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Abstract: Light-emitting systems using an RNA aptamer-dye pair,
such as Spinach RNA, are an attractive method for imaging and
tracing RNA expression in vitro and in vivo. We present an alternative
Spinach method by genetic alphabet expansion using an unnatural
base pair system, in which a dye-conjugated unnatural base substrate
is site-specifically incorporated at a specific position in Spinach RNA
by transcription involving the third base pair. The incorporation
position was predicted by molecular dynamics simulations. This dye-
conjugated Spinach RNA increased the thermal stability of the
fluorescence, the robustness against ion sensitivity, and the
resistance against photobleaching. Furthermore, we applied our
method to Baby Spinach, a shorter version of Spinach, for dye
conjugation toward the visible detection of transcripts. This is the first
demonstration of an alternative RNA imaging method for a detection
system using genetic alphabet expansion.

Introduction

Fluorescence imaging of specific RNAs is essential for gene
expression and functional RNA analyses in vivo and in vitro, and
various RNA imaging techniques have been developed.!"l One of
the approaches is RNA mimics of green fluorescent protein (GFP),
using light-emitting RNA aptamers such as Spinach, Mango, and
Broccoli.? These fluorophore-targeting RNA aptamers were
generated by in vitro selection or SELEX (Systematic Evolution of
Ligands by Exponential Enrichment).Bl The fluorophores bind
specifically to the RNA aptamers and increase their fluorescence.
One of the fluorophores, 3,5-difluoro-4-hydroxybenzylidene
(DFHBI), emits fluorescence upon binding to a specific site in the
tertiary structure of Spinach RNA, enabling live-cell RNA imaging
by tagging the Spinach RNA gene to a target RNA gene. Many
studies have reported variants and improved methods with
combinations of light-emitting RNA aptamers and fluorophores.!

RNA imaging methods based on light-up RNA aptamer and
dye pairs have also been widely applied to various biosensor
applications. For example, binary light-up aptameric sensors
would be an economical alternative to detect nucleic acid targets,
as compared to the conventional molecular beacon strategy!® and
could also be expressed in cells for intracellular monitoring of
biological molecules®. Recently, one of the fluorescent aptamers,
Broccoli, with the binding dye, DFHBI-1T, was applied to the
detection of water contaminants.[”! In the system, ROSALIND
(RNA Output Sensors Activated by Ligand Induction), in vitro
transcription is triggered by the binding of target biomarkers with

allosteric transcription factors, producing the fluorescent aptamer
transcript with DFHBI-1T for visual detection.

The affinity of the Spinach RNA to DFHBI is relatively low (Ky
=537 nM) and depends on the environmental conditions, such as
temperature and metal ion concentrations,?@ and thus an excess
amount of DFHBI is required for practical use.®! One of the
serious issues is the light-induced photobleaching caused by the
cis-trans isomerisation of DFHBI in the complex with the Spinach
RNA.PI To address this issue, modified DFHBI systems for
increased photostability and enhanced fluorophore recycling have
been investigated.'%
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Figure 1. Chemical structures of the Ds—Pa pair, DFHBI-C1-PaTP, and
DFHBI-hx-PaTP, and scheme of the T7 RNA transcription for the
incorporation of the DFHBI-conjugated Pa at specific positions (indicated
by arrows: G23, A53, A58, and G59) in the Spinach RNA. We use the
base numbering according to the original 84-mer Spinach RNA (Figure

2A), although this full-length transcript is 62-mer.

To address this affinity-stability issue, we now report
another light-up RNA approach, in which a fluorophore-
conjugated nucleotide is directly incorporated at a specific
position in the Spinach RNA by transcription. Genetic
alphabet expansion!'"! enables this specific incorporation of
the fluorophore-conjugated nucleotide into a desired position
of the light-up RNA, using an unnatural base pair (UBP),
Ds—Pa (Figure 1).I'2 T7 RNA polymerase (T7RNP) and its
variants incorporate the triphosphate substrates of Pa and



modified Pa bases at the specific position in the RNA
opposite Ds in DNA templates.['?!

