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A B S T R A C T   

Human population growth, climate change, and globalization are accelerating the emergence of novel patho-
genic viruses. In the past two decades alone, three such members of the coronavirus family have posed serious 
threats, spurring intense efforts to understand their biology as a way to identify targetable vulnerabilities. 
Coronaviruses use a programmed − 1 ribosomal frameshift (− 1 PRF) mechanism to direct synthesis of their 
replicase proteins. This is a critical switch in their replication program that can be therapeutically targeted. Here, 
we discuss how nearly half a century of research into − 1 PRF have provided insight into the virological 
importance of − 1 PRF, the molecular mechanisms that drive it, and approaches that can be used to manipulate it 
towards therapeutic outcomes with particular emphasis on SARS-CoV-2.   

Emerging viruses: the confluence of human population growth, 
globalization, and climate change. Within the past generation, three 
interrelated but independent forces have driven the emergence of novel 
viral pathogens in the human population. Population growth has pushed 
humans into new ecosystems, increasing the number of contacts with 
zoonotic viruses, and hence the frequency of their adaptation to the new, 
human host (Karesh et al., 2012). Changes to ecosystems driven by 
climate change are altering the ranges of viral host species, enhancing 
the number of interspecies contacts (Mills et al., 2010). Lastly, economic 
globalization during this time period has created the means for the 
rapid, worldwide dissemination of novel pathogens (Sakar et al., 2004). 
As a result, we are witnessing an alarming increase in the number and 
frequency of novel viral epidemics. These include: the introduction of 
West Nile into North America in 1999 (Hadfield et al., 2019); the Severe 
Acute Respiratory Syndrome (SARS) near-pandemic of 2002–2003, and 
the narrowly averted breakout of the closely related Middle East Res-
piratory Syndrome Coronavirus (MERS-CoV) in 2012 (Xie and Chen, 
2020); a similarly arrested Ebola threat in 2013–16 (Holmes et al., 
2016); the emergence of Zika and Chikungunya virus in the Americas in 
2015–16 (Weaver et al., 2018). Although a combination of sound policy 
and luck mitigated the impacts of these prior outbreaks, the ongoing 
COVID-19 crisis confirms the grim reality that emerging novel virial 

pathogens will continue to pose one of the defining challenges of the 
21st century. 

The coronavirus three step genetic program. In humans, coro-
naviruses have traditionally been associated with causing approxi-
mately 10–30% of “common colds” (Paules et al., 2020). The perception 
of coronaviruses as relatively benign was dramatically altered with 
the emergence of SARS-CoV, and was further reinforced by MERS-CoV 
(Cui et al., 2019). As discussed elsewhere in this issue, these viruses 
are thought to be endemic in bats (Wong et al., 2019), and have 
moved to humans through intermediate species such as camels and 
exotic food animals in the context of crowded, unsanitary marketplaces 
(Volpato et al., 2020). 

Similar to other betacoronaviruses, SARS-CoV-2 has a plus-sense 
RNA genome that is roughly 30 kb in length (Wu et al., 2020). The 
genome contains at least nine different open reading frames (ORFs), 
where ORF1a and ORF1b comprise of about two-thirds of the genome 
(Wang et al., 2020). The organization of the betacoronavirus genome 
reveals the viral developmental program (Fig. 1A). Upon entering a 
cell, the viral genomic RNA (gRNA) is released into the cytoplasm, 
where it functions as an mRNA. Since ORF1a is located at the 5′ end of 
the gRNA, it is decoded first. ORF1a encodes proteins whose functions 
are to hijack the host cell by 1) securing the ribosomes, 2) 
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dysregulating the host cellular innate immune response, and 3) 
cleaving polyproteins into individual proteins. For example, nsp 1 hi-
jacks the ribosomes by binding to the small subunit and occluding the 
mRNA entrance tunnel (Schubert et al., 2020). How this interaction 
favors translation of the viral mRNA remains unanswered, but the 5′

