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ABSTRACT: Modified RNA (modRNA) facilitates the introduction of complex synthetic genetic circuits into cells without the risk
of genomic integration, opening up the implementation of synthetic circuits as therapeutics. However, the number of protein-RNA
interfaces that are suitable for the construction of protein-responsive modRNA switches as well as the lack of protein-responsive
exclusive selector systems stifles the development of RNA-based synthetic circuits. Here, we present the creation of a modRNA
capable of resisting the effects of Nspl for the reliable expression of its coding sequence. Using both the subgenomic viral RNA
S'UTR and two modified nucleosides, we observed efficient exogenous protein expression even in Nspl-transfected cells. To
demonstrate its utility, we developed a barnase-barstar system capable of conditional transcript suppression in the presence of Nspl.
Altogether, the resistance to Nspl-mediated translational suppression and the resulting Nsp1-sensing system we present in this study
provide an invaluable opportunity to develop a new class of protein-sensing systems for the construction of more complex RNA-
based genetic circuits.
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In recent years, RNA-based post-transcriptional genetic examples of ‘exclusive selectors’, in which the expression of all
circuits have received attention due to their potential of but the target gene is hampered. While there exists
performing complex, input-dependent biological responses noninverting ON-type RBP-responsive switches, which can
with minimal safety risk from genomic integration."” This be combined with OFF-switches expressing other genes to
idea has been made possible due to the discovery and research mimic the behavior of exclusive selectors, these systems rely on
in modified ribonucleosides, which allow the synthesis of bulky fusions of such RBPs with translational activators.'""”
efficiently translating, low-immunogenicity modified RNA To complicate matters, even if such exclusive selector RBP-
(modRNA).> Research interest in modRNA in general is aptamer pairs are found, the incorporation of modified

further boosted by the successful rollout of mRNA vaccines
during the COVID-19 pandemic, which utilize modRNA.*
One such component of RNA-based genetic circuits is RNA-
protein interfaces, in which the binding or interaction of RNA-
binding proteins (RBP) with their respective aptamer-
containing mRNA, also called ‘switches’, controls the
expression of the gene encoded by the mRNA.~® Due to
the specificity of the RBP-aptamer pair, orthogonal switches
can be constructed, which allow the development of logic
circuits.”'® However, most of the available RBP-responsive
systems invert the input, in which the binding of the RBP
impedes the translation of the mRNA. In contrast, there are no

nucleosides may hamper the performance of RBP-responsive
mRNA switches due to alterations of binding dynamics." The
development of more RBP-aptamer pairings in general and the
engineering of exclusive selector RBP-responsive switches in
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Figure 1. SARS-CoV-2 nspl responds differently to sgUTR-mRNAs synthesized with various combinations of modified nucleosides. (A)
Hlustration of the reporter mRNAs. (B and C) Median GFP/iRFP670 fluorescence intensity ratio of AS49 (B) and HuH-7-ACE2 (C) cells
cotransfected with nvUTR/sgUTR-GFP mRNAs synthesized with different modified nucleoside combinations, sgUTR-iRFP670 mRNA, and
varying amounts of nspl mRNA. All experiments were performed in biological triplicates. Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001,

*#EE%ED < 0.0001.

particular that are compatible with modRNA would allow the
construction of complex RNA-based genetic circuits.

Coincidentally, such an exclusive selector pairing has been
discovered in SARS-CoV-2, the principal cause of COVID-19.
It has been observed that host transcript expression in cells
infected with the virus is suppressed, while viral RNA, both
genomic and subgenomic, remains translatable."® It has since
been discovered that this phenomenon is due to the effect of
nonstructural protein 1 (Nspl), which is a translational
suppressor that binds to the 40S ribosomal subunit mRNA
entry channel.*"> While host mRNAs are inhibited from being
translated and subsequently degraded, viral RNAs are able to
bypass Nspl due to sequence features in their 5’-leader region,
effectively reveallng the role of Nspl as a translational
gatekeeper.'® This raises the possibility of using the Nspl-
viral RNA leader pair as the basis for the construction of
exclusive selector protein-responsive mRNA switches. How-
ever, previous studies were performed with either plasmid
transfection or mRNA synthesized with native bases, so the
effects of modified nucleoside incorporation remain un-
clear'™"*

