Downloaded viaKYOTO UNIV on December 13, 2021 at 01:10:37 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

.S
+im

Technical Note

ACS . .
Sy nt h et I C B | O | O g y @ Cite This: ACS Synth. Biol. 2020, 9, 169174

pubs.acs.org/synthbio

Orthogonal Protein-Responsive mRNA Switches for Mammalian

Synthetic Biology

Hiroki Ono, ™ Shunsuke Kawasaki,”® and Hirohide Saito™*'"

"Department of Life Science Frontiers, Center for iPS Cell Research and Application, Kyoto University, 53 Kawahara-cho, Shogoin,

Sakyo-ku, Kyoto 606-8507, Japan

*Graduate School of Medicine, Kyoto University, Kyoto 606-8507, Japan

O Supporting Information

ABSTRACT: The lack of available genetic modules is a p oein-responsive mRNA switch

fundamental issue in mammalian synthetic biology. Especially,
the variety of genetic parts for translational control are limited.
Here we report a new set of synthetic mRNA-based
translational switches by engineering RNA-binding proteins
(RBPs) and RBP-binding RNA motifs (aptamers) that
perform strong translational repression. We redesigned the
RNA motifs with RNA scaffolds and improved the efficiency
of the repression to target RBPs. Using new and previously
reported mRNA switches, we demonstrated that the
orthogonality of translational regulation was ensured among
five different RBP-responsive switches. Moreover, the new
switches functioned not only with plasmid introduction, but

Engineering New design

oN o, B C &

/—> .' 3 v v v l
A2 ee Bl
OFF =

v

Characterization of switches

Translational repression Onhogqnality
j E 1 B P fd S S
E) : r
AAAA £ Repression A
£
) Trigger protein H A
8 Protein-binding site , @

Control  Switch

Transiated B Repressed

also with RNA-only delivery, which provides a transient and safer regulation of expression. The translational regulators using
RNA—protein interactions provide an alternative strategy to construct complex genetic circuits for future cell engineering and

therapeutics.
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ynthetic biologists have been developing gene regulatory
parts and devices by redesigning natural regulatory
elements." Recent progress has expanded the variety of
available devices that control gene expressions at multiple
steps including transcriptional, translational, and post-transla-
tional levels.”~* These devices can be modularly assembled to
construct complex genetic circuits that realize a more
sophisticated, precise regulation of gene expressions and
cellular behaviors.”> The attractive features of synthetic
devices and circuits will improve the performance and safety
of gene therapy and engineered-cell therapy.>®
RNA-based translational regulators have been used to
increase the design capability and multilayer capacity of
synthetic gene networks.””* Messenger RNAs (mRNAs) that
have a specific protein-binding motif (aptamer) in the 5-UTR
(i.e., protein-responsive mRNA switches) serve as powerful
components of genetic circuits for the following reasons. First,
mRNA switches can respond to target proteins and repress or
activate the translation of reporter genes through RNA-
protein (RNP) interactions.” '* This feature is a strong
advantage for scaling up the circuits because the output protein
from one mRNA can serve as the input protein of other
circuits.”® Second, mRNA switches can be implemented in a
variety of vectors, including plasmid DNAs, in vitro transcribed
RNAs, and self-replicating RNAs.® These facts suggest that
multilevel control can be implemented in future genetic
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circuits by combining different mRNA switches. Additionally,
an RNA-only delivery approach may provide a safer means to
control cell behavior because synthetic RNA has virtually no
risk of genomic damage, whereas DNA-delivered circuits have
the potential risk of harmful integration into genomic DNA.®
Despite such advantages, available RNP interactions and
mRNA switches for mammalian synthetic biology are limited.
Here we aimed to expand the repertoire of practical mRNA
switches in mammalian cells.

We first improved the mRNA switch that responds to MS2
bacteriophage coat protein (MS2CP), a well-characterized
RNA-binding protein (RBP) and frequently used as a
translational repressor.”®'”'> Previous studies suggest that
the stability of the secondary structure of an RNA aptamer in
mRNA is an important factor for efficient translational
repression.”'” It has also been suggested that the insertion of
double-stranded scaffold linkers between two RNA stem-loop
motifs may stabilize the motifs.'®'” Thus, we hypothesized that
the sensitivity of the mRNA to the target RBP may be
improved by embedding the RNA aptamer into a stable RNA
scaffold. We designed an aptamer-scaffold (scMS2(WTx2)),
which includes two MS2-binding stem-loop motifs (MS2SL),
and inserted it into the 5’-UTR of mRNA. To validate the
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effect of the scaffold, we compared the efficiency of
translational repression between the scaffold-containing
mRNA and previously designed MS2SL-containing mRNAs
(MS2SLx1 or MS2SLx2)"* (Figure 1A, see also secondary
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Figure 1. Characterization of engineered protein-responsive mRNA
switches. (A) Schematic representation of protein-responsive mRNA
switches. Here we show the MS2CP-responsive switches as a
representative case. Protein-responsive mRNA switches have specific
aptamers (colored in light blue) in the S'-UTR. The translation of
protein-responsive mRNA switches is repressed in the presence of
trigger proteins via protein-aptamer interactions. We first tested
MS2CP-responsive mRNA switches that contain a single aptamer
(MS2SLx1), two aptamers (MS2SLx2), or two aptamers embedded in
the scaffold (scMS2(WTx2)) in the S-UTR. (B) Translational
efficiencies of MS2CP-reponsive mRNA switches. All values were
normalized by cells transfected with a reporter plasmid lacking the
aptamer sequence (No aptamer). Error bars represent mean =+ SD (n
= 3 independent experiments performed on different days). (C)
Comparison of translational efficiencies between MS2CP WT and
MS2CP(V291). Error bars represent mean + SD (n = 3 independent
experiments performed on different days). (D) Translational
efficiencies of PP7CP-reponsive mRNA switches. Error bars represent
mean #+ SD (n = 3 independent experiments performed on different
days). (E) Comparison of translational efficiencies between truncated
UlA and UlA-full. Error bars represent mean + SD (n = 3
independent experiments performed on different days). Levels of
significance (unpaired two-tailed Student’s t-test) are denoted as *P <
0.05, ***P < 0.001, and ****P < 0.0001. a.u. arbitrary units.