We now report the in vitro site-specific incorporation of
DFHBI-conjugated Pa substrates into Spinach RNA by
T7RNP and the examinations of the fluorescent properties of
the transcripts. We chemically synthesised two types of
ribonucleoside triphosphates of DFHBI-conjugated Pa, with
different linker lengths (DFHBI-C1-PaTP and DFHBI-hx-
PaTP) (Figure 1). The incorporation site of these substrates
was predicted and assessed by molecular dynamics (MD)
simulations. The Spinach RNA containing the DFHBI-Pa
base at a specific position efficiently and robustly emitted
fluorescence. In addition, this covalent fluorophore-Spinach
system improved the stability against light-induced
photobleaching, as compared to the conventional Spinach
RNA and DFHBI pair. Furthermore, we developed shorter
Spinach RNAs, modified Baby2 and mBaby2, " for the
DFHBI-conjugated Pa incorporation and demonstrated the
efficient visual detection of the T7 transcription. The results
provide valuable information toward in vitro detection and in
vivo imaging systems using genetic alphabet expansion.

Results and Discussion

Design and preparation of DFHBI-conjugated Pa

First, we determined the DFHBI-Pa incorporation site in the
Spinach RNA by RNA modeling and MD simulations, based on
the tertiary structure of the RNA-DFHBI complex. For the
modeling, we designed two types of DFHBI-conjugated Pa bases
with different linkers (DFHBI-C1-Pa and DFHBI-hx-Pa) (Figure 1).
Based on the tertiary structure of the Spinach RNA complexed
with DFHBI, we considered that the replacement of A58 with Pa
would allow DFHBI conjugation via a linker (Figure 2A). In our
research, we use the base numbering, such as A58, according to
the original 84-mer Spinach sequencel'® (Figure 2A). The MD
simulations based on the monitored dihedral angles indicated the
stable structures of the models, in which either DFHBI-C1-Pa or
DFHBI-hx-Pa is located at position 58. In the models, the DFHBI
moieties both settled in the DFHBI binding pocket of the original
Spinach RNA aptamer (Figure 2A). In the simulations, only the
linker parts, especially in DFHBI-hx-Pa, appreciably “moved
(Figure 2B). Furthermore, the DFHBI-Pa incorporation at A58 did
not cause large fluctuations in the core motif located between two
stem regions (blue and purple regions in Figure 2A), which tended
to fluctuate more during the 10-ns simulation time (Figures 2C and
S1).

Chemical synthesis of DFHBI-conjugated PaTPs

The MD simulations encouraged us to chemically synthesise the
triphosphate derivatives of both DFHBI-C1-PaTP and DFHBI-hx-
PaTP, which were prepared by conjugating the NHS ester of
DFHBI with NH,-C1-PaTP and NH,-hx-PaTP, respectively
(Scheme S1). The products were purified by C18-HPLC and
characterised by 'H and 3'P NMR and ESI-MS (Figures S2B to
S2G). The molar absorption coefficients of DFHBI-C1-PaTP and
DFHBI-hx-PaTP were 29,000 M-'cm-" at 420 nm and 28,000 M-
‘em™ at 422 nm, respectively (Figure S2A). No significant
fluorescence from the triphosphates in buffer was observed
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(Figure S3). The quantum yields of both DFHBI-C1-PaTP and
DFHBI-hx-PaTP (0.0007) were similar to that of DFHBI.
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Figure 2. Molecular dynamics (MD) simulation of Spinach RNA with
DFHBI-conjugated Pa at position 58A. A. Model building by replacing A58
and DFHBI with the DFHBI-conjugated Pa bases with different linkers
(D1P in DFHBI-C1-Pa and DHP in DFHBI-hx-Pa). The connection
positions for each linker are indicated by the red and blue arrows. B. Plots
of the dihedral angles for the colored chemical bonds (light and dark brown
for D1P, light and dark blue for DHP) against the 10-ns simulation time.
The light and dark plots are for the glycoside bonds and the junction
between DFHBI and the amide, respectively. Ten structures of D1P and
DHP, chosen at each 1 ns, are superimposed. C. Plot of fluctuations at
each nucleotide position for D1P (brown) and DHP (blue) during the MD
simulation. The color patterns correspond to those shown in the
secondary structures in A.