To determine whether modRNA with viral 5'-leader
sequence features is able to tolerate SARS-CoV-2 Nspl, we
devised a reporter assay to quantify the translatability of
mRNAs with modified nucleosides under the influence of
Nspl. We synthesized synthetic reporter mRNAs encoding
msfGFP containing either the SARS-CoV-2 subgenomic RNA
S'UTR (sgUTR) or a nonviral origin S'UTR (nvUTR) in their
S'UTRs with different combinations of modified nucleosides,
including S-methylcytidine (mSC), pseudouridine (¥), and
N1-methylpseudouridine (m1¥), which are often incorporated
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into modRNA to suppress cellular immune responses.
These reporter mRNAs were cotransfected with a reference
modRNA encoding iRFP670 and an eftector modRNA
encoding Nspl (Figure 1A). We discovered that nvUTR-
containing modRNA expression in AS549, a lung-derived cell
line used in SARS-CoV-2 experiments,”” was suppressed by
Nspl, regardless of the modified bases used (Figures 1B, S1A,B
and S2A). Similar results were observed using the human
hepatoma-derived hepatocyte line HuH7 with ACE2 over-
expression (HuH7-ACE2), previously used for SARS-CoV-2
challenge experiments (Figures 1C and S2B). In contrast,
sgUTR-containing modRNAs did not undergo translational
suppression, except for pseudouridine (¥)-containing variants
(Figures 1B and S2A). The slight increase in expression in the
presence of Nspl was likely due to the reallocation of
translational resources from host mRNAs to sgUTR-mRNAs.
In HuH7-ACE2 cells, all sgUTR modRNA translation was
suppressed, although the suppressive effect was weaker than
nvUTR modRNAs. Among them, the W-containing modRNA
showed the most substantial decline (Figures 1C, SIC,D and
S2B). Among all nucleoside combinations, we found that N1-
methylpseudouridine (m1¥) and S-methylcytosine (mSC)
incorporation provided the most Nspl-resistant sgUTR
modRNA (Figures 1C and S2B). Considering that the ability
of the viral RNA 5'-leader to bypass Nspl has been shown to
be dependent on its interaction with Nspl,'”** our
observations suggest that ¥ incorporation may disrupt or
weaken this specific interaction, whereas m1¥ and mSC may
strengthen it. Thus, using the combination of m1¥ and mS5C,
we can design modRNAs capable of maintaining at least some
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Figure 2. Optimization and characterization of the nspl-responsive barnase-barstar (Bn-Bs) mRNA system. (A) Ilustration of the nsp1-responsive
Bn-Bs mRNA system. The modRNAs for the system were synthesized with m1¥ and m5C. (B—D) Optimization of the Bs/Bn ratio in AS49 (B),
HuH-7-ACE2 (C), and HEK293FT (D) cell lines transfected with Nspl mRNA. (E—G) Median fluorescence GFP intensity ratio of cells
transfected with a 4:1 Bs/Bn mRNA ratio against varying amounts of nspl mRNA in AS49 (E), HuH-7-ACE2 (F), and HEK293FT (G) cells. (H)
Representative GFP fluorescence and bright-field images of cells transfected with sgUTR-GFP, a 4:1 nvUTR-Bs/sgUTR-Bn mRNA ratio, and
various amounts of nspl in AS49 cells. Values are normalized to no-nspl (0 ng) control. All experiments were performed in biological triplicates.
Significance levels: *P < 0.0S, **P < 0.01. Scale bar: 500 pm.
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degree of resistance against SARS-CoV-2 Nspl-mediated
translational suppression.

To demonstrate the utility of Nspl-resistant m1¥- and
mSC-substituted modRNAs, we designed an Nspl-responsive
OFF switch capable of shutting down the translation of RNAs
with SARS-CoV-2 5’-leader features when Nspl1 is present. We
employed the barnase-barstar toxin-antitoxin pair: barnase
(Bn) is a lethal ribonuclease suppressible by barstar (Bs). The
Bn-Bs pair was previously used in a microRNA (miRNA)-
responsive mRNA switch system intended for cell type-specific
killing, based on the concept that the activity of certain miRNA
suppresses and elevates Bs and Bn expression in an opposing
manner, thus shifting the Bn:Bs balance to induce transcript
degradation in cells. > However, it has been unclear whether
the Bn-Bs system also senses proteins of interest (e.g., Nspl)
to regulate their own expression. Thus, we aimed to replicate
this dynamic with Nspl by combining sgUTR-Bn modRNA
with excess nvUTR-Bs modRNA (Figure 2A). Under normal
conditions, while Bn is inactivated due to excessive Bs
expression, Nspl causes the selective translational suppression
of nvUTR-Bs modRNA, leading to the dominance of Bn over
Bs and global transcript degradation and therefore repressing
reporter EGFP expression.