structures predicted by CentroidFold software'® in Figure
S1A—C). We prepared CMV promoter-driven constitutive
expression plasmid for mRNA switches (referred to as switch
plasmid). The switch plasmids encode mRNA switches that
contain MS2SL-motif(s) in the $'-UTR and enhanced green
fluorescent protein (EGFP) as a reporter. The switch plasmid
was cotransfected into HEK293FT cells with CMV promoter-
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driven MS2CP-expression plasmid (referred to as trigger
plasmid). The results indicated that scMS2(WTx2)-EGFP
significantly improved the translational repression efficiency
(94% repression) compared with single or tandem insertion of
MS2SL-motif (57% and 76% repression, respectively) (Figure
1B, Figure S2A). Next, we engineered the trigger MS2CP
protein with higher affinity, because it may improve the
response of the mRNA switch. A previous study reported that
a single amino acid substitution, V29I, in MS2CP improved
the affinity to the MS2SL motif."” We compared the
translational repression efficiency of MS2CP with MS2CP-
(V29I) and found that MS2CP(V29I) displays stronger
translational repression (97% for MS2CP(V29I) and 94% for
WT MS2CP, P < 0.05) (Figure 1C, Figure S2B). Together, we
designed a highly sensitive, MS2CP-responsive mRNA switch
with RNA scaffold and high affinity mutant, MS2CP(V29I),
indicating that the RNA scaffold-based strategy may improve
the sensitivity of the switch more efficiently than the previous
strategy that simply inserted aptamers into the 5’-UTR.

Next, we tested an alternative RNA motif to construct a new
translational regulator. We chose PP7 bacteriolphage coat
protein (PP7CP) and its binding motif (PP7SL). 0 Although
PP7CP-responsive translational regulators have been reported
in prokaryotic studies,””*' they have not been used to
construct mRNA switches in mammalian cells. We embedded
single or tandem PP7SL, or a scaffold including two PP7SL
motifs (referred to as scPP7(WTx2)) in the 5-UTR (Figure
S1D—F). The switch plasmids were introduced with a trigger
plasmid into HEK293FT cells, and the cells were analyzed 24 h
after transfection. The scaffold-embedded scPP7(WTx2)
switch showed obvious translational repression (80% repres-
sion), whereas the mRNA with a simple insertion of PP7SL(x1
or x2) did not respond to PP7CP efficiently (Figure 1D, Figure
S2C). Thus, we generated a new PP7CP-responsive mRNA
switch with PP7SL-RNA scaffold that functions in mammalian
cells.

We further investigated whether we could improve the
performance of previously reported switches by engineering
the trigger protein. A well characterized spliceosome-related
RBP, UlA, is often used in synthetic biology.zz’23 In most
studies, truncated UIlA that retains the N-terminal RNA
recognition domain but lacks the C-terminal region containing
the nuclear localization signal is used. Thus, full-length U1A
(U1A-full) has not been tested sufficiently for its translational
repression efficiency. We previously constructed UlA-
responsive mRNA switches'® and found that some of them
could respond to endogenous UlA. Thus, we speculated that
the overexpression of UlA-full may efficiently repress the
translation of the switch. To test this hypothesis, we
constructed UlA-full trigger plasmid and transfected it into
HEK293FT cells with the switch plasmid (Ulutr-EGFP). We
found that U1A-full can repress the translation of Ulutr-EGFP
more efficiently than truncated U1A (90% and 26% repression,
respectively) (Figure 1E, Figure S2D). Thus, we propose that
U1lA-full can be used as an effective translational repressor.

One of the applications of mRNA switches is to use them as
components of complex genetic circuits. For this purpose,
synthetic switches should have high repression efficiency and
minimal crosstalk. Therefore, we validated the orthogonality
among the mRNA switches constructed in this study
(MS2CP(V291)-, PP7CP-, and UlA-full-responsive) and in
previous studies (L7Ae-'>"* and LIN28A-responsive'’). The
translation from each mRNA was significantly repressed only
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Figure 2. Orthogonality among mRNA switches. (A) Representative fluorescent microscopy images of HEK293FT cells transfected with 25
pairwise combination of trigger proteins and mRNA switches. Previously reported switches (L7Ae- and LIN28A-responsive switches) and newly
designed switches (MS2-, PP7-, and U1A-full-responsive switches) were tested for their orthogonality. Each switch plasmid was cotransfected with
one of the trigger plasmids into HEK293FT cells, and EGFP expression was observed with fluorescence microscopy 24 h after transfection. (B) The
percentage of crosstalk was measured with flow cytometry. See Materials and Methods to find calculation formula for the value of crosstalk. Data
were obtained from three independent experiments performed on different days. BoxCD, L7Ae binding aptamer; Let7d_stbC, LIN28A binding
aptamer. 400 ng of trigger plasmid, 100 ng of switch plasmid and 100 ng reference plasmid (iRFP670-expression) were cotransfected.
Representative images from three independent experiments are shown. Scale bar, 200 ym. Quantitative data are shown in Figure S3.
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Figure 3. Translational efficiencies of in vitro transcribed mRNA switches. (A) Translational efficiencies of MS2CP-reponsive mRNA switch. (B)
Translational efficiencies of PP7CP-reponsive mRNA switch. (C) Translational efficiencies of UlA-reponsive mRNA switch. All mRNA switches
encode EGFP as the reporter. iRFP670-encoding mRNA was cotransfected as a reference. The sequences of the transfected mRNAs are shown in
Supplementary Sequences. Error bars represent mean #+ SD (n = 3 independent experiments performed on different days). The levels of
significance (unpaired two-tailed Student’s t-test) are denoted as ****P < 0.0001. a.u. arbitrary units.

when the appropriate trigger protein was cotransfected (Figure the tested set of mRNA switches has both high orthogonality
2A,B). Notably, no mRNAs had repressed translation and repression efficiency.

