upstream or downstream of
the 77-nt FSE are exposed. Namely, in long sequence
constructs, alternative stem AS1 blocks pseudoknot formation
and favors simple stem-loops in the downstream FSE. By
designing new mutants to block either AH formation or the
pseudoknot, and considering new and published experimental
data, we describe the structural relation between the upstream
AH and downstream FSE. We further develop a mechanistic
picture of ribosomal frameshifting involving multiple ribo-
somes and a dynamic folding/unfolding cascade during
translation. Key in our mechanism are structural switches
between unknotted stem-loops (when AS1 forms) and 3-stem
pseudoknot/junction during the folding/refolding cycles.
These folds and refolding transitions in a complex landscape
define new avenues for targeting ribosomal frameshifting.
Our manuscript is organized by first introducing the wild-

type landscapes and, second, discussing different FSE-
containing RNA folds in light of experiments and other
computations of wild-type and mutant systems. This combined
information leads us to describe the frameshifting process as a
cascade of conformational switches in the subsection that
follows. The background material for graph representation,
inverse folding, conformational landscapes, and DMS-MaPseq
experiments is described in the “Materials and Methods”
section.

■ MATERIALS AND METHODS
RAG Dual Graphs and Inverse Folding. To represent

RNA 2D structures in our RNA-As-Graphs (RAG) framework,
double-stranded regions (stems) are denoted as vertices, and
single-stranded regions (bulges, loops, and junctions) are edges
in dual graphs.22,42,43 Hairpin loops are represented as self-
edges, and unpaired residues at the 5′ and 3′ ends are ignored.
See an introductory graph theory figure here (Figure 3), Figure

4 in ref.25, and a recent review in Comprehensive Computa-
tional Chemistry.44

We use our inverse-folding protocol RAG-IF27 to mutate the
FSE sequence to fold onto target dual-graph motifs. In brief,
RAG-IF has three steps: 1) identify mutation regions and
target 2D structures, 2) produce candidate sequences by
mutations using a genetic algorithm (GA), and 3) optimize the
mutated sequence pool by sorting and retaining only minimal
or essential mutations that fold onto the target graph. GAs
mimic evolution in nature, where the template sequence
undergoes iterations of random mutation, crossover, and
selection, and those with high fitness are retained. The fitness
is determined by the Hamming distance. The nominated
sequences are folded by IPknots45 and further examined by
NUPACK.38 Sequences that achieve the target folding are
further optimized to obtain the minimal mutations by
removing the nonessential mutations.27

Figure 3. RNA modeling by graphs, atomic 2D and 3D models, and
FSE applications: RAG elements and motif design. (A) Dual graph
representation example of an RNA structure. Stems are denoted as
vertices and single-stranded regions as edges. See ref. 22 for more
details. (B) Graph partitioning, keeping pseudoknots and junctions
intact, and subgraph representations. (C) Inverse folding design
algorithm RAG-IF for obtaining minimal mutations that yield a target
motif. See refs. 29 and 46 for details. (D) Dual graph library segments
for available RNA structures, with SARS-CoV-2 FSE motifs
highlighted. See ref.47 for details.
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Selection of Mutation Regions in Designed Mutants
by RAG-IF. M3_6+. We select S1 5′-strand residues as the
mutation region in order to break the G-C pairs that stabilize
AS1 and restore S1.
M3_6*. AH residues are selected as the mutation region to

break the base pairs and change the fold of the AH region. To
test the independence of the folding of AH and AS1, AS1
residues are not selected to mutate.
M2_2. S1 residues are selected as the mutation region to

disrupt S1 base pairs and support the 2_2 stem-loop.
M3_5+.We compare the wild-type FSE graph and the target

graph to identify the smallest possible mutation regions
required for the transformation. Considering that most of the
motifs generated from appending downstream residues to the
M3_5 mutant contain a 3_3 FSE, we focused on breaking the
3_3 pseudoknot to allow the 3_5 FSE to form in its place. We
specifically selected the downstream residues of S2 or S3 as the
mutation site. Here, we describe how this is accomplished for
our eight most successful target graphs: 6_458, 5_104, 5_90,
6_481, 7_2207, 6_390, 4_6, and 7_2365. We focus on the
motif topology and allow the lengths of the stems and loops to
vary.
Conformational Landscape Calculation. For each

variant (wild type, PSM M3_3, M3_5, M3_6), we start with
the base 41-nt sequence: AACCCAUGCUUCAGUCAGCU-
GAUGCACAAUCGUU- UUUAAAC.
The base 41-nt sequence contains the AH and the slippery

site. The sequence is selected according to Pekarek et al.’s35

FSE-V2 construct. We append the 77-nt unique sequence
corresponding to each variant (see Table 1) after the slippery
site (UUUAAAC, see underlined above), and see the full
sequence of 118-nt in Table S1.
Working downstream, we add the 26-nt sequence