To identify the optimal ratio of nvUTR-Bs to sgUTR-Bn
that produces the largest difference in reporter expression
between Nspl+ (with Nsp1) and Nsp1- (without Nsp1) states,
we tested several different combinations of the two constituent
modRNAs with the sgUTR-msfGFP reporter as a model of
viral RNA expression. To observe how the system fares across
different conditions, we tested three cell lines: the previously
tested AS49 and HuH7-ACE2 as well as HEK293FT. We
observed a significant rise in the on—off reporter ratio when
Nspl nvUTR-Bs/sgUTR-Bn is larger than 2 (Figures 2B-D,
S3 and S4). In particular, a Bs/Bn ratio of 3 produced the
largest difference in mean fluorescence intensity (MFI)
between Nspl+ and Nspl- conditions in AS49 cells (15.3-
fold), while a ratio of 4 produced the largest differences in
HEK293FT (24.0-fold) and HuH7-ACE2 (19.6-fold). Since
the performance of the Bs/Bn ratio of 4 configuration in A549
is acceptable (12.9-fold), to minimize the amount of
introduced barnase in the system, a Bs/Bn ratio of 4 was
used for all subsequent experiments. To test the sensitivity of
our system, we subjected the Bn-Bs system to decreasing
amounts of Nspl mRNA (sgUTR-Nspl), down to 3.125 ng
per 1 X 10° cells at seeding (24-well plate). The system could
detect Nspl even at the lowest sgUTR-Nspl dose tested, albeit
at a lower Nspl-:Nspl+ ratio (Figures 2D—F and SS).
Altogether, we have designed a sensitive modRNA-based
system capable of detecting SARS-CoV-2 Nspl and mediating
global transcript degradation in its presence.

In this report, we demonstrated the construction of SARS-
CoV-2 Nspl-resistant modRNAs. We discovered the resist-
ance-enhancing effects of ml1¥ and mS5C on sgUTR-
containing modRNAs and the deleterious effects of pseudour-
idine on such modRNAs. An earlier report suggested the
dampening and enhancing effects of ¥ and m1'¥, respectively,
on certain RBP-responsive mRNA switches, which have been
speculated to be caused by the alteration of sequence-specific
affinity of RNA bases or RBPs.>* However, while in the case of
RBP-responsive mRNA switches, the enhancement was
attributed to the stabilization of the secondary structures of
RBP-binding aptamers; such a mechanism is unlikely to be the
major contributor in the case of Nsp1-SL1 interaction since it
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has been shown that SL1 mutations, which maintain the
secondary structure, abolish the preference of viral RNA by
Nspl, suggesting the precedence of sequence over struc-
ture.'””* While it is currently thought that Nsp1 is displaced by
viral RNA during translation initiation, the exact mechanism of
resistance of SL1-containing mRNA against Nspl remains
elusive due to uncertainties surrounding the directness of the
Nspl-SL1 interaction and whether any interaction with host
factors is required.'®***°™*' Based on the current under-
standing of this phenomenon, we speculate that the
combination of m1¥ and mSC outperforms other nucleoside
combinations due to more stable interactions between Nspl
and SL1 (and hypothetical host factors), resulting in a more
efficient displacement of Nspl from its canonical ribosome-
binding state, which allows sgUTR mRNA to be translated.

We also utilized such knowledge to design an Nspl-sensing
Bn-Bs system, which we optimized and demonstrated as
capable of detecting even small amounts of SARS-CoV-2
Nspl. Additionally, this system can potentially eliminate cells
expressing Nspl. Considering that the mechanism of selective
recognition of viral RNA by Nspl is conserved in both the
closely related SARS-CoV (Sarbecovirus) and the distantly
related betacoronavirus MERS-CoV (Merbecovirus),>* ¢ it is
likely that the same system is also applicable across different
betacoronavirus subgenera. In addition, it has also been
demonstrated that Nspl-SL1 pairing with different sequence
specificity can be generated by engineering paired mutations
between the two components, opening the possibility of
orthogonal pairings.”” Taken together, these results indicate
that our modRNA-based system is suitable for protein-
responsive exclusive selector genetic circuits in general and
SARS-CoV-2 protein-responsive genetic circuits in particular,
which have potential implications for both the construction of
more complex RNA-based genetic circuits and the develop-
ment of modRNA therapeutics and tools for COVID-19 and
other coronavirus disease research.

B METHODS

Construction of Reporter Plasmid. pUC19 msfGFP was
constructed as follows. The msfGFP CDS was amplified from
pC034-LwCas13a-msfGFP-2A-Blast (Addgene plasmid #
91924; http://n2t.net/add§ene:9l924; RRID:Addg-
ene 91924; gift from Zhang)’® with PCR. Primers were
designed with overhangs homologous to the linearized pUCI19
backbone with modified 5'- and 3’-UTR sequences. The vector
backbone and msfGFP CDS fragments were assembled by
using the In-Fusion HD Cloning Kit (Takara Bio). Primer
sequences used in the construction of pUC19 are shown in
Table S1.