Finally, we investigated whether mRNA switches with new
RNP modules can function with RNA-only delivery. Recent
studies emphasized that synthetic mRNAs and circuits can be
delivered with a DNA-free transfection method for future
medical applications.”® We in vitro transcribed mRNAs that

obviously when an irrelevant trigger protein was cotransfected
(Figure S3). Although L7Ae induction generally caused higher
reporter expression, this effect may be due to the toxicity of
excessive L7Ae expression. One possible reason for this is that

overexpressed L7Ae may cause the slower cell growth and/or encode the corresponding aptamer and EGFP as a reporter.

cell death.” It would consequently slow down the dilution of We prepared these mRNAs with native bases because the
cellular components associated with the cell-division, leading chemical modification might disrupt the RNA secondary
to the higher reporter expression in each cell. Taken together, structure and RNP interaction. We also prepared trigger
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mRNAs that encode the trigger protein (MS2CP(V29I),
PP7CP, or UlA-full) and reference iRFP670 mRNA with
modified bases. We then cotransfected mRNAs into
HEK293FT cells, because HEK293FT cells show attenuated
responses to interferon signaling.'’ One day after transfection,
we observed significant translational repression (96% repres-
sion for MS2CP(V291), 84% repression for PP7CP, and 70%
repression for UlA-full) when the trigger protein-encoded
mRNA was cotransfected with the reporter mRNA (Figure 3
and Figure S4). These results indicate that our designed
mRNA switches function by RNA-delivery.

It has been reported that the shorter spacer sequence
between the RNA motif and the $-end of the protein-
responsive switches causes higher translational repression.'”
Meanwhile, the presence of a thermostable structure directly
behind the cap structure has been reported to inhibit the
translation.”” Given these facts, the position of the stabilized
aptamer is a considerable factor for constructing highly
sensitive mRNA switches.'” To investigate this, we tested the
positional effect of the RNA motif on the translational
repression with the MS2CP-responsive switch. We deleted
the spacer sequence from the scMS2(WTx2) switch and
placed the motif directly behind the cap structure (this switch
is referred to as Aspacer-scMS2(WTx2), Figure SSA). When
we compared the translational repression efficiency of the
switch with scMS2(WTx2), these switches showed similar
efficiency (Figure SSB). Aspacer-scMS2(WTx2) showed lower
reporter expression compared with scMS2(WTx2) in both ON
and OFF state (Figure SSC). Given that, we should consider
the positional effect to make a suitable switch for research
purposes, the switch with a higher expression level in ON state
or the switch with less leakage in OFF state.

Here we report a set of protein-responsive mRNA switches
for mammalian synthetic biology. We improved the transla-
tional repression efficiency of two previously reported mRNA
switches (97% repression for MS2CP- and 90% repression for
U1A-full-responsive) and one newly designed switch (PP7CP-
responsive with 80% repression) by redesigning RNA aptamers
with an RNA scaffold or engineering trigger proteins (Figure
1). We also tested the orthogonality of five proteins-responsive
mRNA switches and found that all showed efficient transla-
tional repression and minimal crosstalk (Figure 2). In addition,
MS2CP(V29I)-, PP7CP- and UlA-full-responsive mRNA
switches were able to function by RNA-delivery (Figure 3).
These results indicate that our mRNA switches can function in
a variety of vectors and be used to build complex genetic
circuits with RNA-delivery approaches.

Synthetic gene circuits composed of RNA-based regulators
are promising tools for realizing sophisticated programming of
gene expressions and cellular behaviors. Protein-responsive
mRNA switches are efficient translational repressors and will
provide important genetic components for RNA-based
composite circuits. Additionally, expanded mRNA switches
can be used for proof-of-concept studies to demonstrate the
power of RNA-based complex logic circuits. In previous
reports related with multilayered circuits using RNA and RBPs,
two RNP modules (L7Ae-BoxCD and MS2CP-MS2SL) were
adopted as the processing unit. However, the output gene
expression depended on either transcription control via small
molecules” or translation control via microRNAs,® and a
complicated circuit in which proteins function as both input
and output have not been fully implemented due to the lack of
available modules. Recent efforts have attempted to increase
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the complexity of post-transcriptional circuits via proteases.”®
Even so, new RNP modules as translational repressors have not
progressed satisfactorily. The five orthogonal mRNA switches
we characterized in this study can be applied to multiple
protein-responsive genetic circuits. Future studies will reveal
the design frameworks and methodologies for scalable circuits.
Thus, we believe that this report contributes to overcoming the
current issues of RNA-based gene circuits and realizing
practical biocomputing in mammalian cells.

B MATERIALS AND METHODS

Plasmid Construction. The plasmids for switch expression
and trigger expression were constructed as previously
described.'® Briefly, single-stranded oligonucleotides encoding
aptamer sequences were annealed to generate double-stranded
aptamer fragments. The fragments were inserted between the
BamHI site and Agel site of pAptamerCassette-EGFP. The
sequences of the oligonucleotides used to construct switch
plasmids are shown in Table S1, and the used plasmids are
shown in Table S2.

ORFs of the trigger proteins were amplified by PCR and
inserted between the Sall site and BamHI site of pTAPmyc-
2A-tagRFP. The primers used to amplify the ORFs are shown
in Table S3, and the trigger and reference plasmids used in this
study are shown in Table S4.

mRNA Synthesis. A template DNA for in vitro tran-
scription (IVT) was generated according to methods
previously described.'” Synthetic mRNAs were transcribed
by using MEGAscript T7 Transcription Kit (Thermo Fisher
Scientific). mRNAs encoding trigger and reference proteins
were transcribed with pseudouridine-S’-triphosphate (WTP)
and S-methylcytidine-S'-triphosphate (mSCTP) (TriLink
BioTechnologies) instead of uridine-S’-triphosphate (UTP)
and cytosine-5'-triphosphate (CTP), respectively. mRNA
switches were transcribed with natural nucleotides (ATP,
UTP, GTP, and CTP). The reaction mixtures contained 7.5
mM ATP, 7.5 mM WTP or UTP, 7.5 mM mSCTP or CTP, 1.5
mM GTP, and 6 mM Anti-Reverse Cap Analog (TriLink
BioTechnologies). The reaction mixtures were incubated at 37
°C for 6 h. After the incubation, TURBO DNase (Thermo
Fisher Scientific) and Antarctic Phosphatase (New England
Biolabs) mixture was added into the reaction mixtures, and the
mixtures were incubated at 37 °C for 30 min to 1 h. The
transcribed mRNAs were purified using RNeasy MinElute
Cleanup Kit (QIAGEN) or Monarch RNA Cleanup Kit (50
ug) (New England Biolabs) following the manufacturer’s
protocols. The primer sets and the template oligo DNA are
shown in Table S5, and the template plasmids used for
preparing synthetic mRNAs are shown in Table S6.

