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A cyclic dinucleotide riboswitch has been fused with a G-quadruplex motif to produce a conditional
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riboswitch-peroxidase-mimicking sensor that oxidizes both colorimetric and fluorogenic substrates in
the presence of c-di-GMP. We find that signal-to-noise ratio could be improved by using a two-, not

three-, floor split G-quadruplex for this conditional peroxidase-mimicking riboswitch.
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Nucleotides play important roles in both prokaryotes and
eukaryotes and act as precursors for the synthesis of RNA
and DNA, phosphoryl transfer reagents to modulate protein
and small molecule function and also act as important second
messengers." Cyclic mononucleotides were discovered in the
late 1950s>* and are now known to regulate many key processes
in both eukaryotes® and prokaryotes.” Ligands that target
phosphodiesterases,® such as sildenafil and vardenafil, are
now used to treat erectile dysfunction.” Recently new classes
of cyclic nucleotides, which contain dinucleotides,® have
emerged as interesting second messengers in both bacterial
and eukaryotic cells.”' In most Gram negative bacteria, high
intracellular concentrations of c-di-GMP lead to enhanced
ability to form biofilms whereas reduced c-di-GMP concen-
tration results in increased production in virulence factors in
some bacteria.'* Other bacterial phenotypes, such as motility,
phage resistance, cell morphology and heavy metal resistance
are also controlled by c-di-GMP.'*'*> Due to the importance of
this signaling molecule, interest in understanding how nutrient
availability and environmental factors affect c-di-GMP signaling
has increased. Also medicinal chemists desire to develop small
molecules that can be used to perturb the intracellular concen-
tration of c-di-GMP; such molecules could have antibacterial
properties. We have been interested in developing different
detection schemes to detect various cyclic dinucleotides to
facilitate dinucleotide research and inhibitor discovery.'*>™¢
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Recently we reported that a cyclic dinucleotide riboswitch that
was appended to RNA aptamers that bind to fluorogenic
substrates (such as spinach) via a communication module,
could detect nanomolar concentrations of c-di-GMP.'7"'®
A limitation of our approach however is that the excitation
and emission profile of the spinach fluorophore (DFHBI)"*~>*
overlapped with several fluorophores in biological matrices
as well as the fluorescence of several small molecules in
our small molecule libraries, which we use for identifying
cyclic dinucleotide synthesis or degradation inhibitors.??
We therefore initiated a program to expand the detection modality
of cyclic dinucleotide riboswitches by appending a conditional
G-quadruplex peroxidase®* ® unit to the riboswitch, i.e. a split-
G-quadruplex unit that could form a proficient peroxidase-
mimicking enzyme only when c-di-GMP was present, see
Fig. 1 for design. Since G-quadruplex peroxidases are known
to oxidize a variety of chromophores®”*® and fluorogenic
compounds,**® we anticipated that this new riboswitch sensor
could give different outputs, including colorimetric and
fluorescence with a wide range of emission wavelengths and
could complement other detection modes, such as electroche-
mical detection.*

Oligonucleotides containing at least four tracts of guanine
(such as (G,GN),; where y > 1 and x > 4 and N could be any
nucleobase) have a high propensity to form intramolecular
G-quadruplexes in the presence of monovalent as well as a few
divalent cations.>®?® The propensity to form G-quadruplexes
however decrease as the length of the nucleotides between the
guanine tracts (N) increases.”’*° With this knowledge, we
hypothesized that a c-di-GMP riboswitch that contains guanine
tracts (less than four) at both 3’- and 5’-ends would be unable to
form G-quadruplex but upon binding to c-di-GMP, the separate
guanine tracts would be close to each other to fold into a
G-quadruplex, which could potentially catalyze the oxidation of
substrates.*® The stability of such G-quadruplex will depend on
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Fig. 1 A cyclic dinucleotide riboswitch, Vc2 RNA 32734 fused to a G-quadruplex. [S] = reduced substrate, [S*] = oxidized substrate.