mRNA Synthesis. Templates for in vitro transcription
(IVT) were prepared as described previously, with modifica-
tions.””” nvUTR 5'-UTR-containing IVT templates were
generated by amplifying template plasmids using primers
containing 5'-overhangs with the T7 RNA polymerase
promoter sequence and poly-A tract (template already has
5’- and 3’-UTRs). sgUTR §'-UTR-containing IVT templates,
except for SARS-CoV-2 Nspl, were generated by amplifying
template plasmids with primers targeting the 5’-end of the
CDS and the 3’-end of the 3’-UTR. The sgUTR §-UTR
fragment was synthesized separately by PCR amplification. To
generate the full template, the sgUTR 5'-UTR and CDS 3'-
UTR fragments were fused by PCR with $’-overhang primers
as described above. For synthesizing the SARS-CoV-2 Nspl
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IVT template, a SARS-CoV-2 total genomic RNA isolate was
reverse-transcribed with the SuperScript IV First-Strand
Synthetic System (Thermo Fisher Scientific). The resultant
cDNA was used as a template for PCR to amplify the coding
sequence of Nspl, which was used to generate the IVT
template of sgUTR-Nspl mRNA as described above. Primer
sequences and plasmids used for constructing IVT templates in
this study are specified in Tables S2 and S3, respectively.

Synthetic mRNA synthesis was performed using a MEGA-
Script T7 Transcription Kit (Thermo Fisher Scientific).
nvUTR-barstar and sgUTR-barnase mRNAs were transcribed
with S-methylcytidine-S'-triphosphate (mSCTP) and NI-
methylpseudouridine-5’-triphosphate (m1¥WTP) (TriLink Bio-
Technologies) in place of cytidine-5'-triphosphate (CTP) and
uridine-5’-triphosphate, respectively. sgUTR-Nspl mRNA was
synthesized with mSCTP in place of CTP and pseudouridine-
S’-triphosphate (WTP) instead of m1WTP. nvUTR-GFP and
sgUTR-GFP mRNAs were synthesized with either natural
nucleotides (ATP, GTP, CTP, and UTP), modified nucleo-
tides stated above in place of CTP and UTP, or combinations
thereof. The transcription reaction mixture contained 7.5 mM
ATP, 7.5 mM UTP, YTP, or m1¥YTP, 7.5 mM CTP or
mSCTP, 1.5 mM GTP, and 6 mM Anti-Reverse Cap Analogue
(TriLink BioTechnologies). The transcription reaction was
performed by incubating the mixture at 37 °C for 6 h. After
incubation, samples were treated with TURBO DNase
(Thermo Fisher Scientific) and Antarctic Phosphatase (New
England Biolabs) for 30 min at 37 °C. mRNA purification was
performed with a Monarch RNA Cleanup Kit (S0 pg) (New
England Biolabs) according to manufacturer-provided proto-
col. The mRNA sequences used are specified in Table S4.

Cell Culture. A549 cells were cultured (37 °C, 5% CO,) in
Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L
glucose (Nacalai Tesque) supplemented with 10% fetal bovine
serum (FBS) (Biosera). HEK293FT cells (Thermo Fisher
Scientific) were cultured (37 °C, 5% CO,) in DMEM with 4.5
g/L glucose (Nacalai Tesque) supplemented with 10% FBS
(Biosera), 2 mM L-glutamine (Thermo Fisher Scientific), 1X
MEM nonessential amino acids (Thermo Fisher Scientific),
and 1 mM sodium pyruvate (Sigma). HuH-7-ACE2 cells were
cultured (37 °C, 5% CO,) in DMEM with 4.5 g/L glucose
(Nacalai Tesque) supplemented with 10% FBS (Biosera) and
2 mM r-glutamine (Thermo Fisher Scientific).

For transfection, cells were trypsinized and plated into 24-,
48-, or 96-well plates at a density of 1 X 10°/mL (A549) or 2 X
10°/mL (HEK293FT and HuH-7-ACE2) at 24 h prior to
transfection. Synthetic mRNA transfection was performed
using Lipofectamine MessengerMAX (Thermo Fisher Scien-
tific) according to the manufacturer-provided protocol.

Establishment of ACE2-Expressing Huh-7 Cells. Huh-7
cells (Cat #/CRB0403, JCRB Cell Bank) were electroporated
with pPV-EF1a-ACE2-A and pHL-EFla-hcPBase-A vectors™’
using a NEPA21 electroporator (Nepa Gene) and selected
with 1 ug/mL puromycin (InvivoGen). The piggyBac-based
ACE2-expressing plasmid, pPV-EFla-ACE2-A, was con-
structed by replacing the EGFP CDS of pPV-EFla-EiP-A
with the ACE2 CDS. pPV-EFla-EiP-A is a piggyBac-based
EGFP-expressing plasmid.