Cell Culture. HEK293FT cells (Invitrogen) were cultured
at 37 °C in Dulbecco’s modified Eagle’s Medium (DMEM)
medium (Nacalai tesque) supplemented with 10% fetal bovine
serum (FBS) (Biosera, Lot #10259), 2 mM L-Glutamine
(Thermo Fisher Scientific), 1X MEM Non-Essential Amino
Acids (Thermo Fisher Scientific), and 1 mM Sodium Pyruvate
(Sigma) in a humidified atmosphere containing 5% CO,.

Transfection. Cells were plated into 24-well plates 24 h
before transfection. Plasmids were transfected with Lipofect-
amine 2000 (Thermo Fisher Scientific). Synthetic mRNAs
were transfected with Lipofectamine MessengerMax (Thermo
Fisher Scientific) following the manufacturer’s protocol. The
details for each experiment are shown in Table S7.
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Flow Cytometry and Data Analysis. Transfected cells
were analyzed 24 h after transfection. HEK293FT cells were
washed with phosphate buffered saline (PBS). Cells were
trypsinized with 100 uL of 0.25% Trypsin—EDTA (Thermo
Fisher Scientific) and incubated at 37 °C for S min. After the
trypsinization, 100—200 uL of fresh medium was added, and
the cells were transferred to a fresh microcentrifuge tube
passing through a nylon mesh, then analyzed by a BD Accuri
C6 flow cytometer (BD Biosciences). EGFP was detected by
FL1 (533/30 nm) filters. iRFP670 was detected by FL4 (675/
25 nm) filters.

Flow cytometry data sets were analyzed using FlowJo (BD
Biosciences) and Excel (Microsoft). Gates were generated by
using mock samples. Data from debris were eliminated when
preparing forward versus side dot plots (FSC-A versus SSC-A).
Then, events on the chart edges in the dot plots of the EGFP
intensity versus iRFP670 intensity were removed. In the
histogram where iRFP670-intensity is displayed on the X-axis,
iRFP670-positive (reference-positive) gate was defined. In the
following analysis, the median reporter/reference of each cell
was calculated from the reference positive population by
FlowJo.

Translational efficiency is defined using the following
formulas.

For plasmid transfection experiments,

normalized intensity (NT)
= 1000 X median of the ratio (reporter intensity
/reference intensity) of each cell
For mRNA transfection experiments,
normalized intensity (NT)
= median of the ratio(reporter intensity

/reference intensity) of each cell

relative intensity (RI)

= (NI of trigger + )/(NI of trigger — )

translational efficiency = (RI)/(RI of no aptamer sample)

All values were normalized by the value of no aptamer
sample.

The percentage of crosstalk in Figure 2B was calculated
according to the following formula:

For each switch,

difference = (NI of cells transfected in combination with
each trigger protein)
— (NI of cells transfected with cognate pair of

switch and trigger protein)

normalized difference

= (difference of each sample)

/(difference of no trigger sample)

the percentage of crosstalk

—100 X (normalized difference — 1)
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Mean of data from 3 independent experiments were
displayed in the heat map (Figure 2B).

Statistical Analysis. All bar charts represent mean values
and error bars represent standard deviation (SD) from three
independent experiments. All statistical analysis was performed
by unpaired two-tailed Student’s t-test using R software. The
levels of significance are denoted as *P < 0.05, ***P < 0.001,
%D < 0.0001, and n.s., not significant (P > 0.05).
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Figure S1. Predicted secondary structures of MS2CP- and PP7CP-responsive switches related
to Figure 1

Sequences and the predicted secondary structures of 5°’-UTR containing (A) MS2SLx1, (B) MS2SLx2,
(C) seMS2(WTx2), (D) PP7SLx1, (E) PP7SLx2, and (F) scPP7(WTx2). Sequences of the 5’-UTR of
the switch plasmids are shown. The structures were predicted with CentroidFold software!®.
Sequences shown in blue and orange circles indicate the MS2CP-binding motif and the PP7CP-

binding motif, respectively.
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Figure S2. Representative dot plots and histograms related to Figure 1

(A) Representative data of MS2CP-reponsive mRNA switch related to Figure 1B. Red, cells co-
transfected with switch plasmid, trigger plasmid, and iRFP670 plasmid. Blue, cells co-transfected with
switch plasmid, control trigger plasmid (pTAPmyc-T2A-tagRFP) and iRFP670 plasmid. Derived
values denote EGFP/iRFP670. (B) Representative data of MS2CP-reponsive mRNA switch related to
Figure 1C. Red, cells co-transfected with switch plasmid, trigger plasmid (MS2CP(V29I)), and
iRFP670 plasmid. Orange, cells co-transfected with switch plasmid, trigger plasmid (MS2CP WT),
and iRFP670 plasmid. Blue, cells co-transfected with switch plasmid, control trigger plasmid
(pTAPmyc-T2A-tagRFP) and iRFP670 plasmid. Derived values denote EGFP/iRFP670. (C)
Representative data of PP7CP-reponsive mRNA switch related to Figure 1D. Red, cells co-transfected
with switch plasmid, trigger plasmid, and iRFP670 plasmid. Blue, cells co-transfected with switch
plasmid, control trigger plasmid (pTAPmyc-T2A-tagRFP) and iRFP670 plasmid. Derived values
denote EGFP/iRFP670. (D) Representative data of Ul A-reponsive mRNA switch related to Figure 1E.
Red, cells co-transfected with switch plasmid, trigger plasmid (Ul1A-full), and iRFP670 plasmid.
Orange, cells co-transfected with switch plasmid, trigger plasmid (U1A), and iRFP670 plasmid. Blue,
cells co-transfected with switch plasmid, control trigger plasmid (pTAPmyc-T2A-tagRFP) and
iRFP670 plasmid. Derived values denote EGFP/iRFP670.
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Figure S3. Translational efficiencies of mRNA switches related to Figure 2
All values were normalized to cells transfected with control EGFP expression plasmid, which does
not encode aptamers, and control trigger plasmid (pTAPmyc-T2A-tagRFP). Error bars represent mean

+ SD (n = 3 independent experiments performed on different days).
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Figure S4. Representative dot plots and histograms related to Figure 3

Upper side shows overlaid dot plots and lower side represents histograms from flow cytometry
analysis.