untranslated region of the gRNA stimulates translation in vitro, sug-
gesting that it contains a cis-acting element to bypass this block 
(Schubert et al., 2020), thus enabling the viral RNAs to “own” the ri-
bosomes. Nsp 2 binds to prohibitin 1 and 2 and modulates host survival 
signaling in apoptosis (Cornillez-Ty et al., 2009). In addition to its 
ability to counteract host innate immunity through its ability to 
de-ADP-ribosylate, de-ubiquitinate, and remove Interferon stimulated 
gene 15 (ISG15) modifications from cellular proteins (i.e. de-ISGylate), 
nsp 3 also has papain-like protease activity which the virus uses to 
cleave the ORF1a and ORF1b polyproteins (Lei et al., 2018). Nsp 4 and 
nsp 6 function during the viral replication process to help the virus 
evade innate immune recognition (Angelini et al., 2013). ORF1b en-
codes proteins including the nsp 12 RNA-Dependent RNA polymerase 
(RDRP), the nsp 13 helicase, and the nsp 14/16 capping complex that 
are involved in the second stage of the viral replication program: RNA 
synthesis (Amor et al., 2020). Specifically, these proteins direct the 
synthesis of the (− ) strand antigenome, which serves as a template for 
production of new capped, (+) strand gRNAs and the subgenomic RNAs 
(sgRNAs), whose ORFs are located in the 3′-most third of the viral 
genome. The sgRNAs encode mostly structural proteins, which defines 
the third step of the viral replication program, synthesis of structural 
proteins and viral particle assembly. This process can be diagrammed 
as a software program flowchart (Fig. 1B). 

Expression of ORF1b requires a programmed − 1 ribosomal frame-
shift event. In coronavirus genomes, ORF1a and ORF1b partially over-
lap, where ORF1b is in the − 1 reading frame relative to ORF1a (Fig. 1A). 
Embedded in this overlap region is a cis-acting RNA element that directs 
a fraction of elongating ribosomes to slip by one base in the 5′ (− 1) 
direction in a process called Programmed − 1 Ribosomal Frameshifting 
(− 1 PRF). Upon a − 1 frameshift, ribosomes are able to continue trans-
lating the ORF1b encoded proteins, enabling progression of the viral 
replication cycle from Stage 1 to Stage 2 as diagrammed in Fig. 1. A 
typical − 1 PRF signal is composed of three elements. From 5′ → 3′, these 
are a heptameric slippery sequence at which the slippage occurs, a short 
spacer, and a proximal downstream stimulatory structure in the mRNA 
that directs the ribosome to pause over the slippery site (Fig. 2A and B). 
The slippery site most often has the sequence N NNW WWH (the 

incoming 0-frame is indicated by spaces), Where NNN = any three 
identical bases, WWW = three A’s or three U’s, and H ∕= G (Fig. 2B). 
With a few exceptions, the stimulatory structure is an RNA pseudoknot, 
in which the RNA strand folds back on itself one or more times to form a 
variety of complex but compact and stable structures (e.g., see 
Fig. 2C–E). 

The molecular mechanisms underlying − 1 PRF have been deeply 
investigated. The “simultaneous slippage” model of − 1 PRF (Jacks et al., 
1988) posits that the downstream stimulatory element makes elongating 
ribosomes pause with their A- and P-site tRNAs over the slippery site in 
the 0-frame. The nature of the tRNAs and slippery site are such that, 
upon a − 1 slippage event, the tRNA non-wobble bases can re-pair to the 
− 1 frame codons. The pseudoknot was first discovered in a coronavirus, 
Avian Infectious Bronchitis Virus (Brierley et al., 1989), and this system 
was subsequently used to demonstrate pseudoknot-induced ribosomal 
pausing over the − 1 PRF signal (Somogyi et al., 1993). While the 
complete mechanism and structural biology underlying mRNA pseu-
doknot stimulation of recoding has not been fully elucidated, our current 
understanding is described as follows. The “torsional restraint” model 
(Plant and Dinman, 2005) proposes that, as an elongating ribosome 
begins to unwind Stem 1 of the pseudoknot, supercoiling in Stem 2 
impedes the ribosomes’ progress such that a point is reached where the 
forward motion of the ribosome is countered by the resistance of the 
pseudoknot to unwinding. This effect, in combination with a spacer of 
optimal length, serves to direct ribosomes to pause with their A- and 
P-sites at the slippery site. The “9 Å Solution” model of − 1 PRF (Plant 
et al., 2003) was founded on atomic-resolution structural data indicating 
that the mRNA is pulled into the ribosome by one base during the pro-
cess of aa-tRNA accommodation (Noller et al., 2002). In this model, the 
downstream stimulatory structure impedes this movement, stretching 
the segment of mRNA located between the slippery site and the stimu-
latory structure. The resulting local tension in the mRNA can be resolved 
either by unwinding the stimulatory structure or by slippage into the − 1 
frame. A similar mechanism can also be applied to co-translocational − 1 
PRF events (Bock et al., 2019; Caliskan et al, 2014, 2017; Chen et al., 
2014; Kim et al., 2014). An important feature of this model is that the 
energy provided by the GTPase power stroke of either eEF1A or eEF2 is 
sufficient to drive tRNA unpairing from the 0-frame codons, a critical 
prerequisite for − 1 PRF (Bock et al., 2019; Caliskan et al., 2014; Plant 
et al., 2003; Rodnina et al., 1995). Additional structural and kinetic 
analyses using purified E. coli ribosomes and elongation factors have 
shown that the downstream pseudoknot in the mRNA can impede the 

Fig. 1. Betacoronavirus gene organization and expression flowchart. A. Map of the betacoronavirus genomic RNA (gRNA). Open reading frames are color-coded and 
the − 1 PRF signal is indicated inside of the yellow diamond. B. Flowchart of the intracellular coronavirus (CoV) replication program. Upon infection and release of 
viral genomic RNA into the cytoplasm, ORF1a-encoded proteins are synthesized first, initiating Stage 1 of the program. Their function is to “hijack” the cell by 
securing the ribosomes and disrupting the host cellular innate immune response. Approximately one quarter of translating ribosomes are induced to shift reading 
frame at the − 1 PRF signal. This − 1 PRF signal represents a decision point: to continue with Stage 1 or to move into Stage 2, wherein proteins expressed from ORF1b 
are synthesized in order to transcribe new viral RNAs, including new genomic and subgenomic RNAs. New gRNAs also provide feedback to reinforce cellular takeover 
by the virus. The transition to Stage 2 may either be rapid, requiring the accumulation of a critical mass of ORF1b products to generate a rapid burst of RNA synthesis 
(e.g. the rate of viral factory assembly may be determined by − 1 PRF rates), or it may be a gradual process instead. In Stage 3, structural proteins encoded in the 
subgenomic RNAs package the genomic RNAs to produce new viral particles, which exit to repeat the infectious cycle. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. − 1 PRF in SARS-CoV and SARS-CoV-2. A-B. Cartoon showing elements involved in − 1 PRF and example of shift in reading frame. Elongating ribosomes 
pause at the 3-stemmed pseudoknot with A- and P-site tRNAs base-paired respectively to AAG and UUA codons in slippery site; upon slippage, non-wobble bases 
of tRNAs can re-pair to − 1 frame codons AAA and UUU. C-E. Comparison of the two-dimensional representations of the SARS-CoV-2 − 1 PRF signals. Data from 
(Bhatt et al., 2020; Kelly et al., 2020; Zhang et al., 2020) are labeled and color-coded as indicated. The nucleotides that differ between SARS-CoV-2 and SARS-CoV 
are boxed in grey. The dimerization domain identified in (Ishimaru et al., 2013) is circled in cyan. F–H. Space-filled models of the SARS-CoV-2 three stemmed 
pseudoknot. From left to right, an example of a 5′-end threaded conformation generated by molecular dynamics simulations (Omar et al., 2020), the cryo-EM 
structure of an isolated pseudoknot (Zhang et al., 2020), and the cryo-EM image of the pseudoknot in the context of a paused ribosome (Bhatt et al., 2020). 
I. A model of the dimerized SARS-CoV-2 − 1 PRF signal from molecular dynamics simulations (Omar et al., 2020). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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closing movement of the large subunit head, arresting it in a 
hyper-rotated state, which delays dissociation of the translocase and the 
release of deacylated tRNA. Release of the tension on the mRNA by ri-
bosomal slippage accelerates completion of translocation, providing a 
lower-energy path for the ribosome to continue translation (Chen et al., 
2014; Rodnina et al., 2019; Yan et al., 2015). More recently, an 
endogenous cellular protein called Shiftless was identified that binds to 
frameshifted, hyper-rotated ribosomes, arresting their translation and 
promoting translation termination by recruiting the termination factors 
(Wang et al., 2019). 

Whether downstream stimulatory structures play active roles in 
directing − 1 PRF remains an open question. It has been known for some 
time that thermodynamic stability corresponds with − 1 PRF efficiency, 
but only to a limited extent: pseudoknots that are too stable inhibit − 1 
PRF, presumably because they cannot be resolved by translating ribo-
somes (Marczinke et al., 1998). Numerous studies suggest that dynamic 
mRNA structural remodeling is required for optimal − 1 PRF efficiency 
(Chen et al., 2013; Halma et al., 2019, 2020; Kendra et al., 2017; Kim 
et al., 2014; Moomau et al., 2016; Ritchie et al, 2012, 2014, 2017; Yang 
et al., 2018). Coordination of base triples in both major and minor 
grooves provides mechanical resistance to pseudoknot unwinding and 
stretches of adenosines confined along the minor groove of a helix also 
provide resistance. Together, these molecular features contribute to 
ribosome pausing at the slippery site to help stimulate − 1 PRF (Chen 
et al., 2017; Halma et al., 2019). Thus, while it was initially thought that 
downstream stimulatory structures were merely passive “roadblocks,” 
the most recent research suggests that they are actively involved. What 
‘active’ means in this context remains an evolving question. For 
example, it may involve the deformation of one structure that strongly 
impedes ribosome progress, followed by structural remodeling to 
another conformer that does not, or it may be that fluctuations in the 
mRNA tension induced by conformational switching play a role in 
inducing slippage. Additionally, biophysical and mutational analyses 
revealed that the terminal loop (i.e., loop 2) of the SARS-CoV − 1 PRF 
stimulating pseudoknot mediates RNA dimerization and that this plays a 
role in determining − 1 PRF efficiency (Ishimaru et al., 2013). Notably, 
this sequence is conserved in SARS-CoV-2 (Fig. 2C and I) (Kelly et al., 
2020). The role of dimerization in − 1 PRF remains unknown. 

1. Structural biology: 3-stemmed RNA pseudoknots in 
coronavirus ¡1 PRF signals 

There is strong phylogenetic, genetic, and biophysical evidence 
showing that the alpha- and betacoronaviruses share a common 3-stem 
fold, rather than the 2-stem structure typical of most stimulatory pseu-
doknots (Baranov et al., 2005; Harcourt et al., 2020; Omar et al., 2020; 
Plant et al., 2005; Ramos et al., 2004; Zhang et al., 2020) (Fig. 2C, D, 
2E). This 3-stem architecture is highly conserved among betacor-
onaviruses (Rangan et al., 2020) but seems to be unique to the coro-
navirus family (Plant and Dinman, 2008). The SARS-CoV-2 pseudoknot 
is nearly identical in sequence to the SARS-CoV pseudoknot, differing 
only in having A instead of C at position 13,533 in loop 3. The results 
from structural probes of the SARS-CoV pseudoknot (Ishimaru et al., 
2013; Plant et al, 2005, 2010) are thus likely to apply also to the 
SARS-CoV-2 pseudoknot. Indeed, small-angle X-ray scattering analyses 
of global morphology confirms that the SARS-CoV and SARS-CoV-2 
pseudoknots occupy effectively identical space-filling envelopes (Kelly 
et al., 2020), and NMR spectra (Wacker et al., 2020) revealed a similar 
secondary structure to that deduced previously for the SARS-CoV 
pseudoknot from nuclease-protection assays (Plant et al., 2005), 
although with the end of stem 2 unpaired to extend loop 3. Based on the 
secondary structure from nuclease-protection assays, atomistic molec-
ular dynamics simulations found an ensemble of possible structures with 
networks of tertiary contacts consistent with the resistance of the 
SARS-CoV pseudoknot to mechanical unfolding (Omar et al., 2020). 
Intriguingly, this ensemble encompasses different fold topologies, 

including one with the 5′ end threaded through the junction between 
stems 1 and 3 (Fig. 2F). The 5′-end threading creates an unusual 
“ring-knot” structure previously only seen in viral 
exoribonuclease-resistant RNAs (Akiyama et al., 2016). 

Cryo-EM imaging of the SARS-CoV-2 pseudoknot confirms that it 
forms an ensemble of structures, with both rod-like and bent conformers 
observed, including some with a ring-like feature (Zhang et al., 2020). 
This 88-nt RNA is also notable for being the smallest biomolecule 
resolved by single-particle cryo-EM to date. A preliminary 5.9 Å reso-
lution structure of the ring-like subpopulation reveals the presence of 
two “holes” in addition to the open ring (Fig. 2G), which may present 
small-molecule binding/docking sites. The ring provides space for 
threading of the 5′ end, similar to what was seen in molecular dynamics 
modeling (Omar et al., 2020) (Fig. 2F), confirming the presence of this 
unusual topology. However, the base-pairing is different in this structure 
from the pairing deduced from nuclease-protection results (Plant et al., 
2005) and NMR (Wacker et al., 2020), featuring an extended stem 1, loss 
of loop 1, shortened stem 2, and lengthened loop 3. As a result, none of 
the stems are stacked, unlike what is often seen in stimulatory pseu-
doknots. These differences may arise from the high Mg2+ concentration 
used for the imaging. This cryo-EM reconstruction also includes a 
mini-helix formed within the slippery site and spacer region upstream of 
the pseudoknot. However, RNA chemical modification studies of the 
SARS-CoV-2 genome reveal that the slippery site is single-stranded 
(Huston et al., 2020; Iserman et al., 2020; Lan et al., 2020; Man-
fredonia et al., 2020; Zhang et al., 2020), suggesting that the mini-helix 
is an artifact of the construct used for cryo-EM imaging. 

A second cryo-EM study has imaged the SARS-CoV-2 − 1 PRF signal 
not in isolation, but on an arrested mammalian ribosome that is primed 
for frameshifting (Bhatt et al., 2020) (Fig. 2H). In this ~2.3 – 7 Å 
reconstruction, the RNA is positioned with its slippery-site codons in the 
0-frame, a peptidyl-phenylalanyl tRNA base-paired to the ribosomal 
P-site, and the spacer region pulled into the mRNA entrance tunnel. It 
should be noted that in order to stall ribosomes at the − 1 PRF signal, the 
0-frame A-site codon was changed from AAC to UAA and in vitro trans-
lation reactions were supplemented with an excess of a mutant eRF1 
(AAQ) in order to trap ribosomes in the act of decoding the A-site. These 
non-rotated ribosomes thus represent a pre-frameshift complex, which 
necessarily limits what can be learned about the − 1 PRF process itself. 
Nonetheless, this structure presents a wealth of novel information. 
Consistent with the unwinding of the pseudoknot by the intrinsic ribo-
somal helicase (Rabl et al., 2011; Takyar et al., 2005), the spacer and stem 
1 of the pseudoknot interact with basic residues in the C-terminal domain 
of ribosomal proteins uS5 and eS30. A direct interaction between helix 16 
of the 18S rRNA and minor groove of stem 1 was also noted: this inter-
action may restrict the relative rotation between the head and body of the 
small subunit during translocation, which has been shown to be impor-
tant for the − 1 PRF process (Caliskan et al., 2014). Similar to the struc-
tures described above, the 5′ end is threaded through a ring formed by the 
junction between the 3 stems. Whereas the quasi-coaxial stacking of 
stems 1 and 2 resembles what is seen in the threaded structures described 
by Omar et al. the interaction of the − 1 PRF signal with the ribosome 
appears to have caused significant restructuring of this element (compare 
Fig. 2F and G with Fig. 2H). In particular, stem 1 is distorted towards the 
5′ end and shortened by 1 base-pair, loop 1 is less compact and breaks 
triples with stem 2 in favor of interactions with the ribosome, loop 3 is 
extended by shortening stem 2 but also loses tertiary contacts with stem 1, 
while stem 3 is lengthened by 1 base-pair and most notably is rotated 
nearly perpendicular to the axis formed by stems 1 and 2. These results 
suggest that the interaction of the pseudoknot with the ribosome results in 
significant restructuring of the frameshift-stimulating element, consistent 
with SAXS analyses (Kelly et al., 2020) and molecular dynamics simula-
tions indicating the presence of a complex structural ensemble of con-
formers (Omar et al., 2020). These findings support an emerging theme 
wherein “shapeshifting” RNAs are important for regulating gene 
expression (Dinman, 2018, 2019a). Beyond well-documented examples 
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in mRNA splicing, others include the ability of different conformers of the 
nc886 RNA to control activation of RNase L and its ability to activate the 
immune response (Calderon and Conn, 2017), and the interactions of 
mRNAs with Argonaute (Ruijtenberg et al., 2020). Currently, small- and 
wide-angle x-ray scattering (SAXS and WAXS) (Kelly et al., 2020), 
single-molecule force spectroscopy (Halma et al., 2019), time-resolved 
cryo-EM (Frank, 2017), new biophysical assays of − 1 PRF including 
ribosome profiling (Belew et al., 2014) and nanopore-based applications 
(Zhang et al., 2015), and computational advances are being exploited to 
visualize and model the process of − 1 PRF. 

2. Functional analyses of the SARS-CoV and SARS-CoV-2 ¡1 PRF 
signals 

Historically, a series of molecular genetics and biochemical analyses 
of the Avian Infectious Bronchitis Virus − 1 PRF signal established 
the foundation for much of our understanding of this phenomenon 
(Brierley et al., 2007; Brierley and Pennell, 2001). Analyses of 
SARS-CoV-2 sequence variations reveal the highly conserved nature of 
the − 1 PRF signal; the vast majority of variants are very infrequently 
represented in the population, supporting the importance of this 
element for viral fitness (Ryder et al., 2020). Functional studies of 
single-nucleotide polymorphisms seen in different regions of the pseu-
doknot found that most of them had little effect on − 1 PRF efficiency 
(Neupane et al., 2020), with only a few leading to significant decreases, 
including a ~2-fold decrease from C13476U and C13501U in stem 1 
(Sun et al., 2020) and a roughly 3-fold decrease from U13494C in stem 2 
(Neupane et al., 2020); notably, each of these mutations involved con-
verting G:C pairs to G:U (or vice versa), and hence would be expected to 
leave the secondary structure unchanged. Stems 1 and 2 of the 
SARS-CoV and SARS-CoV-2 pseudoknots are absolutely required to 
promote − 1 PRF, but stem 3 is not; rather it appears to function to 
further stimulate this activity (Baranov et al., 2005; Kelly et al., 2020; 
Plant et al, 2005, 2010). In loop 1, changing G13486 to A reduces − 1 
PRF to roughly one-third of wild-type levels, while changing it to C 
reduced it even further (Bhatt et al., 2020); similarly, the U13485C 
mutation reduces − 1 PRF more than two-fold (Sun et al., 2020). Mu-
tations to A13535 and A13537, located in loop 3 and/or stem 2 
(depending on the structural model), also abrogated efficient − 1 PRF 
(Bhatt et al., 2020; Plant et al., 2005). These observations also support 
the idea that structural plasticity plays an important role in the − 1 PRF 
mechanism. Additionally, the placement of the 0-frame stop codon ap-
pears to play an important role in determining − 1 PRF efficiency, and a 
model has been proposed in which the process of termination by a 
leading ribosome provides the pseudoknot time to re-fold before a 
trailing ribosome encounters the − 1 PRF stimulating sequence (Bhatt 
et al., 2020). 

The SARS-CoV and SARS-CoV-2 − 1 PRF signals also harbor a novel 
“attenuator hairpin” element located immediately upstream of the 
slippery site (Cho et al., 2013; Su et al., 2005) (Fig. 2C and E). The 
attenuation model posits that the hairpin is initially unwound by an 
elongating ribosome as it approaches the frameshift signal. As it enters 
the slippery site, the ribosome clears the attenuator sequence, enabling 
the stem-loop to re-form. Its formation enables it to block the backwards 
slippage of the ribosome. While the primary sequence of the 
SARS-CoV-2 attenuator element is not as well conserved with its 
SARS-CoV counterpart as compared to their core − 1 PRF signals, both 
have been shown to have − 1 PRF-tempering activities (Kelly et al., 
2020). Additionally, in silico analysis of the SARS-CoV-2 “structurome” 
suggests that the − 1 PRF signal is nested inside of a larger, 
double-stranded RNA superstructural domain (Andrews et al., 2020). 

3. ¡1 PRF as a critical developmental switch 

As noted above, expression of the ORF1b proteins require a − 1 PRF 
event. From the programmatic point of view shown in Fig. 1B, − 1 PRF 

represents a decision nexus: either remain in Stage 1 of the infectious 
program or progress to Stage 2. Notably, − 1 PRF does not happen with 
100% efficiency; rather, − 1 PRF directed by the SARS-CoV and SARS- 
CoV-2 elements occur at an efficiency of ~15–30%, depending on the 
assay system (Bhatt et al., 2020; Kelly et al., 2020; Plant et al., 2005). In 
viruses such as HIV-1, − 1 PRF rates determine the ratio of structural (e. 
g. the Gag polyprotein) to enzymatic proteins (the Gag-pol polyprotein), 
and the prevailing model is that the rate of − 1 PRF ensures the pro-
duction of the correct ratios of structural to non-structural proteins 
(Dever et al., 2018). However, this situation does not apply to corona-
viruses because the ORF1a proteins do not encode structural proteins. 
Instead, we suggest that − 1 PRF in these viruses may have a timing 
function. We propose that by delaying the accumulation of the RNA 
replication machinery until some critical concentration is reach-
ed—which could be important for building a viral factory (Neuman 
et al., 2014), for example, a process that may involve a 
concentration-dependent phase transition of the viral replication com-
plex (Galloux et al., 2020; Zhou et al., 2019)—the virus may buy time for 
the ORF1a-encoded non-structural proteins to amass to high enough 
concentrations that they can incapacitate the host cell’s innate immune 
response. This time delay may be important because of the transient 
production of dsRNAs during the RNA replicative phase, which may 
activate various arms of the innate immune response (Maillard et al., 
2019). From a biochemical/biophysical vantage point, slowing the 
buildup of viral replicase may maximize the timing at which a critical 
concentration of this enzyme is achieved, enabling a burst of RNA syn-
thesis at the right time during the viral replication cycle. 

4. ¡1 PRF is a novel target for antiviral therapeutics 

An early study of − 1 PRF in a totivirus demonstrated that the native 
rate of frameshifting produced the correct stoichiometric ratios of struc-
tural to enzymatic viral proteins, and that either increasing or decreasing 
− 1 PRF efficiencies inhibited viral replication (Dinman and Wickner, 
1992). Consistent with this model, overexpression of retroviral Gag-pol 
protein inhibited viral replication (Karacostas et al., 1993). Later 
studies revealed that − 1 PRF rates can also be altered by small molecules 
to interfere with viral replication, thereby identifying − 1 PRF as a po-
tential therapeutic target (Dinman et al., 1997; Goss Kinzy et al., 2002). 
These findings were later extended to the SARS-CoV − 1 PRF signal, 
showing that mutants (Plant et al, 2010, 2013), antisense peptide nucleic 
acids (Ahn et al., 2011), and a small-molecule inhibitor of − 1 PRF, 
2-methylthiazol-4-ylmethyl)-[1,4]diazepane-1-carbonyl]amino}benzoic 
acid ethyl ester (MDTB) (Park et al., 2011), all negatively impacted virus 
replication. The − 1 PRF signals of the SARS-CoV family may be partic-
ularly good drug targets because a) there is no known case of − 1 PRF 
promoted by a three-stemmed pseudoknot structure in host cellular 
mRNAs; b) the − 1 PRF signal is highly conserved because it has to 
maintain structure while coding for two overlapping genes, and thus it is 
not likely to mutate to evade drug interactions; and c) the structure of the 
pseudoknot is sufficiently complex to contain well-defined binding 
pockets, with the 5′-end threading in particular generating a unique 
pocket geometry. This notion has elicited a burst of recent research aimed 
at identifying small molecules that target the SARS-CoV-2 − 1 PRF signal 
(Manfredonia et al., 2020). For example, MDTB was also shown to inhibit 
SARS-CoV-2 − 1 PRF (Kelly et al., 2020) and viral replication (Bhatt et al., 
2020). Similarly, this agent appears to be resistant to natural variants of 
the SARS-CoV-2 − 1 PRF stimulating pseudoknot (Neupane et al., 2020). 
A recent screen of a bank of approved drugs identified numerous small 
molecules that either stimulated or inhibited SARS-CoV-2 mediated − 1 
PRF (Chen et al., 2020). Independently, another group identified mera-
floxacin, a fluoroquinolone antibacterial, as a potent inhibitor of 
SARS-CoV-2 − 1 PRF and viral replication in Vero-E6 cells, which also 
showed resistance to natural mutations and activity against other human 
betacoronaviruses (Sun et al., 2020). We have also identified numerous 
small-molecule inhibitors (Dinman, unpublished). Although there does 
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not appear to be overlap among all of the screens reported to date, the 
compounds identified thus far are rich in hydrophobic cyclic structures 
(Fig. 3A), suggesting that they may bind to the “ring” and “holes” iden-
tified by molecular dynamics simulations (Omar et al., 2020) and 
cryo-EM (Zhang et al., 2020). Indeed, computational modeling of the 
binding of MTDB to the SARS-CoV (Park et al., 2011) and SARS-CoV-2 
(Woodside, unpublished) pseudoknots shows that it binds to a cleft 
formed by the threading of the 5′ end (Fig. 3B). Intriguingly, interactions 
with the pseudoknot alone are insufficient to explain the inhibitory effect 
of MTDB, since its Kd of ~200 μM for pseudoknot binding (Ritchie et al., 
2014) is many times higher than IC50 for suppressing − 1 PRF (Kelly et al., 
2020; Park et al., 2011) or viral replication (Bhatt et al., 2020), suggesting 
that its binding is enhanced by the presence of ribosomes, for example 
owing to direct contacts with the ribosome or effects from 
ribosome-induced remodeling of the pseudoknot. It remains unclear to 
what extent similar considerations may apply to other small-molecule 
inhibitors. In parallel to exploration of small-molecule inhibitors, anti-
sense targeting of the − 1 PRF signal is also being explored as a thera-
peutic approach (Plant et al., 2013; Zhang et al., 2020). 

The − 1 PRF attenuator hairpin also presents a target for antiviral 
intervention. For example, annealing of an antisense RNA or DNA 
oligonucleotide to upstream of the MERS-CoV − 1 PRF signal strongly 
inhibited frameshifting (Hu et al., 2016). Similarly, a drug-like small 
molecule has been identified that binds with high affinity to the 
SARS-CoV-2 frameshift-attenuator hairpin, stabilizing it in its folded 
state and attenuating − 1 PRF in a cell-based assay (Haniff et al., 2020). 
Additionally, when ligated to RIBOTAC, a ribonuclease targeting 
chimera, it can recruit a cellular protease to degrade the viral RNA. 

An alternative approach to small-molecule or anti-sense inhibitors 
may be to develop attenuated viral vaccine strains that incorporate 
mutated − 1 PRF signals. These RNA elements may be particularly 
amenable to such an approach because multiple silent coding mutations 
can be incorporated into the slippery-site and pseudoknot-forming re-
gions, thus decreasing the chances of mutational reversion. For example, 
mutations of the slippery site of Venezuelan Equine Encephalitis Virus 
that promoted decreased rates of − 1 PRF only mildly delayed the 

kinetics of VEEV accumulation in cultured cells, but strongly inhibited 
its pathogenesis in an aerosol infection mouse model, including 
decreasing viral titers in the brain (Kendra et al., 2017). Preliminary 
data indicate that mice infected with this mutant are protected from 
subsequent challenge with a highly pathogenic version of the virus 
(Dinman and Kehn-Hall, unpublished). These findings suggest a novel 
approach to the development of safe and effective live attenuated vac-
cines directed against − 1 PRF-utilizing viruses, including members of 
the SARS-like coronaviruses. As a final thought, it may be possible to 
exploit the − 1 PRF inhibitor Shiftless as a means to control viral infec-
tion (Dinman, 2019b). 
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Weiß, L., Wirmer-Bartoschek, J., Wirtz Martin, M.A., Wöhnert, J., Zetzsche, H., 2020. 
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