Flow Cytometry. Twenty-four h after transfection, cells
were washed with phosphate-buffered saline (PBS). Cells were
detached using SO uL of 0.25% Trypsin-EDTA (Thermo
Fisher Scientific) at 37 °C for S min. After incubation, 150 uL
of fresh medium was added. Cells were passed through a nylon

mesh and analyzed using a BD Accuri C6 flow cytometer (BD
Biosciences) (AS549) or a CytoFLEX S flow cytometer
(HEK293FT and HuH-7-ACE2). For the BD Accuri C6, the
GFP signal was detected by an FL1 (533/30 nm) filter with
90% attenuation, and the iRFP670 signal was detected by an
FL4 (675/2S5 nm) filter. For the CytoFLEX S, the GFP signal
was excited with a 488 nm laser and detected by a 525/40 nm
filter, and the iRFP670 signal was excited with a 638 nm laser
and detected by a 660/10 nm filter.

Obtained flow cytometry data (in FCS format) were
analyzed using FlowJo ver. 10.6.1 (BD Biosciences) and R.
For all analyses, gates were generated with mock samples.
Debris elimination (P1 gate) was performed using forward vs
side scatter (FSC-A against SSC-A). For dual-fluorescence
analysis, the iRFP670-positive (iRFP670*) population was
defined as cells with iRFP670 fluorescence intensity values
exceeding the 99.9% of the mock population. Relative
fluorescence intensity was obtained by dividing the GFP
intensity value by the iRFP670 intensity value for each cell. For
single-fluorescence analysis, the GFP-positive (GFP+) pop-
ulation was obtained by marking the population with GFP
intensity higher than 99% of the mock population in the GFP
versus SSC-A scatter plot.

Statistical Analysis. All bar charts and error bars represent
mean values and standard deviations (SD) from three
independent biological replicates, respectively. All statistical
analyses were performed using an unpaired, two-tailed
Student’s t-test using R. Significance levels: *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001, and not significant (P >
0.05).
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Figure S1. Raw fluorescence intensity and fluorescence-positive percentage data, related to Figure 1

(A and B) GFP and iRFP670 fluorescence intensity data (A) and GFP- and iRFP670-positive
percentage data (B) derived from nvUTR/sgUTR-GFP and sgUTR-iRFP670 modRNA, with or without
Nsp1, in A549 cells. (C and D) GFP and iRFP670 fluorescence intensity data (C) and GFP- and
iRFP670-positive percentage data (D) derived from nvUTR/sgUTR-GFP and sgUTR-iRFP670
modRNA, with or without Nsp1, in and HuH-7-ACE2 (D) cells. Smaller, transparent dots represent
individual replicate data points, while larger, opaque dots represent mean values of three biological

replicates.
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Figure S2. Representative contour plots and histograms related to Figure 1
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(A and B) Representative data of fluorescence intensity derived from nvUTR/sgUTR-GFP and sgUTR-
iRFP670 modRNA, with or without Nsp1, in A549 (A) and HuH-7-ACE2 (B) cells. Red: cells co-
transfected with nvUTR/sgUTR-GFP and sgUTR-iRFP670 at a 1:1 mass ratio. Blue: cells co-
transfected with nvUTR/sgUTR-GFP, sgUTR-iRFP670, and sgUTR-Nsp1 at a 1:1:0.5 mass ratio.
Orange: cells co-transfected with nvUTR/sgUTR-GFP, sgUTR-iRFP670, and sgUTR-Nsp1 at a 1:1:1
mass ratio.
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Figure S3. Representative scatter plots related to Figure 2

(A-C) Representative data of fluorescence intensity derived from sgUTR-GFP under various nvUTR-
barstar/sgUTR-barnase combinations, with or without Nsp1, in A549 (A), HuH-7-ACE2 (B), and
HEK293FT (C) cells. Red: cells co-transfected with sgUTR-GFP and nvUTR-barstar/sgUTR-barnase
at the indicated ratio (Bs/Bn), without sgUTR-Nsp1. Blue: cells co-transfected with sgUTR-GFP,
nvUTR-barstar/sgUTR-barnase at the indicated ratio (Bs/Bn), with sgUTR-Nsp1. Orange: cells
transfected with sgUTR-GFP only.
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Figure S4. Representative cell images related to Figure 2

(A-C) Representative GFP fluorescence and bright-field images of cells transfected with sgUTR-GFP
and nvUTR-barstar/sgUTR-barnase mixture under the indicated ratio in A549 (A), HuH-7-ACE2 (B),
and HEK293FT (C) cells. Scale bar: 500 ym
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Figure S5. Representative scatter plots and cell images of sensitivity experiment related to Figure 2
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(A-C) Representative data of fluorescence intensity derived from sgUTR-GFP co-transfected with
nvUTR-barstar/sgUTR-barnase 4:1 mixture and various amounts of Nsp1 in A549 (A), HuH-7-ACE2
(B), and HEK293FT (C) cells. Red: cells co-transfected with sgUTR-GFP and nvUTR-barstar/sgUTR-
barnase with sgUTR-Nsp1 at the indicated. Blue: cells co-transfected with sgUTR-GFP, nvUTR-
barstar/sgUTR-barnase with sgUTR-Nsp1. (D and E) Representative GFP fluorescence and bright-
field images of cells transfected with sgUTR-GFP and nvUTR-barstar/sgUTR-barnase 4:1 mixture
under various amounts of Nsp1 in HuH-7-ACE2 (D) and HEK293FT (E) cells. Scale bar: 500 ym
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Table S1. Primers used in plasmid construction

Name Sequence

MLP-043 msfGFP ORF FWD CACCGGTCGCCACCATGGTGAGTAAAGGTGAAGAACTCTT
CACTGG

MLP-044 msfGFP ORF REV GCCCCGCAGAAGGTCTTACTTGTACAGCTCATCCATACCG
AGA
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Table S2. Primers used in IVT mRNA template construction

Name

Sequence

MLP-182 sgRNA-N

CAGTGAATTGTAATACGACTCACTATAGATTAAAGGTTTATACCTTCCCA
GGTAACAAACCAACCAACTTTCGATCTCTTGTAGATCTGTTCTCTAAACG
AACAAACTAAA

MLP-183
sgRNA_5UTR
SCoV2 FWD

CAGTGAATTGTAATACGACTCACTATAGATTAAAGG

MLP-185 sg_5UTR
SCoV2 REV Nsp1

CCAGGGACAAGGCTCTCCATTTTAGTTTGTTCGTTTAGAGAACAGATCTA

MLP-223 sg_5UTR
SCoV2 REV
msfGFP

AGTGAAGAGTTCTTCACCTTTACTCACCATTTTAGTTTGTTCGTTTAGAGA
ACAGATCTA

MLP-224 sg_5UTR
SCoV2 REV iRFP

GAGATCGACCTTACGCGCCATTTTAGTTTGTTCGTTTAGAGAACAGATCT
A

MLP-405 sg_5UTR
REV Barnase

GTGTTGATAACCTGTGCGGATCCCATTTTAGTTTGTTCGTTTAGAGAACA
GATCTA

MLP-186 SCoV2 ATGGAGAGCCTTGTCCCTGG

Nsp1 FWD

MLP-187 SCoV2 GCCCCGCAGAAGGTCTAGACCCTCCGTTAAGCTCACGC
Nspi1 REV

MLP-231 msfGFP | ATGGTGAGTAAAGGTGAAGAACTCTTCACT

ORF FWD

MLP-211 iRFP670-
BF FWD

ATGGCGCGTAAGGTCGAT

MLP-408 Barnase
ORF FWD

ATGGGATCCGCACAGGTTATCAACA

KEC-63
IVT_5prime_UTR

TCTAGACCTTCTGCGGGGCTTGCCTTCTGGCCATGCCCTTCTTCTCTCC
CTTGCACCTGTACCTCTTGGTCTTTGAATAAAGCCTGAGTAGG

KEC-4 Fwd3UTR

TCTAGACCTTCTGCGGGGC

KEC-65
Rev3UTR2T20

[TTTTTTTTTTTTITTTTTTTCCTACTCAGGCTTTATTCAAAGACCAAG

YF771 T7_5UTR-
fwd

ATTGTAATACGACTCACTATAGGGCGAATTAAGAGAGAAAAGAAGAGTA
AG

KED-88
3UTRT120

(T120)CCTACTCAGGCTTTATTCA
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Table S3. Plasmids used in this study

Plasmid Reference
pUC19-msfGFP This paper
pUC19-iRFP670 Fujita et al., 20221
pUC19-Barstar Fujita et al., 20221
pUC19-Barstar-UTR-Barnase | Fujita et al., 20221
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Table S4. mRNA sequences used in this study

mRNA

Sequence

nvUTR-
msfGFP

GGGCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGC
CACCAUGGUGAGUAAAGGUGAAGAACUCUUCACUGGAGUAGUGCCCAUUCU
GGUAGAGCUUGAUGGAGAUGUAAAUGGACAUAAAUUCUCCGUCAGGGGCGA
AGGCGAAGGGGACGCCACGAAUGGUAAGCUGACUCUGAAAUUCAUCUGUAC
GACGGGCAAACUGCCCGUCCCAUGGCCUACACUCGUAACGACCCUCACCUAC
GGCGUGCAAUGCUUUUCUCGAUAUCCCGACCACAUGAAACAGCAUGACUUUU
UCAAGUCUGCAAUGCCUGAAGGUUAUGUUCAAGAAAGGACCAUCAGCUUUAA
GGAUGAUGGUACAUAUAAAACCCGAGCCGAGGUUAAAUUUGAAGGGGACAC
UCUGGUUAAUCGAAUUGAACUGAAAGGUAUUGAUUUUAAGGAGGACGGUAA
CAUACUGGGGCACAAGUUGGAGUACAACUUUAACAGCCAUAAUGUGUAUAUU
ACCGCUGAUAAGCAGAAAAAUGGGAUAAAGGCCAACUUUAAGAUCCGACAUA
AUGUCGAAGAUGGUAGUGUUCAACUGGCUGAUCAUUACCAACAAAAUACGCC
CAUCGGAGAUGGACCUGUACUCUUGCCUGACAAUCAUUAUCUCUCCACGCAA
UCAAAGCUUUCCAAGGACCCAAACGAAAAGAGAGAUCACAUGGUCCUUCUGG
AAUUUGUGACUGCCGCAGGCAUCACUCUCGGUAUGGAUGAGCUGUACAAGU
AAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCUUCUCUCCCUUGC
ACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

sgUTR-
msfGFP

GAUUAAAGGUUUAUACCUUCCCAGGUAACAAACCAACCAACUUUCGAUCUCUU
GUAGAUCUGUUCUCUAAACGAACAAACUAAAAUGGUGAGUAAAGGUGAAGAAC
UCUUCACUGGAGUAGUGCCCAUUCUGGUAGAGCUUGAUGGAGAUGUAAAUG
GACAUAAAUUCUCCGUCAGGGGCGAAGGCGAAGGGGACGCCACGAAUGGUA
AGCUGACUCUGAAAUUCAUCUGUACGACGGGCAAACUGCCCGUCCCAUGGCC
UACACUCGUAACGACCCUCACCUACGGCGUGCAAUGCUUUUCUCGAUAUCCC
GACCACAUGAAACAGCAUGACUUUUUCAAGUCUGCAAUGCCUGAAGGUUAUG
UUCAAGAAAGGACCAUCAGCUUUAAGGAUGAUGGUACAUAUAAAACCCGAGC
CGAGGUUAAAUUUGAAGGGGACACUCUGGUUAAUCGAAUUGAACUGAAAGG
UAUUGAUUUUAAGGAGGACGGUAACAUACUGGGGCACAAGUUGGAGUACAA
CUUUAACAGCCAUAAUGUGUAUAUUACCGCUGAUAAGCAGAAAAAUGGGAUA
AAGGCCAACUUUAAGAUCCGACAUAAUGUCGAAGAUGGUAGUGUUCAACUG
GCUGAUCAUUACCAACAAAAUACGCCCAUCGGAGAUGGACCUGUACUCUUGC
CUGACAAUCAUUAUCUCUCCACGCAAUCAAAGCUUUCCAAGGACCCAAACGA
AAAGAGAGAUCACAUGGUCCUUCUGGAAUUUGUGACUGCCGCAGGCAUCAC
UCUCGGUAUGGAUGAGCUGUACAAGUAAGACCUUCUGCGGGGCUUGCCUUC
UGGCCAUGCCCUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUA
AAGCCUGAGUAGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAA
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sgUTR-
iRFP670

GAUUAAAGGUUUAUACCUUCCCAGGUAACAAACCAACCAACUUUCGAUCUCUU
GUAGAUCUGUUCUCUAAACGAACAAACUAAAAUGGCGCGUAAGGUCGAUCUCA
CCUCCUGCGAUCGCGAGCCGAUCCACAUCCCCGGCAGCAUUCAGCCGUGCG
GCUGCCUGCUAGCCUGCGACGCGCAGGCGGUGCGGAUCACGCGCAUUACGG
AAAAUGCCGGCGCGUUCUUUGGACGCGAAACUCCGCGGGUCGGUGAGCUAC
UCGCCGAUUACUUCGGCGAGACCGAAGCCCAUGCGCUGCGCAACGCACUGG
CGCAGUCCUCCGAUCCAAAGCGACCGGCGCUGAUCUUCGGUUGGCGCGACG
GCCUGACCGGCCGCACCUUCGACAUCUCACUGCAUCGCCAUGACGGUACAUC
GAUCAUCGAGUUCGAGCCUGCGGCGGCCGAACAGGCCGACAAUCCGCUGCG
GCUGACGCGGCAGAUCAUCGCGCGCACCAAAGAACUGAAGUCGCUCGAAGA
GAUGGCCGCACGGGUGCCGCGCUAUCUGCAGGCGAUGCUCGGCUAUCACCG
CGUGAUGUUGUACCGCUUCGCGGACGACGGCUCCGGGAUGGUGAUCGGCGA
GGCGAAGCGCAGCGACCUCGAGAGCUUUCUCGGUCAGCACUUUCCGGCGUC
GCUGGUCCCGCAGCAGGCGCGGCUACUGUACUUGAAGAACGCGAUCCGCGU
GGUCUCGGAUUCGCGCGGCAUCAGCAGCCGGAUCGUGCCCGAGCACGACGC
CUCCGGCGCCGCGCUCGAUCUGUCGUUCGCGCACCUGCGCAGCAUCUCGCC
CUGCCAUCUCGAAUUUCUGCGGAACAUGGGCGUCAGCGCCUCGAUGUCGCU
GUCGAUCAUCAUUGACGGCACGCUAUGGGGAUUGAUCAUCUGUCAUCAUUAC
GAGCCGCGUGCCGUGCCGAUGGCGCAGCGCGUCGCGGCCGAAAUGUUCGCC
GACUUCUUAUCGCUGCACUUCACCGCCGCCCACCACCAACGCAGAUCUCAUA
UGCAUCUCGAGUGAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCU
UCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAA

sgUTR-
Nsp1

GAUUAAAGGUUUAUACCUUCCCAGGUAACAAACCAACCAACUUUCGAUCUCUU
GUAGAUCUGUUCUCUAAACGAACAAACUAAAAUGGAGAGCCUUGUCCCUGGUU
UCAACGAGAAAACACACGUCCAACUCAGUUUGCCUGUUUUACAGGUUCGCGA
CGUGCUCGUACGUGGCUUUGGAGACUCCGUGGAGGAGGUCUUAUCAGAGGC
ACGUCAACAUCUUAAAGAUGGCACUUGUGGCUUAGUAGAAGUUGAAAAAGG
CGUUUUGCCUCAACUUGAACAGCCCUAUGUGUUCAUCAAACGUUCGGAUGCU
CGAACUGCACCUCAUGGUCAUGUUAUGGUUGAGCUGGUAGCAGAACUCGAA
GGCAUUCAGUACGGUCGUAGUGGUGAGACACUUGGUGUCCUUGUCCCUCAU
GUGGGCGAAAUACCAGUGGCUUACCGCAAGGUUCUUCUUCGUAAGAACGGU
AAUAAAGGAGCUGGUGGCCAUAGUUACGGCGCCGAUCUAAAGUCAUUUGAC
UUAGGCGACGAGCUUGGCACUGAUCCUUAUGAAGAUUUUCAAGAAAACUGG
AACACUAAACAUAGCAGUGGUGUUACCCGUGAACUCAUGCGUGAGCUUAACG
GAGGGUAAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCUUCUCUC
CCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

nvUTR-
Barstar

GGGCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGC
CACCAUGGGAUCCAAAAAAGCAGUCAUUAACGGGGAACAAAUCAGAAGUAUC
AGCGACCUCCACCAGACAUUGAAAAAGGAGCUUGCCCUGCCGGAAUACUACG
GUGAAAACCUGGACGCUUUAUGGGAUUGUCUGACCGGAUGGGUGGAGUACC
CGCUCGUUUUGGAAUGGAGGCAGUUUGAACAAAGCAAGCAGCUGACUGAAA
AUGGUGCCGAGAGUGUGCUUCAGGUUUUCCGUGAAGCGAAAGCGGAAGGCU
GCGACAUCACCAUCAUACUUUCCUAGGACCUUCUGCGGGGCUUGCCUUCUGG
CCAUGCCCUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGC
CUGAGUAGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAA
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sgUTR-
Barnase

GAUUAAAGGUUUAUACCUUCCCAGGUAACAAACCAACCAACUUUCGAUCUCUUG
UAGAUCUGUUCUCUAAACGAACAAACUAAAAUGGGAUCCGCACAGGUUAUCAAC
ACGUUUGACGGGGUUGCGGAUUAUCUUCAGACAUAUCAUAAGCUACCUGAUAA
UUACAUUACAAAAUCAGAAGCACAAGCCCUCGGCUGGGUGGCAUCAAAAGGGA
ACCUUGCAGACGUCGCUCCGGGGAAAAGCAUCGGCGGAGACAUCUUCUCAAAC
AGGGAAGGCAAACUCCCGGGCAAAAGCGGGCGAACAUGGCGUGAAGCGGAUA
UUAACUAUACAUCAGGCUUCAGAAAUUCAGACCGGAUUCUUUACUCAAGCGAC
UGGCUGAUUUACAAAACAACGGACCAUUAUCAGACCUUUACAAAAAUCAGAUA
GGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCUUCUCUCCCUUGCAC
CUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Note:

Sequences in bold are coding regions.
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