(A) Representative data of MS2CP-reponsive mRNA switch.

(B) Representative data of PP7CP-reponsive mRNA switch.

(C) Representative data of Ul A-reponsive mRNA switch.

Red, cells co-transfected with switch mRNA, trigger mRNA, and iRFP670 mRNA. Blue, cells co-
transfected with switch mRNA and iRFP670 mRNA (without trigger mRNA). Derived values denote
EGFP/iRFP670.
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Figure S5. Positional effect of the translational repression in MS2CP-responsive switch

(A) Schematic representation of the scMS2(WTx2) switch and the A spacer-scMS2(WTx2) switch.
In the latter switch, the RNA motif is placed just behind the cap structure. (B) Comparison of
translational efficiencies of the scMS2(WTx2) switch and the A spacer-scMS2(WTx2) switch. Error
bars represent mean £+ SD (n = 3 independent experiments performed on different days). The levels
of significance (unpaired two-tailed Student’s #-test) are denoted as n.s., not significant (P=0.05).
a.u. arbitrary units. (C) Representative overlaid dot plots and histograms from flow cytometry
analysis. Red, cells co-transfected with switch mRNA, trigger mRNA, and iRFP670 mRNA. Blue,
cells co-transfected with switch mRNA and iRFP670 mRNA (without trigger mRNA). Derived value
denotes EGFP/iRFP670.



Table S1. Oligonucleotides used to construct switch plasmids

G

ID Name Sequence (5' -> 3") Notes
1 " " n "
Kwe | BamHL- GATCCGGGAGCAGGTGAGGATCACCCAT illgl ;lsctlr:;(ilzgs ;fed:mi‘:ﬁeée:;g
scMS2(WTx2)- CTGCCACGAGCGAGGTGAGGATCACCCA | . . .
123 Agel _code TCTCGCTCGTGTTCCCA inserted into BamHI and Agel sites
- of pAptamerCassette-EGFP.
1 " " n "
Kwe | BamHL- CCGGTGGGAACACGAGCGAGATGGGTGA illgl ;lsctlr:;(ilzgs ;fed:mi‘:ﬁeée:;g
scMS2(WTx2)- TCCTCACCTCGCTCGTGGCAGATGGGTG | . . .
124 Agel _temp ATCCTCACCTGETECCE inserted into BamHI and Agel sites
- of pAptamerCassette-EGFP.
Single-stranded "code" and "temp"
KwC PP7SL code GATCCAAGGAGTTTATATGGAAACCCTT | oligonucleotides are annealed and
295 - TAGATCTA inserted into BamHI and Agel sites
of pAptamerCassette-EGFP.
Single-stranded "code" and "temp"
KwC PP7SL_temp CCGGTAGATCTAAAGGGTTTCCATATAA | oligonucleotides are annealed and
296 - ACTCCTTG inserted into BamHI and Agel sites
of pAptamerCassette-EGFP.
Single-stranded "code" and "temp"
KwC CATCCARGGAGTTTATATGGAARCCCTT olig%)nucleotides are annealed ang
PP7SLx2 code TAGATCCAAGGAGTTTATATGGAAACCC | . . .
297 - TTTAGATCTA inserted into BamHI and Agel sites
of pAptamerCassette-EGFP.
Single-stranded "code" and "temp"
KwC CCGGTAGATCTAAAGCGTTTCCATATAR olig%)nucleotides are annealed ang
PP7SLx2 temp ACTCCTTGGATCTAAAGGGTTTCCATAT | . . .
298 - ARACTCCTTG inserted into BamHI and Agel sites
of pAptamerCassette-EGFP.
GATCCGGGAGCTAAGGAGTTTATATGGA | Single-stranded "fwd" and "rev"
HKO AACCCTTAGCCTGCTGCGTAAGGAGTTT | oligonucleotides are annealed and
57 SCPP7(2xWT)_fwd ATATGGAAACCCTTACGCAGCAGTTCCC | inserted into BamHI and Agel sites
A of pAptamerCassette-EGFP.
CCGGTGGGAACTGCTGCGTAAGGGTTTC | Single-stranded "fwd" and "rev"
HKO CATATARACTCCTTACGCAGCAGGCTAA | oligonucleotides are annealed and
58 SCPP7(2xWT)_rev GGGTTTCCATATARACTCCTTAGCTCCC | inserted into BamHI and Agel sites

of pAptamerCassette-EGFP.




Table S2. Switch plasmids used in this study

Name Notes References
Double-stranded aptamer fragments were inserted between BamHI
pAptamerCassette-EGEP and Agel sites of this plasmid. 10
pMS2SLx1-EGFP Gift from Dr. Kei Endo. This study
pMS2SLx2-EGFP Gift from Dr. Kei Endo. This study
Double stranded scMS2(WTx2) motif was inserted between BamHI .
pseMS2(WTx2)-EGEP and Agel sites of pAptamerCassette-EGFP. This study
Double stranded PP7SL motif was inserted between BamHI and .
pPP7SLx1-EGEP Agel sites of pAptamerCassette-EGFP. This study
Double stranded PP7SL motifs were tandemly inserted between .
pPP7SLx2-EGFP BamHI and Agel sites of pAptamerCassette-EGFP. This study
Double stranded scPP7(WTx2) motif was inserted between BamHI .
pscPP7xWT)-EGEP and Agel sites of pAptamerCassette-EGFP. This study
pBoxCDGC-KMet-EGFP Previously reported plasmid. 12
plet7d_stbC-EGFP Previously reported plasmid. 10
pUlutr-EGFP Previously reported plasmid. 10