GACAUCUACAAUGAUAAAGUAGCUGG one nucleotide

at a time, appending it to the 3′-end of each template sequence
(base 41-nt + unique 77-nt). Working upstream, we add the
20-nt sequence UAGUUGUGAUCAACUCCGCG one nu-
cleotide at a time, appending it to the 5′-end of each template
sequence.
For each coronavirus FSE, we use NUPACK v3.2.238,48

subopt mode and option -pseudo to predict RNA secondary
structure ensembles for lengths from 118 to 138-nt adding
upstream sequence and lengths from 118 to 144-nt adding
downstream sequence. NUPACK is used after comparing the
prediction performances of different RNA prediction software
packages (shown in Table S2 and Figure S5). The output
contains the predicted 2D structures, together with their free
energy estimates. We then use the Boltzmann distribution to
compute the partition function Z and the probability pi for
each 2D structure i.

Z p
Z

e ,
e

i

N
E k T

i

E k T

1

/( )
/( )

i
i

B
B

= =
= (1)

where Ei is the free energy estimate of structure i, kB is the
Boltzmann constant, and T is the room temperature (37 °C).
For each length, we apply our dual graph representation and

sum the probabilities of structures that correspond to the same
graph. Only graphs with probabilities ≥1% are retained, and
representative 2D structures are recorded for these graphs.
Next, we identify the minimal motifs within these example

structures that involve the 118-nt FSE-containing regions.
Once we identify all minimal motifs, we sum up the
probabilities of dual graphs that correspond to the same
minimal motif and retain only motifs with probabilities ≥5%.
DMS-MaPseq Chemical Probing. In Vitro RNA Chem-

ical Probing Read by Mutational Profiling. The 156-nt
SARS-CoV-2 FSE-containing construct was synthesized as G-

Figure 4. Dominant fold motifs for the FSE wild-type and mutant systems in this work with additional downstream and upstream sequences. Dual
graphs of the dominant motif at certain sequence lengths are shown with AH labeled in purple and the central FSE motif in boxes. For each system,
the dominant motif is shown for the 118-nt base sequence on the left. Dominant motifs from the landscapes with additional downstream sequences
are on the top, and those from upstream landscapes are on the bottom. The FSE subgraphs are labeled in red for 3_6, green for 3_3, and gray for
3_8. Whole AH-FSE motifs are labeled with the highest percentage in the noted sequence range and boxed in colors according to the same
grouping from the landscapes in Figure 2.
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blocks from Integrated DNA Technologies (IDT). The whole
construct was flanked at both the 5′ and 3′ ends by RNA
cassettes.49 For in vitro transcription of the 156-nt FSE-
containing construct, a T7 promoter region was added to its
5′-end. Transcription was performed using a T7 HiScribe RNA
synthesis kit (New England Biolabs). The generated RNA was
subjected to DNase treatment (TURBODNase), which was
further purified using a PureLink RNA Mini Kit (Invitrogen)
and quantified using a NanoDrop. The standardized cassettes
used are specifically designed to form hairpin structures
upstream and downstream of the construct, which have been
shown to allow more accurate structure predictions based on
the DMS data as the amplicon primers do not cover the signal
for the 5′ and 3′ ends of the construct.
For chemical probing, 6 μg of purified synthetic RNA was

denatured at 65 °C for 5 min and snap-cooled in ice. Following
denaturation, folding buffer (100 mM KCl, 10 mMMgCl2, 100
mM Bicine, pH 8.3) was added to the denatured RNA, and the
whole reaction mixture was incubated at 37 °C for 10 min. The
folded RNA was further treated with 10 μL of 1:10 ethanol-
diluted dimethyl sulfate (DMS). For control, an equivalent
volume of ethanol was added to the folded RNA. Probing was
initiated at 37 °C for 5 min and was quenched afterward using
100 μL of 20% β-mercaptoethanol (β-ME). Modified and
unmodified RNAs were purified using the PureLink RNA Mini
Kit (Invitrogen) and quantified using a NanoDrop.
Library Construction, Sequencing, and Data Processing.