T7 transcription for the DFHBI-conjugated Pa incorporation

T7 transcription was performed by incubating 1 yM partially
or fully double-stranded Ds-containing DNA templates
(Figure 1 and Table S1), 1 mM natural-base NTPs, and O,
0.5 or 1 mM DFHBI-PaTP (C1 or hx) at 37°C for 3 h, using
T7RNP. In the partially double-stranded DNA templates, only
the T7 promoter region is duplexed. The Ds-containing DNA
templates (80-mer) contained two 2'-O-methyl nucleosides
at the 5'-termini, to reduce the non-template extension of the
transcribed RNAs.['®!  Full-length transcripts (62-mer)
containing DFHBI-C1-Pa or DFHBI-hx-Pa at position 23
(G23Pa), 53 (A53Pa), 58 (A58Pa) or 59 (G59Pa) (the
numbering used in the literature!'®, Figure 1) and the control



transcript (WT) using a DNA template with only the natural
bases, were analysed and purified by gel-electrophoresis
(Figures 3, 4, and S4). Positions 23, 53 and 59, which are
close to position 58 and the DFHBI binding site (Figure 1),
were chosen as controls to validate the effectiveness of
position 58 for DFHBI-conjugated Pa incorporation.

Figure 3. T7 transcription using the conventional Spinach RNA templates
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Figure 4. T7 transcription involving the DFHBI-Pa and Ds pairing. A. Band
patterns of the transcripts from each Ds-containing DNA template for the
A58Pa, G23Pa, A53Pa, and G59Pa transcripts and the WT template in
the presence and absence of DFHBI-C1-PaTP (1 mM), on a 7 M urea-
polyacrylamide gel. The relative yields of the full-length transcripts (62-
mer) were determined based on the WT transcription in the absence of
DFHBI-C1-PaTP. B. Band patterns of full-length transcripts. The
transcription reactions with or without each DFHBI-PaTP (#1-+#4) and
mixtures of the solutions (#2 with #3 or #4) were analysed on a longer
denaturing gel.

The transcription efficiencies involving the DFHBI-Pa
incorporation using the fully double-stranded DNA templates
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were higher than those using the partially double-stranded
ones, which were around 60% when using the fully double-
stranded templates, as compared to the WT transcription
(Figures 3, 4, and S4). The results were consistent with our
previous observations (~50% of transcription efficiency) for
the incorporations of large fluorophore-conjugated Pa
substrates, such as TAMRA-hx-Pa and Cy3-PaTP, using the
Ds—Pa pair system.["3¢]

There were no significant differences in the transcription
efficiencies between the linkers, C1 and hx, for the DFHBI-Pa
substrates at position 58. The transcription slightly paused around
the -1 position of each UB (corresponding to 46-mers in Figure 3
and 41- and 46/47-mers in Figures 4A and S4). The transcription
with the fully double-stranded templates reduced the pausing at
the unnatural base positions, relative to that with the partially
double-stranded templates (Figure 3A). The full-length transcripts
containing DFHBI-Pa ran slowly on the gel, as compared to the
mobility of WT. This mobility shift difference confirmed the
predominant DFHBI-Pa incorporation. In the presence of DFHBI-
PaTP, most of the full-length transcripts were shifted on the gel
(#3 and #4 in Figure 4B). In contrast, in the absence of DFHBI-
PaTP, the transcription using the Ds-containing DNA templates
produced full-length  transcripts by the natural-base
misincorporation opposite Ds in the templates (#2 in Figure 4B).
Thus, the DFHBI-Pa substrates prevented the natural-base
misincorporation and were predominantly incorporated into RNA
opposite Ds.

The transcription reactions using the WT template in the
presence of DFHBI-PaTP generated similar band patterns to
those of the transcripts in the absence of DFHBI-PaTP
(Figures 4A and S4), indicating the rare misincorporation of
DFHBI-Pa opposite natural bases. Due to the high efficiency
of the WT transcription, additional nucleotide insertions (+1
and +2 WT-transcript bands) were slightly observed by non-
templated incorporation (Figures 3, 4, and S4).

The excitation and emission spectra of A58Pa RNA containing
DFHBI-Pa (C1 or hx) were obtained (Ex: 461 nm, Em: 503 nm for
C1, Ex: 472 nm, Em: 507 nm for hx, Figure S3).

Characterisation of the transcripts containing DFHBI-Pa

We tested the specific fluorescence light-emission of these
transcripts. The fluorescence of each gel-purified, full-length
transcript was analysed on a native gel, and the fluorescence
intensities of each transcript solution were measured with a
plate reader (Excitation: 461 nm, Emission: 501 nm) (Figure
5A for the DFHBI-hx-Pa incorporation and Figure S5 for the
DFHBI-C1-Pa incorporation). For the WT transcript
(conventional Spinach RNA), the fluorescence intensities
were measured in the presence of an equal amount (0.1 pM)
of DFHBI (WT-DFHBI pair).

As predicted by the MD simulations, only the A58Pa
transcripts containing both DFHBI-C1-Pa and DFHBI-hx-Pa
exhibited strong fluorescence intensities. The WT transcripts
obtained by T7 transcription in the presence of DFHBI-
PaTPs had no fluorescence (Figures 5A and S5). These
results confirm that the specific incorporation of DFHBI-
PaTPs opposite position 58 provides strong fluorescence
emission.
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Figure 5. Fluorescence intensities of the transcripts containing DFHBI-Pa
and the conventional Spinach RNA (WT) and DFHBI complex. A.
Fluorescence intensities of the transcripts containing DFHBI-hx-Pa at

Native PAGE

specific positions and the WT transcript, in the presence and absence of
DFHBI or DFHBI-hx-PaTP. Fluorescence was measured at 503 nm (ex
461 nm) in a buffer solution. The transcripts were also analysed by
detecting the DFHBI fluorescence (at 510 nm, before staining) and
staining the native gel with SYBR Gold. B. Fluorescence intensities of
A58Pa (DFHBI-C1 and DFHBI-hx) and WT transcripts.

The quantum yields of the A58Pa (DFHBI-C1 and DFHBI-
hx) transcripts were 0.51 and 0.58, respectively, and that of
the WT-DFHBI complex was 0.721 (Figure S3C). Despite
the lower quantum yields of the A58Pa transcripts than that
of WT-DFHBI, their fluorescence intensities in solution were
around two-fold higher than that of WT with 0.1 yM DFHBI
(1:1 molar ratio) (Figures 5A and S5). The G59Pa transcript
was also slightly fluorescent. Position 23 is located at the site
opposite position 58 in the tertiary structure of the Spinach
RNA. However, no fluorescence from the G23Pa and A53Pa
transcript was observed. These results indicate the
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importance of the DFHBI-Pa incorporation at a specific
position in the Spinach RNA, for the formation of the RNA
aptamer and DFHBI complex.

The fluorescence of the A58Pa transcript was also observed
on the native gel (Figure 5). In contrast, the fluorescence of the
1:1 molar ratio of WT and DFHBI was not visible on the gel. These
results suggested that the direct incorporation of DFHBI at the
specific position in the Spinach RNA efficiently stabilises the
DFHBI-binding complex on the gel. With increasing DFHBI
concentrations, the fluorescence of WT with 1 yM or 10 uyM
DFHBI (1:10 or 1:100 molar ratio, respectively) was observed on
the gel (Figure 5B). In the solution, the fluorescence intensity of
A58Pa is comparable to that of WT in the presence of 1 uyM DFHBI
(the ratio between WT and DFHBI was 1:10).

The fluorescence intensity of the A58Pa transcript containing
DFHBI-C1-Pa was slightly higher than that containing DFHBI-hx-
Pa and as high as that of WT with 1 yM DFHBI (Figure 5B). The
MD simulation indicated that the hexyl linker moiety of DFHBI-hx-
Pa is highly flexible (Figure 2B), thus reducing the stability of the
DFHBI moiety in the binding complex.

Interestingly, the fluorescence intensity of WT in the
presence of DFHBI-hx-PaTP was as high as that of the WT-
DFHBI (1:1) pair (Figure 5A). In contrast, the fluorescence
intensity of DFHBI-C1-PaTP with the shorter linker was lower
than that of the WT-DFHBI (1:1) pair (Figure S5). Thus, the
longer hexyl linker facilitates the insertion of the DFHBI
moiety into the binding site of the WT Spinach RNA.
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Figure 6. Temperature dependencies of the structural stabilities and
fluorescence intensities of each transcript. (a) Temperature-dependent
melting profiles, measured by the fluorescence intensity and UV
absorbance at 260 nm. Fluorescence intensities were measured at 503
nm (ex. 461 nm), and UV absorbance was measured at 260 nm, with 2.5
UM of each RNA for UV absorbance and 100 nM of each RNA for
fluorescence (with 10 uM of DFHBI for WT). (b) First derivatives of the UV
absorbance melting profiles of each transcript. (c) First derivatives of the
fluorescence intensity melting profile of each transcript.

Since the gel analysis indicated the robust stability and
fluorescence of the A58Pa transcripts, we assessed their
thermal stabilities by measuring the temperature-dependent
melting profiles of the fluorescence emission (Tf) and UV
absorbance (Tr) (Figure 6).I'1 As a control, to observe the
clear fluorescence of the WT transcript, we added a 100-fold
excess of DFHBI. The thermal stabilities of the tertiary



structures of each transcript were similar among A58Pa
(DFHBI-C1), A58Pa (DFHBI-hx), WT, and WT-DFHBI
(Figure 6A), and the T, values were 73.5+ 1.9, 71.4 + 1.1,
75.4 £ 1.1, and 75.3 = 0.6°C, respectively (Figure 6B). In
contrast, the fluorescence of both A58Pa (DFHBI-C1) and
A58Pa (DFHBI-hx) was highly resistant to the temperature
change, as compared to that of the WT-DFHBI complex
(Figure 6A and 6C). With the addition of a 100-fold excess
amount of DFHBI to the WT solution, the WT-DFHBI complex
exhibited high fluorescence at low temperature. However,
the Tnf value of the complex (48.5 + 0.7°C) was significantly
lower than those of A58Pa (DFHBI-C1) and A58Pa (DFHBI-
hx) (63.5 + 0.0 and 67.8 * 0.3°C, respectively) (Figure 6C).

As the MD simulation indicated, the Tr, value of A58Pa
(DFHBI-hx) was also slightly lower than those of A58Pa
(DFHBI-C1) and WT-DFHBI. However, the T.f value of
A58Pa (DFHBI-hx) was higher than that of A58Pa (DFHBI-
C1). One possible explanation is the flexibility of the DFHBI-
hx-Pa in the complex. During the thermal denaturation of the
RNA structure, the DFHBI moiety might remain in the binding
pocket, due to the flexibility of the hexyl linker moiety. At
temperatures up to 60°C, the A58Pa (DFHBI-C1) and
(DFHBI-hx) transcripts both exhibited high fluorescence
intensities.
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Figure 7. Magnesium ion dependency of the fluorescence intensities of A58Pa
(DFHBI-C1 and DFHBI-hx) and the WT-DFHBI complexes. The fluorescence

was measured at 507 nm (ex. 472 nm) in buffer containing different Mg?*
concentrations (0-5 mM).

One issue with the conventional Spinach RNA is the
strong dependence on metal ions.2 % 18 |n particular, at a
Spinach RNA (WT) and DFHBI ratio lower than 1:10, the
fluorescence intensity significantly decreases in a solution
containing less than 1 mM Mg?* (Figures 7 and S6). In
contrast, the fluorescence of the A58Pa transcripts without
Mg?* was as high as that of the WT-DFHBI complex at the
1:50 ratio and strong intensities were maintained at Mg?*
concentrations higher than 0.5 mM (Figure 7). At high Mg?*
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concentrations (4-5 mM), the fluorescence intensities of
A58Pa (DFHBI-C1) and (DFHBI-hx) were comparable to
those of the respective 1:10 and 1:5 ratios of the WT-DFHBI
complexes.

Another issue with the conventional Spinach RNA-DFHBI
pair is the photobleaching by the cis-trans isomerisation of
DFHBI induced by continuous irradiation.®! Encouraged by
the robust stability of the core moiety in the DFHBI-
conjugated A58Pa (DFHBI-C1 and DFHBI-hx) transcripts,
we examined the in vitro photostabilities of the A58Pa
transcripts, as well as the WT RNA with DFHBI or DFHBI-hx-
PaTP, using a cuvette-based irradiation method'® (Figure
8). DFHBI-hx-PaTP also binds to the WT RNA and exhibits
fluorescence emission (Figure 5A) and thus is a suitable
control to evaluate the photostability of the dye-conjugated
Pa unit. The initial (within 5 sec) fluorescence reductions of
the A58Pa (DFHBI-C1 and DFHBI-hx) transcripts, as well as
the WT RNA-DFHBI-hx-PaTP pair, were around 2-fold
slowerthan that of the WT—-DFHBI pair (the left side panel in
Figure 8), suggesting the increased photostability of the
DFHBI conjugation to Pa with the linker against cis—>trans
isomerisation. In contrast, upon irradiation for longer period
(within 600 sec), the WT complexes with both DFHBI-hx-
PaTP and DFHBI showed lower plateaus than those of the
A58Pa (DFHBI-C1 and DFHBI-hx) transcripts (right panel in
Figure 8). These results indicated that the DFHBI
conjugation with Spinach RNA might facilitate the rebinding
of the conjugated cis isomer of the DFHBI moiety, after
reverse trans->cis isomerisation. Overall, the photostability
of the DFHBI-conjugated Spinach RNAs was improved by
two effects: reducing the light-induced cis—>trans
isomerisation in the dye-binding site (originated in the
chemical structure modification via linker attachment to
DFHBI) and increasing the binding affinity of the cis isomer
of DFHBI (probably ko, increase via direct RNA conjugation).

A58Pa (DFHBI-hx)

A58Pa (DFHBI-C1)

05
WT RNA : DFHBI (20 : 1)

i 025 WT RNA : DFHBI-hx-PaTP (20 : 1)

Normalized fluorecent intenstiy

0.85 0
0 1 2 3 4 5 0 200 400 600

Time (sec) Time (sec)

Figure 8. In vitro photostability of A58Pa transcripts (DFHBI-C1 and
DFHBI-hx, 100 nM) and the WT RNA-DFHBI complexes (2 yM WT RNA
with 100 nM DFHBI or DFHBI-hx-PaTP). The fluorescence was measured
at 505 nm (ex. 461 nm).

Miniaturisation of Spinach RNA

Given the stabilisation of our dye-conjugated Spinach
method, it might be possible to shorten the length of the
Spinach RNA. Shorter versions of Spinach RNA, Baby (52-
mer) and mBaby (44-mer) Spinach, were obtained by
miniaturising the original one (62-mer) (Figure 9).'"Y However,



these shorter versions of Spinach RNA suffered from
relatively poor folding efficiency and consequently exhibited
lower fluorescence intensity.®?! Therefore, we also designed
their stabilised versions, Baby2 (53-mer) and mBaby2 (47-
mer), by introducing G—C pairs into their stem regions (Figure
9).
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Baby2
53-mer
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44-mer

mBaby2
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Figure 9. Predicted secondary structures of the original, Baby, and
mBaby Spinach RNAs, as well as Baby2 and mBaby2 stabilised by
introducing G—C pairs in the stem regions (enclosed in red boxes). The

DFHBI-Pa incorporation sites are indicated in green.

A Baby  Baby Baby2  Baby2
DNA template WT  A58Pa WT  A58Pa

Partial Full Partial Full Partial Full Partial Full

DFHBI-hx-PaTP - — + + - -+ +

Relative yield (%) of 74 100 16 48 69 100 14 52

transcripts

Full-length
transcripts

V- == T

B mBaby  mBaby mBaby2 mBaby2
DNA template WT A58Pa WT A58Pa

Partial Full Partial Full Partial Full Partial Full
DFHBI-hx-PaTP - - + o+ - - + +
Relative yield (%) of 80 100 17 61 67 100 8 36
transcripts
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= > |
Full-length - =" -«

transcripts

Figure 10. Analysis of transcripts of the shorter versions, Baby, Baby2,
mBaby, and mBaby 2 for WT and A58Pa (DFHBI-hx-Pa, 1 mM), after 3-
hour T7 transcription reactions using fully or partially double-stranded
DNA templates.

The transcription was performed using 1 uM of each fully
or partially double-stranded template in the presence or
absence of 1 mM DFHBI-hx-PaTP. The transcription
efficiencies of A58Pa for Baby, Baby2, mBaby, and mBaby2
were 48-61% when using the fully double-stranded
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templates, as compared with those of WT (Figure 10).
Partially double-stranded templates, especially for mBaby2,
significantly reduced the transcription efficiencies. This might
be due to secondary structure formation in the single-
stranded regions in the templates.

The stabilised Baby2 and mBaby2 transcripts for both
WT (RNA/DFHBI = 1:10) and A58Pa exhibited high
fluorescence intensities (Figure 11). Both the WT and A58Pa
mBaby transcripts with DFHBI were fluorescently inactive. In
contrast, the Baby A58Pa showed high fluorescence
emission, although the original WT Baby was inactive. Thus,
the conjugation of DFHBI to Baby Spinach stabilises the
tertiary structure for the appropriate localisation of DFHBI,
and mBaby2 can be used as the shortest version of Spinach
RNA with high emission.

Spinach Baby Baby2 mBaby mBaby2
© © © © ©
Transcript (0.1 pM) E E % E g % g E % E E % E E %
DFHBI-hx-PaTP < < < < 2
in transcription + - =+ - -+ - -+ = - 4

DFHBI (uM)
RNA:Dye=1:1o0r 1:10 0.1 1

01 1 01 1 0.1 1

|
o
I
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Figure 11. Fluorescence intensities of the WT transcripts in the presence
of DFHBI (1- or 10-fold) and the A58Pa transcripts containing DFHBI-hx-
Pa at position 58, for the original Spinach, Baby, Baby2, mBaby, and
mBaby2. Fluorescence was measured at 503 nm (Ex. 461 nm).

Real-time monitoring and visualisation of T7 transcription
In vitro transcription monitoring using light-emitting RNA aptamers
provides various biosensor applications, such as a cell-free
biosensor to detect water contaminants in low-resource settings!”.
Thus, we examined the utility of our method for such monitoring
applications. We performed real-time fluorescent tracing and
visualisation of transcripts in in vitro T7 transcription reactions, by
the site-specific DFHBI-Pa incorporation system using the fully
double-stranded A58Pa DNA templates for 62-mer Spinach
(SpA58Pa) and 53-mer Baby2 (Baby2 A58Pa) in the presence of
0.5 mM DFHBI-hx-PaTP and 1 mM natural base NTPs. As a
control, the WT Spinach (SpWT) and Baby2 (Baby2 WT)
transcriptions were also performed in the presence of 10 uM
DFHBI. The fluorescence intensities in the reactions were
continuously monitored at 507 nm (ex. 472 nm) at 37°C for 4 h.
The transcription was successfully monitored by the DFHBI-
hx-Pa incorporation into A58Pa (Figure 12A). The transcription
using the shorter version, Baby2 A58Pa, exhibited higher
sensitivity, as compared to the Baby2 WT transcription with 10 uM



of DFHBI, and the fluorescence of the Baby2 A58Pa transcription
was visually detected and as high as those of the SpA58Pa and
SpWT transcriptions (Figure 12B). Even in a 1 h transcription
reaction, the fluorescence was sufficiently detectable (Figure
12C). The Baby2 A58Pa transcripts probably folded more easily
in transcription, as compared to the Baby2 WT transcripts. The
fluorescence intensity of the SpWT-DFHBI pair was reduced by
longer irradiation periods (black solid line in Figure 12A). This
might be due to photobleaching of the system and less-efficient
DFHBI cis-isomer recycling in the large amounts of transcript, as
shown in Figure 8. Thus, the method using DFHBI-PaTP provides
a highly stable detection system for the light-up aptamers as the
output signal of cell-free biosensors.
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Figure 12. Real-time monitoring and visualisation of in vitro transcription. The
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fluorescence intensity during transcription with various template concentrations
(250-1,000 nM) was monitored (excitation 461 nm, emission 503 nm) (A). In
the T7 transcription, 0.5 mM DFHBI-hx-PaTP for A58Pa or 10 uM DFHBI for
WT were used for monitoring. The fluorescence of each transcription reaction
after 4 h (B) or each hour with 1000 nM template (C) was visually detected with
a Blue LED transilluminator. Cont-1 and Cont-2 present transcriptions without
templates in the presence of 0.5 mM DFHBI-hx-PaTP and 10 uM DFHBI,
respectively.

Conclusion

We have demonstrated an RNA light-emitting method using
genetic alphabet expansion technology, as an alternative to
the conventional RNA/dye pair method. In T7 transcription,
DFHBI-conjugated PaTP was site-specifically incorporated
into Spinach transcripts opposite Ds in the DNA templates,
and the efficient light-emission by the transcripts was
observed. The incorporation site of DFHBI-Pa was correctly
assessed by MD simulations. The fluorescence of the
DFHBI-Pa-containing  RNAs was thermally stable and
tolerated a wide range of Mg?* concentrations, as compared
to the conventional Spinach system, enabling the design of
a shorter version of the Spinach RNA. Thus, the dye-
conjugated Spinach method by genetic alphabet expansion
can be used for highly sensitive monitoring and visualisation.
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This dye-conjugated Spinach RNA increased the stability
against photobleaching by two factors: the stabilisation of the
cis-trans photoisomerisation and the improved rebinding of
the reproduced cis isomer of the DFHBI moiety. Other
modifications of DFHBI, such as Bl'and DFNS, with Broccoli
RNA reportedly resist the cis—trans photoisomerisation and
increase the recycling.['” Thus, our method could be further
improved by the Bl- or DFNS-conjugated Pa incorporation to
the Broccoli system.

As for in vivo imaging, this is the first step toward the
development of a new type of Spinach RNA conjugated DFHBI.
In the system, the shorter Spinach'RNA might be useful for its
conjugation with target gene transcripts. Similar to the DFHBI
addition in the conventional Spinach method, our system also
requires the DFHBI-conjugated substrate, which might increase
the background fluorescence in in vivo. The background signals
result from the nonspecific interactions of the dye materials with
cellular components and the high viscosity in the cell. This
background issue could be improved by using FRET systems.[a.
%l Romesberg’s team has already developed semi-synthetic
organisms using their unnatural base pairs, which function in in
vivo replication, transcription, and translation.?”! Therefore, it is
highly possible that in vivo imaging can be achieved using this
genetic alphabet expansion system.

Experimental Section

Refer to Supplementary Information
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Light emission by dye-conjugated Spinach RNA transcripts generated by genetic alphabet expansion. Dye-conjugated unnatural
base substrates are site-specifically incorporated into Spinach RNA opposite to its unnatural base pairing partner in DNA templates

by T7 transcription. The dye-conjugated Spinach RNAs or shorter versions robustly emit fluorescence.