Table S3. Oligonucleotides used to construct trigger plasmids

ID Name Sequence (5' > 3") Notes
KWC | Xhol-MS2CP- | GAGCTCGAGCCCACCATGGCTTCTAACTTT f:{):?ggﬁgg?ﬁ;o?gilc i_(;i_F
117 | BamHI_Fw ACTCAGTTCG pLATy
- tagRFP.
KWC | Xhol-MS2CP- | CTCGGATCCGTAGATGCCGGAGTTGGCCGE | | oF amplification of MS2CP ORF
to be inserted into pTAPmyc-2A-
118 BamH1 Rv G
- tagRFP.
HKO | Sall-kozak- ATTGTCGACGCCACCATGCTAGCCTCCAAA FOr. ampllﬁ?atlon of PP7CP ORF to
be inserted into pTAPmyc-2A-
67 PP7 fwd ACC
- tagRFP.
HKO For amplification of PP7CP ORF to
68 BamHI-PP7 rev ATTGGATCCACGGCCCAGCGGCACAAG be inserted into pTAPmyc-2A-
tagRFP.
For introducing a point mutation in
I—;I;OC 11\1/t[l§ 2CP_V29L m ATCGCTGAATGGATCAGCTCTAACTC MS2CP ORF to generate
MS2CP(V29]).
For introducing a point mutation in
I—;IgIIC ll\l/t[s2CP7V2917m CCCGTTAGCGAAGTTGCTTGG MS2CP ORF to generate
MS2CP(V29]).
KWC | Sall-UIA full- | GAGGTCGACACCATGGCGGCAGTTCCCGAG | | oF amplification of ULA-full ORE
to be inserted into pTAPmyc-2A-
025 BamH1 Fw ACCC
- tagRFP.
KWC | Sall-UlA full- CTCGGATCCCTTCTTGGCAAAGGAGATCTT folf) aI.TIllphrf;lc(Ellt_lI(ﬁl Of:r[illj?{lfuuz(ZRF
026 | BamHI Rv CATGGC 0 be mseried mto p ye-aA-
- tagRFP.
KWC | Sall-L7KK- GAGGTCGACCCCACCATGTACGTGAGATTT | | OF amplification of L7Ae ORF to
be inserted into pTAPmyc-2A-
054 Bgl2 Fw GAGGTTCCTGAGGACATG
N tagRFP.
KWC | Sall-L7- CTCGGATCCCTTCTGAAGGCCTTTAATCTT FOr. amphﬁ(.:atlon of L7A¢ ORF to
be inserted into pTAPmyc-2A-
116 BamH1 Rv CTCC
- tagRFP.




Table S4. Trigger/reference plasmids used in this study

pCMV-tdiRFP670

iRFP670 expression plasmid as a transfection control.

Name Notes Source
pTAPmyc-T2A-tagRFP QRFS of t.rlgger prptelns were inserted between Sall and BamHI 10
sites of this plasmid.
pTrgSH-MS2CP Template for amplification of MS2CP. 12
PP7_mCherry Template for amplification of PP7CP. Addgene,
_ #61763
pTrg5H-L7tap Template for amplification of L7Ae. 12
pMS2CP-myc-T2A-tagRFP | MS2CP expression plasmid. This study

MS2CP(V29I) expression plasmid. Point mutation was
fi\ﬂsﬁgP(V29I)-myc-T2A- introduced with MS2CP_V291 mutF and MS2CP_V29I mutR This study

£ by using KOD-Plus-Mutagenesis Kit (Takara).

PP7CP expression plasmid. ORF of PP7CP was inserted into .
pPP7CP-myc-T2A-tagRFP pTAPmyc-T2A-tagRFP. This study
pUlA-myc-T2A-tagRFP Truncated U1A expression plasmid. 10

U1 A-full expression plasmid. ORF of U1A-full was amplified
fflli‘;lgﬁﬂl'myc'TZA' from cDNA of iPS cell (201B7) and inserted into pTAPmyc- This study

& T2A-tagRFP.
pL7Ae-myc-T2A-tagRFP L7Ae expression plasmid. This study
pLin28A-myc-T2A-tagRFP | LIN28A expression plasmid. 10
Gift from Dr.