Both chemically modified and unmodified RNAs were reverse
transcribed using a gene-specific primer (Table 2) comple-
mentary to the 3′ RNA cassette and Superscript II reverse
transcriptase under error-prone conditions as previously
described.50 The cDNA generated was further purified using
a G50 column (GE Healthcare) and subjected to second
strand synthesis (NEBNext Second Strand Synthesis Module).
For constructing next-generation sequencing libraries, the
double-stranded (ds) cDNA was PCR amplified using primers
directed against 5′ and 3′ RNA cassettes and the NEB Q5
HotStart polymerase (NEB). To introduce unique barcodes, a
secondary PCR was performed using TruSeq primers
(NEB).50 The resultant libraries were purified using Ampure
XP (Beckman Coulter) beads and quantified using a Qubit
dsDNA HS Assay kit (Thermo Fisher). For quality checks,
libraries were subjected to an Agilent Bioanalyzer 2100. Final
libraries were sequenced as 2 × 151 paired-end reads on the
Illumina MiSeq platform. To calculate mutation frequency in
both chemically modified (DMS-treated) and control
(ethanol-treated) RNA samples, the ShapeMapper2 algorithm
was used.51 Chemical modifications on each RNA nucleotide
were calculated using the following equation:

R mutr mutrm u= (2)

where R is the chemical reactivity, mutrm is the mutation rate
calculated for chemically modified RNA, and mutru is the
mutation rate calculated for unmodified control RNA
samples.50

In Vitro RNA Chemical Probing and Mutational Profiling.
Different length constructs of SARS-CoV-2 FSE (77-nt, 87-nt,
156-nt, and 222-nt) based on our earlier simulation studies and
5NIA-based mutational profiling29 were synthesized as G-
blocks from Integrated DNA Technologies (IDT). These were
chosen to probe the influence of additional nucleotide
sequences and lengths on the overall conformation landscape
of the SARS-CoV-2 FSE. Our 87-nt construct contains a
slippery sequence, while the 77-nt construct is devoid of it. All
constructs were flanked at the 5′ and 3′ ends by RNA
cassettes49 with a T7 promoter region added to the 5′-end of
each construct for in vitro transcription of RNA using T7 RNA
polymerase from the T7 HiScribe RNA synthesis kit (New
England Biolabs). The synthesized RNA was DNase treated
(TURBODNase) and purified using a PureLink RNA Mini Kit
(Invitrogen) and quantified using a NanoDrop.
Chemical probing of each construct was performed as

described earlier.36 Briefly, for chemical probing, 6 μg of
purified in vitro transcribed RNA was denatured at 65 °C for 5
min and snap-cooled in ice. Following denaturation, folding
buffer (100 mM KCl, 10 mM MgCl2, 100 mM Bicine, pH 8.3)
was added, and the whole reaction was incubated at 37 °C for
10 min. The reaction was further treated with 10 μL of 1:10
ethanol-diluted dimethyl sulfate (DMS). For control, an
equivalent volume of ethanol was added to the folded RNA.
Probing was initiated by incubating the reaction mixture at 37
°C for 5 min followed by quenching with an additional 100 μL
of 20% β-mercaptoethanol (β-ME). Modified and unmodified
RNAs were purified using the PureLink RNA Mini Kit and
quantified using a NanoDrop.
RNA Structure Predictions with DMS-MaPseq Data.

We only analyze the 87-nt regions of longer constructs for
SHAPEKNOTS, DREEM, DRACO, and DANCE-MaP as
done earlier.36

DREEM. Using the “detection of RNA folding ensembles
using expectation-maximization” (DREEM) algorithm,52 alter-
native structures were directly identified from the sequencing
reads from DMS-MaPseq.
Using an expectation−maximization technique, DREEM

clusters the reads into discrete groups based on patterns of
DMS-induced mutations. Log-likelihood is maximized to
obtain the DMS modification rate per base for each cluster.
In this work, a maximum of K = 3 clusters was used to group
the bit-vectors. The resulting DMS reactivities for each cluster
were then used as constraints for ShapeKnots53 predictions.
Hence, distinct structural clusters with their relative ratios
result in different folds, which represents the heterogeneity of
the RNA secondary structure.
DRACO. We also applied the DRACO algorithm,54 which

performs deconvolution of alternative RNA conformations
from mutational profiling experiments with a combination of
spectral clustering and fuzzy clustering, to validate the structure
prediction. Spectral clustering is performed for the sliding
windows along the transcript, allowing the optimal number of
coexisting conformations (clusters) to be automatically
identified from the eigengaps. Following the determination of

Table 2. Primers Used for PCR and Reverse Transcription of 156-nt SARS-CoV-2 FSE-Containing Sequence

Primer Sequence

3′ Cassette-RT GAACCGGACCGAAGCCCG
5′ Cassette-Fwd CCCTACACGACGCTCTTCCGATCTNNNNNCCCAGGGTCTG
3′ Cassette-Rev GACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNCCCAGGGGCTG
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the number of clusters, fuzzy clustering is carried out to allow
bases to be weighted according to their affinity for each cluster.
DRACO then reconstructs the overall mutational profiles by
merging overlapping windows with the same number of
clusters. DRACO reports consecutive sets of windows with
varying amounts of clusters separately.
The pair-end reads were merged by PEAR55 and mapped to

the reference sequence using the rf-map tool56 (parameters:
-b2 -cqo -ctn -mp “−very-sensitive-local”). The resulting BAM
files were then analyzed with the rf-count tool to produce MM
files (-r -m -mm -na -ni). MM files were analyzed with
DRACO54 (parameters: −allNonInformativeToOne−nonIn-
formativeToSurround−minClusterFraction 0.1), and deconvo-
luted mutation profiles were extracted from the resulting JSON
files. Normalized reactivity profiles were obtained by first
calculating the raw reactivity scores via the scheme by Zubradt
et al.57 as the per-base ratio of the mutation count and the read
coverage at each position, and then by 90% Winsorizing as a
normalization method, using the rf-norm tool56 (parameters:
-sm 4 -nm 2 -rb AC -mm 1). Data-driven RNA structure
prediction was performed using ShapeKnots53 and the
normalized reactivity profiles.

■ RESULTS
Overview. In the subsequent sections, we generate

conformational landscapes of frameshifting element-containing
RNA sequences computationally (see note below) to analyze
the various conformations of the SARS-CoV-2 systems as a
function of increasing sequence length, mimicking ribosomal
translation as introduced in the study.37

We begin with a sequence that contains AH and 3_6 FSE
(also modeled by Pekarek et al.35). Adding upstream (5′)
residues mimics the RNA sequence that the ribosome
encounters when the genome is unwound, as the ribosome
moves along the RNA transcript. For comparison, we also
constructed landscapes with varying downstream (3′) sequence
lengths to mimic the refolding when the ribosome moves
further downstream. For added perspective, we also consider
symmetric increases of sequence length, as in our previous

study.29 Although our computed landscapes only suggest
general trends, our prior experimental confirmation with
SHAPE29 and current comparison with DMS-MaPseq
chemical probing data lend confidence in this approach.
Starting from the 118-nt base sequence, which contains the

upstream AH and downstream FSE, we use graph IDs to
describe the RNA fold motifs in the conformational landscape
succinctly, e.g., 20% pseudoknot 3_3 and 80% pseudoknot
3_6. Because sequences are longer than 77-nt, higher-order
folds result (i.e., with more than 3 vertices), but these large
graphs may contain the 3_6, 3_3, and 3_5 as subgraphs, and
we color them accordingly (see Figure 1). The symmetric
landscapes reflect both upstream and downstream extensions.
Our landscapes are generated by NUPACK38 (see the

“Materials and Methods” section), which has yielded
consistent results for our work and in comparison to
experimental references before.29 NUPACK generates sub-
optimal structures that allow us to determine the conforma-
tional distribution (see information in the Supporting
Information on the performance of other packages) represent-
ing the conformational thermodynamic equilibrium. The
kinetic rate of transition processes among various motifs at
different lengths is beyond the scope of the current study; note
that our separate work explored the dynamic transition
pathways between two SARS-CoV-2 FSE pseudoknots.58

In addition to our computational landscapes, our paper
presents and analyzes new DMS-MaPseq FSE chemical
probing data (see the “Materials and Methods” section) for
the 156-nt FSE-containing sequence and designs four new
mutants that strengthen 3_6, stem-loop 2_2, and three-way
junction 3_5, all for long sequences. Previously published data
are also analyzed with the mechanistic information gleaned
from our landscapes.
Wild-Type SARS-CoV-2 Conformational Landscapes.

Figure 2 presents the landscapes for the wild-type system. At
each RNA length, we fold the RNA “in silico” and report the
percentages of each “fold” (denoted by its RAG graph ID)
within the conformational ensemble. The color codes in our
landscapes represent our 4-fold classes. Graphs that include

Figure 5. Transitions of 2D folding from the dominant motifs of FSE wild-type in this work with additional upstream (A) and downstream (B)
sequences are shown in arc plots. 3_6 FSE-containing motifs are colored in red; similarly, 3_3 FSE-containing motifs are colored in green, and 3_8-
containing motifs are colored in gray.
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AH with 3_6, 3_3, or 3_5 as subgraphs (see Figure 4), or
other folds, are colored in different colors (red, green, purple,
or gray). For example, starting at 118-nt, we have 95.2% of the
3_6 pseudoknot and 3.6% of the 3_3 pseudoknot (Figure 2A).
Thus, the majority of the histogram bar is red (3_6 family),
and the rest is green (for the 3_3 family) for this RNA length
(see Figure 2A). The gray represents other folds, mostly stem-
loops and large motifs containing them; stem-loops were a
notable minority in our earlier work.28 Thus, for 118-nt, we
obtain the 3_6 pseudoknot with AH (Figures 2A and 4), in full
agreement with the recent cryo-EM structure of the Moss
group.34

As we add downstream residues to the RNA, the FSE
contains a stable AH with a downstream 3_6 pseudoknot until
125-nt; then, the majority adopts a 3_3 FSE pseudoknot
instead. The exact dual graphs obtained at different lengths are
shown in Figure 4. Figure 5 illustrates the shift from the AH
and 3_6-containing fold to the AH and 3_3-containing fold as
red to green stems, where S2 reforms at longer sequences.
When sequences reach lengths above 132-nt, FSE motifs (dual
graphs in Figure 4) combine AH and a stable 3_6 FSE,
consistent with reported experimental results (Figure S2A).
As we add upstream residues to the wild-type FSE, an

alternative stem 1 (AS1) upstream forms, protecting the AH
and blocking the formation of 3_3 S2 and 3_5 S2 (Figure 5,
right). This favors 3_6 topologies as well as a 3_8 pseudoknot
(dual graphs in Figure 4 and related 2D folds in Figure 5, left).
A minority of stem-loops (under Other) also results. The 3_8
pseudoknot can form from 3_6 S2 and S3 with a shifted S1. As
clearly seen in Figure 5, right, AS1’s increasing size can block
or alter S1.
To investigate the folding of the AH-FSE region more

thoroughly, especially AS1 formation at long sequences, we
also extend the 144-nt symmetric construct we previously
developed in Figure 2B, which includes 30-nt upstream and

downstream of the central FSE region. In this scenario of a
longer upstream sequence, the 3_6 pseudoknot competes with
3_8, and both motifs coexist with AH. Additional base pairs
strengthen AS1, blocking S1 and supporting 3_8 (see Figure
S2B). The length 156-nt marks the emergence of a 12-bp AS1.
For this length, we capture a minority of stem-loops (under

Other), with 3_6 and 3_8 folds. Experimental data support
stem-loops for the 156-nt construct as a majority, but various
analysis programs differ in their outcomes (Figure S2B). The
DREEM algorithm52 reveals alternative conformations from
DMS-MaPseq reads, showing the dominant stem-loop 2_2
without S1 and a minor alternative stem-loop with S1, 2_1.
The differences noted from various deconvolution methods
used to handle sequencing reads emphasize the prediction
sensitivity to DMS reactivity profiles.
Together with our landscapes that reveal a growing portion

of stem-loops for long lengths, we conclude that all these folds
play a role and are possible in the FSE landscape (see also
Discussion in Dey et al.36). Namely, our landscapes and DMS
probing data all agree that this region of the SARS-CoV-2
genome adopts multiple competing conformations that are
part of the conformational landscape and whose relative
proportions are highly sensitive to the RNA length and to the
analysis programs. Our landscape makes clear that 3_6 S2 can
coexist with AH and that an AS1 longer than 10 bp results in
shifted S1. Without S1, stem-loops (2_1 or 2_2) observed in
multiple experimental studies19,59,60 and in long constructs by
our DMS-MaPseq (156-nt, Figure S2B, and 222-nt FSE-
containing sequence, Figure S6) are favored instead of the
pseudoknot 3_6. DMS-MaPseq reactivity data are plotted in
Figure S7.
SARS-CoV-2 Conformational Landscapes for Pseudo-

knot Mutants. In our previous work,29 we designed a series of
pseudoknot-strengthening mutants to fold onto the desired
FSE conformation at 77-nt. In Dey et al.,36 these mutants for

Figure 6. Conformational landscapes of our three motif strengthening mutants M3_6, M3_3, and M3_5 with expanding sequences upstream and
downstream. Motifs containing 3_6 and AH are in red; motifs containing 3_3 and AH are in green; and motifs containing 3_5 and AH are in
purple. See Figure 4 for examples of folds at different lengths.
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77-nt were shown to nearly abolish frameshifting, including
M3_6 and M3_3 to stabilize these pseudoknots. To test how
mutants that stabilized these conformational folds in short
FSE-containing RNAs behaved in a longer sequence context,
we explored the conformational landscapes for these mutants
containing sequences in long constructs. When AH is
considered, our M3_6 folds almost perfectly into a stable
AH and a downstream 3_6 FSE (Figure 6), both when adding
downstream or upstream residues. Additional hairpins are
appended downstream or upstream of the AH-FSE region
(Figure S8A). M3_3 also fares well in folding into both an
upstream AH and a downstream 3_3 FSE when adding both
downstream and upstream residues (for example, 5_90 in
Figure 4). Adding upstream residues generates a stable AH
along with a stable downstream 3_3 FSE. However, S3 can be
replaced by downstream hairpins, e.g., 6_390, after appending

downstream residues to M3_3 at 140−142-nt (shown in
Figure S8B).
The stability of M3_5 for the three-way junction is

examined via landscapes in Supporting Information. The
design of a stable 3_5 (3-way junction) fold at a long sequence
is given in Figure S9 based on the blocking of alternative
dominant structures observed in the conformational land-
scapes.
Conformational Switches in Frameshifting Folding

Landscape. Combining our conformational landscape in-
formation and experimental findings, we propose in Figure 7
that the length-dependent FSE folding follows this trajectory as
the ribosome unwinds during translation. Namely, as the
ribosome moves along the wild-type sequence (upstream
sequence decreasing), our landscapes in Figure 2 reveal the
following folding mechanisms of the AH-FSE template region:

Figure 7. Proposed FSE conformational transitions resulting from unwinding by ribosomes during translation. In our top schematic diagram, the
topology of the central FSE region changes as the ribosome moves along the RNA genome. Ribosomes located at timesteps T1 to T8 are colored
based on the associated FSE fold motif: red for 3_6 pseudoknot, green for 3_3 pseudoknot, and gray for unknotted stem-loop 2_2. The RNA
templates are boxed and colored to match the ribosome positions. The arrows indicate the range of ribosome unwinding of the local RNA. Folds of
the AH-FSE region are shown in secondary structure visualization via RNAcanvas.61
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(1) Long sequences promote the formation of unknotted
stem-loops that contain an elongated AS1 of 12 base
pairs or more and either a 2_2 (simple stem-loop) or
2_1 FSE (template 1).

(2) Disruption of partial AS1 results in a shifted S1 in the
predicted 3_8 motif (for central FSE) (template 2).

(3) Further unwinding leads to a shortened AS1, AH, and
3_6 FSE (template 3).

(4) Unwinding of AH results in 3_3 FSE formation when
the slippery site is available for pairing (template 4).

(5) When the ribosome’s movement renders the slippery site
inaccessible, the 3_6 FSE is reinstated (template 5).

(6) Additional downstream residues from the 77-nt central
FSE support a 3_3 FSE (see 5_109, for example)
(template 6 to 7).

(7) As the ribosome further moves away from FSE, 3_6 FSE
is reestablished, alongside AH (template 8).

In general, short stems, for example, 3_3 S2 and 3_8 shifted
S1, can form temporarily after adding sequences upstream or
downstream, while long stems, such as 2_2 stems and S3, are

Figure 8. Mutant designs to block AS1 (M3_6+), block AH (mutant M3_6*), or favor stem-loop 2_2 by blocking S1 (M2_2) in long FSE-
containing sequences. (A) To block AS1 and form the 3_6 pseudoknot, we manually mutate G1 to G3 in the 77-nt FSE region to U (denoted in
blue) and examine the folding for 132-nt and stability in long RNAs (expanding upstream from 134 to 153-nt). Three G-C pairs in the 12 bp AS1
at 132-nt are disrupted, and thus, AS1 with 3_8 is blocked in our resulting M3_6+ mutant. (B) To block AH and form the 3_6 pseudoknot, we use
RAG-IF and 2D structure prediction programs IPknot and NUPACK to screen and determine the minimal mutations. For the 133-nt FSE-
containing sequence, we mutate the AH region and replace AH with a stem knotted with AS1 and a small hairpin. The conformational landscape
expanding upstream shows the stability of the mutant motif. (C) To block S1 and favor the 2_2 stem-loop, we design the sequence with minimal
mutations for the 156-nt FSE-containing sequence. Three mutations are introduced to destroy three base pairs (2 AU pairs and 1 GC pair) in S1
and thus favor the 2_2 stem-loop. The conformational landscape expanding upstream confirms our target stem-loop stability.
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more stable. This likely explains the stem-loop structures in
many genome-wide structural analyses.19,59 In a separate work,
we simulate the 3_3 to 3_6 pseudoknot transition, confirming
its importance on aligning the FSE region in the narrow
mRNA channel.58

In the remaining subsections, we explore mutant designs to
confirm our sequence of RNA folds related to frameshifting.
See Table 1.
M3_6+ and M3_6*: AS1 or AH Blocking Mutation

Design for 3_6 at Long Sequences to Stabilize
Pseudoknot. In our cascade of conformations and folds,
AS1 length plays a critical role because a long AS1 (≥12-bp)
blocks the formation of the 3_6 pseudoknot. To further
validate our mechanistic landscape (Figure 7), we mutate the
FSE region to block the formation of AS1. In Figure 8A, we
examine the folding of the mutated sequence for 132-nt, where
a 12-bp AS1 exists for the wild type. The G-U mutations
indeed block AS1 formation and recover S1 in the 3_6
pseudoknot. We expand the sequence with additional upstream
residues and see that the 3_6 FSE replaces folds with both AS1
and 3_8 and thereby dominates the landscape with high
stability, as designed. We call this mutant M3_6+.
Alternatively, we stabilize the 3_6 pseudoknot by destroying

AH through mutations in the hairpin region while maintaining
AS1 and the 3_6 pseudoknot (M3_6*). From Figure 8B, we
split AH strands into two stems, including an 8-bp stem
knotted with AS1 and a 5-bp hairpin. Thus, the upstream stem-
loop seen in our 156 and 222-nt FSE-containing sequences in
Figures S2 and S6 and by others19,35 switches to a 3_6
pseudoknot.
M2_2: Stem-Loop Favoring Mutation Design for

Stem-Loop at Long Sequences. To strengthen stem-loop
2_2, we block the formation of S1 by mutating the FSE S1
region. S1 is inhibited by three mutations in our M2_2 mutant
shown in Figure 8C. AS1 extends from 8-bp to 12-bp, which is
consistent with the observations from our landscape. This
automatic mutation design via RAG-IF confirms that
disrupting S1 results in a 12-bp AS1 and 2_2 FSE, supporting
our findings of the effect of the upstream sequence on the FSE
pseudoknot and stem-loop conversion.
Details of a fourth mutant, M3_5+, to stabilize a three-way

junction instead of the pseudoknot 3_3, are described in
Section SIV and Figure S9.
Combining the findings from this study with those of earlier

research,28,29 the robust picture as shown in Figure 7 emerges
of how AH and AS1 compete/interfere with the short
sequence FSE pseudoknot 3_6.

■ DISCUSSION
Programmed ribosomal frameshifting (PRF) is thought to rely
on pseudoknots or stem-loop RNA folds that are critical to
pausing. However, many PRF systems are associated with
multiple folds of the frameshifting element. For SARS-CoV-2,
the picture is especially confusing since several stem-loops and
pseudoknots have been detected experimentally and by
computation. What, then, is the role of these alternative
folds? In this work, based on computations and DMS-MaPseq
experiments, we have suggested that a kinetic sequence of
events of folding and refolding directs PRF. Understanding this
complex dance presents an opportunity to develop therapeutic
intervention strategies, such as mutations by RNA-guided gene
editing tools, to interfere with this process. FSE-ribosome
interactions are also important to consider as FSE folding is

constrained by the ribosome in the cellular context. For
example, we showed in our work focusing on the 3_3 to 3_6
pseudoknot transition that this transition is triggered by
tension formed in the RNA strand due to ribosomal clashes
and that the transition releases this tension and places the
RNA properly into the narrow ribosomal channel.58

Our proposal in Figure 7 elucidates the length and context-
dependent folding of the AH-FSE region and its impact on
frameshifting, stemming from conformational landscapes for
different folding/refolding scenarios. When AS1 does not form,
AH is compatible at low sequence lengths with the 3_6 and
3_3 pseudoknots. As AS1 develops at medium lengths, it
replaces S1 and leads to a shifted S1 in 3_8 with a conserved
AH. With additional upstream and downstream sequences, the
anchoring helix AS1 expands and blocks FSE pseudoknot
formation. When the ribosome unwinds the long anchoring
helix AS1, the downstream sequence can refold back into the
3_6 pseudoknot.
To reinforce our mechanistic understanding of the evolving

template-driven folding and unfolding events that occur in the
SARS-CoV-2 FSE, we have designed four mutants that favor
specific motifs while destroying certain stems or hairpins. Our
M3_6+ mutant blocks AS1 altogether and favors 3_6. The
M3_6* mutant disrupts AH base pairs and results in a 3_6
pseudoknot containing AS1. The M2_2 mutant blocks S1 and
supports a stem-loop FSE in combination with a 12-bp AS1.
The mutant M3_5+ restores 3_5 and blocks 3_3 for long
sequences. These four mutants favor 3_6, 2_2, or 3_5 while
destroying AS1, AH, or S1, respectively. These design
experiments support our proposed cascade of FSE-containing
folds in Figure 7 and may be useful for antiviral approaches
targeting a specific conformer. Their effect on frameshifting
can be further examined by experiments.
Because each virus has evolved to create optimal rates of −1

PRF by balancing more and less stable structural features,17

alternative structures play an important role in frameshifting
and viral propagation. The AH has been shown to trigger
ribosome dissociation from the mRNA and thus decrease the
fraction of ribosomes available to frameshifting.17 The AH can
form without AS1, perhaps explaining why the hairpin remains
when the sequence is less conserved in the upstream region.
While its formation does not affect the downstream FSE
region, AS1 involving the spacer and S1 sequences has a large
impact on downstream FSE. This is consistent with the
observation that the spacer sequence plays a significant role in
frameshifting efficiency.2,62

The formation of these structures depends on translation
rates between conformers and ribosomal pausing.63 Forming a
stable and unwinding-resistant conformation to impede
translating ribosomes may be valuable for developing efficient
frameshifting elements,63 as in AH protected by a stable AS1.
Taking into account the limitations of various computational

pipelines in producing alternative clusters, predicting pseu-
doknots, and integrating SHAPE/DMS chemical probing data,
our conformational landscapes, as presented here, together
with experimental data, yield a robust picture, as shown in
Figure 7.
The conclusions regarding the multiple competing con-

formations observed in the FSE landscape are supported by the
integration of both the DMS experimental data and computa-
tional results. While the DMS data indicate a population
distribution that differs from the computational predictions,
this discrepancy highlights the inherent flexibility and
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heterogeneity of the FSE region. The computational models
provide a snapshot of energetically favorable conformations,
while the experimental DMS data reflect a dynamic ensemble
of structures present in solution. Together, these findings
suggest that the FSE does not adopt a single static fold but
rather exists as part of a conformational landscape, where
multiple structures coexist and compete. The relative
proportions of these structures are influenced by factors such
as RNA length and experimental conditions, as noted. This
dynamic folding behavior aligns with the proposed mecha-
nisms, where structural plasticity is crucial for frame-shift
regulation, allowing the RNA to respond sensitively to its
sequence context and cellular environment. By demonstrating
the coexistence of multiple conformations, our study under-
scores the importance of both computational predictions and
experimental validation in capturing the full complexity of the
RNA folding landscape.
Indeed, our computational work and experimental valida-

tions29,35 suggest an interactive model of AH-FSE structure
modulated by translating ribosomes during frameshifting and
largely influenced by AS1 formation. Blocking AS1 in our
M3_6+ mutant may also allow for more complex folds to form
(Figure 8B). Additional experimental and computational
perspectives, especially in the context of the ribosome, will
undoubtedly shed further insight into this complex and
important process.

■ CONCLUSIONS
Our study elucidates the intricate interplay between upstream
and downstream elements that regulate ribosomal frameshift-
ing in SARS-CoV-2. By leveraging graph-theory-based
modeling and experimental validation, we have demonstrated
that the attenuator hairpin (AH) and frame-shifting element
(FSE) engage in a dynamic cascade of conformational
transitions influenced by sequence length and structural
competition. These transitions, characterized by the coex-
istence and mutual exclusivity of pseudoknots (3_6 and 3_3)
and stem-loops, underscore the regulatory complexity of
programmed −1 ribosomal frameshifting (PRF).
Our findings reveal that AS1 formation is a critical

determinant in modulating the structural landscape of the
FSE, favoring either pseudoknot formation or alternative folds,
as shown in Figure 7. Importantly, our designed mutants
(Table 1 and Figure 8) validate the mechanistic framework by
stabilizing specific conformers and disrupting others. These
results highlight potential therapeutic avenues, including
targeting specific RNA conformations to hinder frameshifting
and thereby impede viral replication.
The broader implications of this study extend beyond SARS-

CoV-2, providing a framework to investigate RNA structural
plasticity and its functional roles in other viral systems. Future
investigations integrating ribosome-bound structures and
kinetic modeling will refine our understanding of RNA folding
landscapes under physiological conditions, offering deeper
insights into the relationship between RNA structure and
function in viral translation and replication.
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