the “communication module”*! in the riboswitch-G-quadruplex

fusion, a duplex region that connects the c-di-GMP binding site to
the G-quadruplex moiety. We therefore investigated several types
of communication modules (see Fig. 2), which we had earlier
observed to be appropriate for transducing c-di-GMP binding to
a spinach binding domain."” Two types of c-di-GMP riboswitch-
G-quadruplex fusions, symmetric and asymmetric, were investi-
gated. In the symmetric version two tracts of guanine (2 x GGG
or GG) were placed at both the 3’- and 5’-ends, whereas in the
asymmetric version the 3’-end contained only one tract of
guanine (GGG) whereas the 5’-end contained three tracts of
guanine (Fig. 1).

To evaluate the various c-di-GMP riboswitch-G-quadruplex
fusions, we used tyramine.*” Tyramine has low fluorescence
and can be oxidized into highly fluorescent dimers and polymers
with hydrogen peroxide and peroxidase (Fig. 3). The asymmetric
constructs were poor peroxidases in the absence or presence of
c-di-GMP, whereas the symmetric versions (with the exception of
the ST1 construct) were good peroxidases (Fig. 4). The ST2
and ST5 symmetric constructs (denoted as F3-ST2Sym and
F3-ST5Sym, respectively) could discriminate between the
presence and absence of c-di-GMP (see Fig. 4 and 5), whereas
ST3 and ST4 symmetric constructs were equally active in the
presence and absence of c-di-GMP. The ST7 construct was not
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Fig. 2 Asymmetric and symmetric riboswitch—G4 fusions used for this study (see supplementary information for the detailed sequences.).
(A) riboswitch—G4 fused RNA with three G-tetrad floors complexed to hemin; (B) riboswitch—G4 fused RNA with two G-tetrad floors complexed to hemin.
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Fig. 3 Oxidation of tyramine to tyramine dimer.

active, even in the presence of c-di-GMP. Although F3-ST2Sym
and F3-ST5Sym could detect c-di-GMP, the signal-to-noise (S/N)
ratio was deemed low. We rationalized that perhaps a riboswitch—
G-quadruplex fusion, which had only two G-tetrad floors and
hence less likely to fold into a G-quadruplex than the three
G-tetrad floor, would have a lower background noise and hence
higher S/N. Peroxidation reaction using the RNA with two
G-tetrad floors (denoted as F2-ST2Sym) displayed lower back-
ground fluorescence compared to RNA with three G-tetrad floors
(F3-ST2Sym), Fig. 5 and 6. The background fluorescence intensities
of F2-ST5Sym (two G-tetrad floors) and F3-ST5Sym (three G-tetrad
floors) were similar; it appears that the factors that control back-
ground noise are complex and involve both the stem sequence
and/or number of G-tetrad floors. Surprisingly, in the presence of
c-di-GMP the RNA-G-quadruplexes with two floors were catalytically
more proficient than those with three G-tetrad floors (compare
F2-ST2Sym with F3-ST2Sym and F2-ST5Sym with F3-ST5Sym,
Fig. 4). Therefore the S/N ratios of the two G-tetrad floors constructs
were better than the three G-tetrad floors constructs. We currently
do not have a hypothesis to explain the enhanced catalytic profi-
ciency of the two G-tetrad floors RNA construct. Future work,
beyond the scope of this work, which would investigate more of
the two G-tetrad floors RNA constructs will reveal if this trend is
indeed general or specific to this case. Having identified
F2-ST2Sym as a c¢-di-GMP sensor (Fig. 4 and Fig. S1, ESIY), we
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proceeded to investigate if it could detect the dinucleotide in a
concentration-dependent manner. Pleasingly the intensity of the
emission at 410 nm increased as the concentration of c-di-GMP
was increased and the signal from 100 nM c-di-GMP was nearly
five times higher than when no c-di-GMP was added (Fig. 6A).
A motivation for our program is to develop a platform that could
be potentially used in challenging environments, where biological
fluorophores (such as NADH"’) could cause interference.
Thus, having established that ST2Sym could be used to detect
c-di-GMP, using tyramine, we next evaluated other peroxidation
substrates (N-methyl-4-hydrazino-7-nitrobenzofurazan (MNBDH),**
10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red)* and 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)). Both oxidized
products from MNBDH and Amplex red oxidations (MNBDA and
resorufin, see Fig. 6B and Fig. S1 ESL¥ for structures) have higher
emission wavelengths than both spinach 1 and 2 fluorophores
(compare emission maxima of 540 and 585 nm for MNBDA
and resorufin respectively with 496 and 498 for spinach 1 and
2 fluorophores, 3,5-difluoro-4-hydroxybenzylidene imidazolinone
(DFHBI)),*® which had been used for earlier riboswitch-based
detection of c-di-GMP."” Therefore the ability to detect c-di-GMP
with these two “more red” fluorophores could extend the utility
of riboswitch-based cyclic dinucleotide sensing and allow for
detections in environments where either biological components
or other small molecules also have fluorescence. Pleasingly,
MNBDH and Amplex red could be oxidized by ST2Sym and the
fluorescence intensities of the products were higher in the presence
of c-di-GMP than when no c-di-GMP was present (see Fig. 6B and
Fig. S2, S3, ESIT). The c-di-GMP riboswitch-G-quadruplex hybrid
could also oxidize ABTS into the radical cation, which can be
detected via UV absorption (see Fig. S4, ESIT) and hence adds
colorimetric detection mode to the riboswitch sensing platform.
In conclusion, we have extended the detection modality
of cyclic dinucleotide-based riboswitch sensors to include
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Fig. 4 Comparison of fluorescence intensity in peroxidase reaction using RNAzymes used in this study. Conditions: [RNA] = 1 uM, [c-di-GMP] = 0 or

10 pM, [Hemin] = 500 nM (0.05% DMSO), 50 mM Tris—HCl (pH 8.0), [KCl]

=10 mM, [MgCly] = 1 mM, 24 °C, 12 h incubation before the peroxidation

reaction. Peroxidation reaction time: 60 min, [tyramine—HCIl] = 100 puM, [H,O,] = 100 uM, 24 °C, Ex. 320 nm, Em. 410 nm.
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Fig. 5 Peroxidase reaction of tyramine using ST2Sym riboswitch—G4 fused RNA [3 floors G-tetrads (left) and 2 floors G-tetrads (right)] in the presence or
absence of c-di-GMP. Conditions: same as Fig. 4. Fluorescence intensities at 410 nm in the absence and presence of c-di-GMP are 13.1 and 70.9
respectively for 3 floors G-tetrads, 6.8 and 177.4 respectively for 2 floors G-tetrads.
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Fig. 6 C-di-GMP concentration—response fluorescence intensity in peroxidase reaction. Conditions: (A) tyramine as substrate; (B) MNBDH as substrate;
[RNA(2F-ST2Sym)] = 1 pM, [c-di-GMP] = 0-50 pM, [Hemin] = 500 nM (0.05% DMSO), 50 mM Tris—HCL, pH 8.0, [KCl] = 10 mM, [MgCl,] =1 mM, 24 °C, 12 h
incubation before the peroxidation reaction. (1) [tyramine—HCI] = 100 uM, [H,O,] = 100 puM; (2) [MNBDH] = 10 uM (0.1% DMSO), [H,O,] = 100 pM.
Peroxidation reaction time is 60 min. Error bars represent the standard deviation in mean fluorescence of independent triplicate measurements.
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colorimetric detection and also extend the emission fluorescence
range. The detection of metabolites using RNA riboswitches and
aptamers is gaining increased attention but the method is
limited by lack of appropriate fluorophores and aptamer units
that bind to fluorophore units to increase fluorescence.
The method described herein is general and could be applied
to any fluorogenic substrate that could be oxidized by a
peroxidase-mimicking G-quadruplex so the method has the
potential to increase the emission wavelength range that could
be used in RNA/DNA based sensors. Current efforts are focused
on screening other fluorogenic compounds and/or developing
compounds that could be oxidized into products with emission
fluorescence in the red range and will be reported in due course.
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