Nakanishi




Table SS. Primers, template oligo DNA for generating synthetic mRNAs

_fwd

GGATC

ID Name Sequence (5' ->3") Notes
CAGTGAATTGTAATACGACTCACTATAGGGC . . ,
1K?2 IVT Sprime UTR |GAATTAAGAGAGAAAAGAAGAGTAAGAAGAA Erzmlflﬁf for amplification of 5“UTR
ATATAAGACACCGGTCGCCACCATG g ’
SKC- TAP7T77G3C fwd CAGTGAATTGTAATACGACTCACTATAGGGE F'orward primer for amplification of
111 |primer 5'-UTR fragment.
KD CATGGTGGCGACCGGTGTCTTATATTTCTTC |Reverse primer for amplification of
RevSUTR '
1-1 TTACTC 5'-UTR fragment.
TCTAGACCTTCTGCGGGGCTTGCCTTCTGGC . . ,
1K?3 IVT 3prime UTR |CATGCCCTTCTTCTCTCCCTTGCACCTGTAC Erzmlflﬁf for amplification of 3-UTR
CTCTTGGTCTTTGAATAAAGCCTGAGTAGG & ’
KD Forward primer for amplification of
1-4 Fwd3UTR TCTAGACCTTCTGCGGGGC 3_UTR fragment.
KD TTTTTTTTTTTTTTTTTTTTCCTACTCAGGC |Reverse primer for amplification of
1-65 Rev3UTR2T20 TTTATTCAAAGACCAAG 3'-UTR fragment.
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT Reverse primer .for generation of IVT
template by Fusion PCR. 5'-UTR
KEC- TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT fraoment. ORF fragment. and 3-UTR
3UTR120A TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT & ’ & ’,
883 fragment are fused by fusion PCR
TTTTTTTTTTTTTTTTTTTTTTTTTTTCCTA| . .
with TAP_T7 G3C fwd primer and
CTCAGGCTTTATTCA . .
this primer.
HNC- For amplification of MS2CP(V29I)
365 MS2CP_IVTfwd CACCGGTCGCCACCATGGCTTCTAACTTTAC ORF for IVT template.
HNC- MS2CP TVTrev GCCCCGCAGAAGGTCTAGATTCAGTAGATGC |For amplification of MS2CP(V29I)
379 - CGGAGTTGG OREF for IVT template.
KwWC PP7CP ORF Fw2 CACCGGTCGCCACCATGCTAGCCTCCAAAAC |For amplification of PP7CP ORF for
446 - CATCGTTCTTTCGG IVT template.
KwWC PP7CP ORF Ry GCCCCGCAGAAGGTCTAGACTAACGGCCCAG |For amplification of PP7CP ORF for
436 - CGGCACAAG IVT template.
KWC CACCGGTCGCCACCATGGCGGCAGTTCCCGA | For amplification of U1A-full ORF
430 UIAfll ORF_Fw GACCCG for IVT template.
KWC UlAfull ORF Ry GCCCCGCAGAAGGTCTAGACTACTTCTTGGC | For amplification of U1A-full ORF
431 - AAAGGAGATCTTCATG for IVT template.
KWC [EGFP mRNA1 CACCGGTCGCCACCATGGTGAGCAAGGGCGA |For amplification of EGFP ORF for
405 |ORF Fw G IVT template.
KwWC GCCCCGCAGAAGGTCTAGACTACTTGTACAG |For amplification of EGFP ORF for
EGFP ORF_Rv
427 - CTCGTCCATGCCGAGAG IVT template.
KWC [T7-5UTR for TAATACGACTCACTATAGGTCAGATCCGCTA For aI.nI.)hﬁcathI.l Of.5 -[.JTR .
425 | cassettel GCGGATCC containing protein-binding motifs and
EGFP ORF from switch plasmids.
TAATACGACTCACTATAGACAGCATTGTACC
KWC |T7-Ulutr- CAGAGTCTGTCCCCAGACATTGCACCTGGCG |For amplification of IVT templates of
433 |EGFP_v2 fw CTGTCCGCAGATCGAGAAGAAGGCGAATTAA (Ulutr-EGFP mRNA switches.
GAGAGAAAAGAAG
KwWC For amplification of IVT templates of
+
434 T7+g Fw CAGTGAATTGTAATACGACTCACTATAG mRNA switches.
YF771 | T7 SUTR-fwd ATTGTAATACGACTCACTATAGGGCGAATTA For amplification of IVT template of
- AGAGAGAAAAGAAGAGTAAG iRFP670.
For amplification of IVT templates of
KDI-2 |GCT7CMV_G iigﬁéTACGACTCAC TATAGGTCAGRTCCEC |\ 1S2(WTx2)-EGFP mRNA
switches.
For amplification of 5’-UTR
Ho3 | T7-SeMS2(WTx2) | GCTAATACGACTCACTATAGGGAGCAGGTGA containing scMS2(WTx2) motif

directly behind the 5’-end of mRNA.




Table S6. Plasmids for generating synthetic mRNAs

Name Notes Source
pscMS2(WTx2)-EGFP For amplification of 5'-UTR that contains scMS2(WTx2) motif. This study
pscPP7(2xWT)-EGFP For amplification of 5'-UTR that contains scPP7(WTx2) motif. This study
{);\;IliﬁgP(V29I)-myc-T2A- Template plasmid for amplification of MS2CP(V29I) ORF. This study
pPP7CP-myc-T2A-tagRFP | Template plasmid for amplification of PP7CP ORF. This study
{);éll{::f)ﬁlll-myc-TZA- Template plasmid for amplification of Ul A-full ORF. This study

Gift from

pUC19-iRFP670woT7f

Template plasmid for amplification of iRFP670 IVT template.

Dr. Fujita




Table S7. Transfection tables of all experiments performed in this study

Figure 1B-E, Figure S2

Switch plasmids 100 ng
Trigger/control plasmid 400 ng
Reference plasmid 100 ng
Opti-MEM up to 100 uL
Lipofectamine 2000 2 pL

Figure 2, Figure S3

Switch plasmids 100 ng
Trigger/control plasmid 400 ng
Reference plasmid 100 ng
Opti-MEM up to 100 uL
Lipofectamine 2000 2 pL

Figure 3, Figure S4 and S5

mRNA switch 100 ng | mRNAs were
Trigger nRNA 200 ng | diluted in 5 pL of
Reference mRNA 100 ng | nuclease-free water
Opti-MEM up to 50 uL

Lipofectamine MessengerMAX 1 uL




Supplementary sequences
EGFP, iRFP670, Protein binding motif, Scaffold sequence,

No aptamer
GGGCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGCCACCAUGGUGAGCA
AGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACGGCCA
CAAGUUCAGCGUGUCCGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUCAUC
UGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACCUACGGCGUGCAGU
GCUUCAGCCGCUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUA
CGUCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUC
GAGGGCGACACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAACAUCC
UGGGGCACAAGCUGGAGUACAACUACAACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAA
CGGCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACCAC
UACCAGCAGAACACCCCCAUCGGCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCC
AGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGUGACCGC
CGCCGGGAUCACUCUCGGCAUGGACGAGCUGUACAAGUAGUCUAGACCUUCUGCGGGGCUUGCCUUC
UGGCCAUGCCCUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAA

iRFP670

GGGCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGCCACCAUGGCGCGUA
AGGUCGAUCUCACCUCCUGCGAUCGCGAGCCGAUCCACAUCCCCGGCAGCAUUCAGCCGUGCGGCUG
CCUGCUAGCCUGCGACGCGCAGGCGGUGCGGAUCACGCGCAUUACGGAAAAUGCCGGCGCGUUCUUU
GGACGCGAAACUCCGCGGGUCGGUGAGCUACUCGCCGAUUACUUCGGCGAGACCGAAGCCCAUGCGC
UGCGCAACGCACUGGCGCAGUCCUCCGAUCCAAAGCGACCGGCGCUGAUCUUCGGUUGGCGCGACGG
CCUGACCGGCCGCACCUUCGACAUCUCACUGCAUCGCCAUGACGGUACAUCGAUCAUCGAGUUCGAG
CCUGCGGCGGCCGAACAGGCCGACAAUCCGCUGCGGCUGACGCGGCAGAUCAUCGCGCGCACCAAAG
AACUGAAGUCGCUCGAAGAGAUGGCCGCACGGGUGCCGCGCUAUCUGCAGGCGAUGCUCGGCUAUCA
CCGCGUGAUGUUGUACCGCUUCGCGGACGACGGCUCCGGGAUGGUGAUCGGCGAGGCGAAGCGCAGC
GACCUCGAGAGCUUUCUCGGUCAGCACUUUCCGGCGUCGCUGGUCCCGCAGCAGGCGCGGCUACUGU
ACUUGAAGAACGCGAUCCGCGUGGUCUCGGAUUCGCGCGGCAUCAGCAGCCGGAUCGUGCCCGAGCA
CGACGCCUCCGGCGCCGCGCUCGAUCUGUCGUUCGCGCACCUGCGCAGCAUCUCGCCCUGCCAUCUC
GAAUUUCUGCGGAACAUGGGCGUCAGCGCCUCGAUGUCGCUGUCGAUCAUCAUUGACGGCACGCUAU
GGGGAUUGAUCAUCUGUCAUCAUUACGAGCCGCGUGCCGUGCCGAUGGCGCAGCGCGUCGCGGCCGA
AAUGUUCGCCGACUUCUUAUCGCUGCACUUCACCGCCGCCCACCACCAACGCAGAUCUCAUAUGCAU



CUCGAGUGAUAGUCUAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCUUCUCUCCCUUGCA
CCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAAAAAAAAAAAAAAAAAAAAARNA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARNAARN
AAAAAAAAAAAAAAAAAAAANAA

scMS2(WTx2)-EGFP
GGUCAGAUCCGCUAGCGGAUCCGGGAGCAGGCUGAGGAUCACCCAUCUGCCACGAGCGAGGUGCAGGAU

CACCCAUCUCGCUCGUGUUCCCACCGGUCGCCACCAUGGUGAGCAAGGGCGAGGAGCUGUUCALCCGG

GGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUCCGGCGAG
GGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUCAUCUGCACCACCGGCAAGCUGCCCG
UGCCCUGGCCCACCCUCGUGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCGCUACCCCGACCA
CAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUACGUCCAGGAGCGCACCAUCUUC
UUCAAGGACGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGCGACACCCUGGUGAACC
GCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAA
CUACAACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACGGCAUCAAGGUGAACUUCAAG
AUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCG
GCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCCAGUCCGCCCUGAGCAAAGACCC
CAACGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCAUG
GACGAGCUGUACAAGUAGUCUAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCUUCUCUCC
CUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAAAAAAAAAAAAAAANA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAA

A spacer-scMS2(WTx2)-EGFP
GGGAGCAGGUGAGGAUCACCCAUCUGCCACGAGCGAGCGUGAGGAUCACCCAUCUCGCUCGUGUUCCC

ACCGGUCGCCACCAUGGUGAGCAAGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAG
CUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUCCGGCGAGGGCGAGGGCGAUGCCACCUACG
GCAAGCUGACCCUGAAGUUCAUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGAC
CACCCUGACCUACGGCGUGCAGUGCUUCAGCCGCUACCCCGACCACAUGAAGCAGCACGACUUCUUC
AAGUCCGCCAUGCCCGAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACA
AGACCCGCGCCGAGGUGAAGUUCGAGGGCGACACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGA
CUUCAAGGAGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUACAACAGCCACAACGUCUAU
AUCAUGGCCGACAAGCAGAAGAACGGCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACG
GCAGCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCGGCGACGGLCCCGUGCUGLCUGLE
CGACAACCACUACCUGAGCACCCAGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUG
GUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGCUGUACAAGUAGUCUA



GACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUC
UUUGAAUAAAGCCUGAGUAGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARNAARN
AAAAAAA

scPP7(WTx2)-EGFP
GGUCAGAUCCGCUAGCGGAUCCGGGAGCUAAGCGAGUUUAUAUGGAAACCCUUAGCCUGCUGCGUAAG

GAGUUUAUAUGGAAACCCUUACGCAGCAGUUCCCACCGGUCGCCACCAUGGUGAGCAAGGGCGAGGA

GCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACGGCCACAAGUUCAGC
GUGUCCGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUCAUCUGCACCACCG
GCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCG
CUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUACGUCCAGGAG
CGCACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGCGACA
CCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAACAUCCUGGGGCACAA
GCUGGAGUACAACUACAACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACGGCAUCAAG
GUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACCACUACCAGCAGA
ACACCCCCAUCGGCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCCAGUCCGCCCU
GAGCAAAGACCCCAACGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUC
ACUCUCGGCAUGGACGAGCUGUACAAGUAGUCUAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCC
CUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAAARNA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAARAARA

Ulutr-EGFP

GACAGCAUUGUACCCAGAGUCUGUCCCCAGACAUUGCACCUGGCGCUGUCCGCAGAUCGAGAAGAAG
GCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGCCACCAUGGUGAGCAAG
GGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGCUGGACGGCGACGUAAACGGCCACA
AGUUCAGCGUGUCCGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUCAUCUG
CACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCCUGACCUACGGCGUGCAGUGC
UUCAGCCGCUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUACG
UCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGA
GGGCGACACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAACAUCCUG
GGGCACAAGCUGGAGUACAACUACAACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACG
GCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCGCCGACCACUA
CCAGCAGAACACCCCCAUCGGCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCCAG
UCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUGGUCCUGCUGGAGUUCGUGACCGCCG



CCGGGAUCACUCUCGGCAUGGACGAGCUGUACAAGUAGUCUAGACCUUCUGCGGGGCUUGCCUUCUG
GCCAUGCCCUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAARAARA

MS2CP(V29I)
GGGCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGCCACC

UGAAUCUAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCCCUUCUUCUCUCCCUUGCACC
UGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAARARAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAARAAAARAARA

PP7CP
GGGCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGCCACC

UAGUCUAGACCUUCUGCGGGGCUUGCCUUCUGGCCAUGCC
CUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAAAAAAAARNA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAARN

AAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAARAAAARAARA

UlA-full
GGGCGAAUUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGACACCGGUCGCCACC



UAGUCUAGACCUUCUGCGGGGCUUGCCUUCUG
GCCAUGCCCUUCUUCUCUCCCUUGCACCUGUACCUCUUGGUCUUUGAAUAAAGCCUGAGUAGGAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARNAARN
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA





