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ABSTRACT: Engineered RNAs have applications in diverse fields from
biomedical to environmental. In many cases, the folding of the RNA is critical
to its function. Here we describe a strategy to improve the response time of a
Systematic mutagenesis was
performed to either make transpose or transition base pair mutants or
introduce orthogonal base pairs. Both natural and unnatural base pair
mutants were found to improve the biosensor response time without
compromising fold turn-on or ligand affinity. These strategies can be

riboswitch-based fluorescent biosensor.

transferred to improve the performance of other RNA-based tools.
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atural and synthetic RNA tools have been developed for

diverse applications, including diagnostics, therapeutics,
imaging, and genome editing.l’2 Each of these functions
requires the RNA to be in a specific conformation, which could
be single-stranded, double-stranded, structured, or a combina-
tion. In some cases, the RNA must undergo conformational
changes to form an active complex or to interact with a
molecular target. Thus, folding is critical to the activity of the
RNA-based tools.

Riboswitches are natural structure-switching RNAs that
recognize small molecule ligands with high specificity and
affinity and can be fused to fluorogenic aptamers to make
RNA-based fluorescent (RBF) biosensors.”* While researchers
mainly have focused on selectivity and sensitivity in biosensor
design, recently, we have been interested in understanding and
overcoming limitations in RNA-based biosensor response
time.” Access to faster biosensors would expand their
capabilities for both real-time diagnostic and molecular
imaging applications.

We hypothesized that because riboswitches are evolved for
gene regulation, the natural sequences are selected for
structural switching in the context and timing of that cellular
process, which does not necessarily optimize for rapid ligand
sensing. Thus, we explored ways to identify biosensor
sequences with faster response times. Here we show that
riboswitch conformational change is the rate-determining step
for an RBF biosensor. Two structure-based approaches were
developed, systematic mutagenesis and orthogonal base pair
incorporation that lead to biosensors with substantially
improved response times. To the best of our knowledge, this
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study is the first to synthesize and analyze an RNA-based
fluorescent biosensor incorporating unnatural orthogonal base
pairs.

We recently reported an RBF biosensor for the metabolite
and environmental pollutant, guanidine, that gets activated
within a few minutes of analyte addition both in vitro and in
vivo (Figure 1A, Supporting Information (SI), Figure S1).° In
contrast, the fluorogenic aptamer by itself, Spinach2, displays
much faster fluorescence turn-on (SI, Figure S2A) and was
previously shown to be preorganized for dye blndmg The
slower turn-on response of the biosensor is due to its
fluorogenic mechanism, which requires that the riboswitch—
ligand interaction controls folding of the fluorogenic aptamer
to affect dye binding. Accordingly, preincubation of the
biosensor with guanidine to form the riboswitch—ligand
complex partially restores fast turn-on (SI, Figure S2B).
Thus, the rate-determining step for this biosensor involves
riboswitch folding upon ligand association.

A hidden aspect of biomolecular sensors, both protein and
RNA-based, is that designs have to contend with misfolding,
which is akin to side reactions that degrade both fold turn-on
and activation rate. A general misfolding mechanism for RNA
is for a region to form alternative base pairs that are not found
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Figure 1. (A) Schematic representation of Dru J 2,2-p-guanidine
biosensor. (B) In vitro kinetic screening results of 34 single mutants.
Results for each base pair are shown for the transpose mutation (top
region) and transition mutation (bottom region). (C) In vitro turn-on
kinetic plots of the WT and C4-G46 biosensors. Scattered dots
represent the data points, and solid lines represent best-fit curves.

in the final, ligand-bound structure (SI, Figure S3). Because
ligand-induced folding appears to be the slowest step in
biosensor activation, we hypothesized that systematically
mutating single base pairs in the riboswitch can block
misfolding pathways while maintaining biosensor function.
Three base-pairing regions in the riboswitch (P1, P1b, and P2)
were chosen that are not sequence conserved based on
phylogenetic analysis and not involved in ligand recognition
based on the X-ray crystal structure. Only two types of
mutations were performed, transition (e.g, G-C < A-U) and
transpose (e.g, G-C < C-G, A-U & U-A), which either
maintain purine—pyrimidine character or base pair stability in
order to maintain biosensor function.

An initial kinetic screen of 34 base pair mutants prepared in
a high-throughput manner showed that 59% of the mutant
biosensors retain function (Figure 1B, SI, Figure S4 and Table
S1). Interestingly, these conservative mutations at the P2 stem
uniformly made the biosensor nonfunctional or slower than
WT, whereas the effect of mutations at the P1b stem was
strongly dependent on type, such that transposed mutants
were detrimental, but transition mutants were faster than WT.
Finally, mutations at the P1 stem almost uniformly made the
biosensor similar or faster than WT, regardless of type.

We chose to further characterize five P1 and five P1b stem
mutants shown to be faster than WT in the initial screen (SI,
Figures S5 and S6 and Tables S1, and S2). Some deviation
from the initial results for these RNA constructs was observed,
likely due to variable RNA purities and concentrations for the
high-throughput screen versus gel-purified RNA for rigorous
analysis. However, two base-pairs central to the P1 stem, U3-
A47 and U4-A46, showed remarkable kinetic improvements
with both mutation types compared to WT (At,,, = 0.5—1.0
min, and k,; = 1.3—1.6). In addition, two base-pairs at the top
of the P1b stem-loop, U20-A27 and A21-U26, were
moderately faster than WT (At;;, = 0.3—0.4 min, and k, =
1.1-1.2) when transition mutants were made. The fastest
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biosensor mutant, C4-G46, achieved 1 min faster t,/, and 1.6
times higher apparent rate constant than the WT (Table 1).

Table 1. Fold Turn-On and Kinetic Parameters of P1 Stem
Mutants”

WT bp mutant ft t,/, (min) kope (min~?) ke
WT none 2.1 2.50 +£ 0.23 0.28 + 0.02 1.0
U3-A47 A3-U47 2.6 1.85 + 0.19 0.38 + 0.04 1.4

C3-G47 2.3 1.99 £+ 0.15 0.35 £ 0.03 1.3
U4-A46 A4-U46 1.9 1.59 + 0.13 0.44 + 0.03 1.6

C4-G46 2.1 1.52 + 0.16 0.46 + 0.05 1.6
Co6-G44 U6-A44 2.1 2.74 £ 0.11 0.25 + 0.0 0.9

“bp = base pair, ft = fold turn-on, k. = k, (mutants)/k,, (WT). All
measurements performed in triplicate with 100 nM RNA, 3 mM
guanidine. Standard deviation for fold turn-on was <0.4.

Some mutants displayed both faster turn-on and larger
fluorescence activation than WT. However, ligand binding
affinities for these biosensors were similar to WT (SI, Figure
S7), which indicates that the mutations are not affecting the
binding equilibrium, consistent with our choice of mutating
regions not involved in ligand recognition. Instead, these
mutants likely block misfolded intermediates that are “oft-path”
to the ligand-bound structure (SI, Figure S3). In contrast,
other mutants in our analysis appear to block “on-path”
misfolded intermediates and thus give faster turn-on only
(without affecting the magnitude of fluorescence activation).

To evaluate the effect of combining the base pair mutants,
we made two types of double mutants. Four double mutants
combined the two P1 stem base pairs (U3-A47 and U4-A46),
whereas four other double mutants combined a P1 stem base
pair and a P1b stem base pair (S, Figures S8 and S9, Tables S3
and S4). The combination of the fastest P1 and Plb stem
mutants resulted in the best performing double mutant (C4-
G46/C20-G27, At;, = 0.7 min and k, = 1.3). However, to
our surprise, none of the double mutants tested were faster
than the fastest single mutant. These mutations not being
additive could be due to (i) single mutants blocking the same
misfolded intermediate, which seems likely for the two P1 stem
base pairs, and (ii) double mutants blocking some but also
generating new misfolding pathways, resulting in a net neutral
or slightly positive effect on kinetics.

So far, our systematic mutagenesis strategy involved
swapping one natural base pair for another, which in general
risks generating new misfolding pathways. We next considered
whether the incorporation of orthogonal unnatural base pairs
(UBPs) could offer a novel workaround. Hydrogen bonding7
and non-hydrogen bonding®~'’ UBPs have been developed to
introduce new functionalities in nucleic acids and have been
applied in a variety of applications, including generating high-
affinity DNA aptamers,'"'> PCR-based diagnostics,'”” RNA
labeling,"*'* and generating semisynthetic organisms.'® Re-
cently, it was shown that incorporation of two hydrogen-
bonding UBPs, P—Z and B-S, at the stem region of the
Spinach aptamer maintains its fluorogenic properties.17
However, to our knowledge, UBPs have not been incorporated
into RBF biosensors and have not been shown to improve their
function.
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Non-hydrogen bonding UBPs would avoid both duplex and
noncanonical base pair interactions with the standard
nucleobases. Ds-Pa or Ds-Pa’ UBPs previously showed high
fidelity in transcription reactions and have been applied for
RNA labeling and post-transcriptional RNA modifications."*"*
Because the systematic mutagenesis already identified hotspots
for kinetic improvement, we incorporated five different UBPs
in place of U3-A47 or U4-A46 by in vitro transcription using
T7 RNA polymerase and duplex DNA containing Ds or Pa in
the template strand, which was constructed by solid-phase
synthesis and DNA ligation reactions (Figure 2A).
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Figure 2. (A) Site-specific incorporation of Ds and Pa/Pa’ by in vitro
transcription using synthetic DNA templates. (B) Fold turn-on of the
WT and UBP containing biosensors. (C) In vitro turn-on kinetic plots
of the WT biosensor and Pa3-Ds47 mutant. Scattered dots represent
the data points, and solid lines represent best-fit curve.

UBP incorporation into the RNA-based biosensors was
evaluated by LC-MS of nucleosides, polyacrylamide gel
analysis of cDNA, and high-resolution mass spectrometry
(HRMS) of the RNA fragments. Following breakdown of the
RNA to individual nucleosides, Pa/Pa’ and Ds nucleosides
were detected by LC-MS at 291 and 309 nm, respectively (SI,
Figure S10). In addition, the % of Ds and Pa/Pa’ nucleosides
determined at 260 nm were consistent with single site
incorporation (SI, Table S5).

Next, the UBP position was assessed by reverse transcription
reactions on biosensor RNAs using fluorescently labeled
primers and analysis of the cDNA products. Without the
unnatural dNTPs, stalling was observed at each of the expected
positions, but low fidelity of the reverse transcriptase for UBPs
complicated the analysis (SI, Figure S11)."” With unnatural
dNTPs, full-length ¢cDNAs are produced and partial alkaline
digestion selectively cleaved the cDNA at "'Px*’ which
corresponds to Ds positions in the RNA template. The
product cleavage patterns strongly support site-specific
incorporation (SI, Figure S12). Finally, we directly analyzed
the biosensor RNA by partially digesting with RNase T1 and
analyzing the fragments by HRMS. The expected RNA
fragments for Pa/Pa’ at position 3 and Ds at position 47
were detected at —2 to —4 charge states, which confirms site-
specific UBP incorporation (SI, Figure S13 and Table $6).
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Taken together, our analysis demonstrates successful site-
specific incorporation of UBPs into RNA-based biosensors by
in vitro transcription, with little to no mis-incorporation
observed.

Having rigorously validated the UBP-containing biosensors,
we next determined their fold turn-on and response time. A
higher RNA concentration was used in these assays (300 nM)
in case the constructs had weak performance. Biosensors with
complementary UBPs retain function similar to WT, with
fluorescence fold turn-on in the range of 2.9—4.2 (Figure 2B,
Table 2). In contrast, biosensors with the Ds-Ds self-pair in the

Table 2. Fold Turn-On and Kinetic Parameters of UBP
Containing P1 Stem Mutants”

mutation ft t,/, (min) kops (min™') keal
none (WT) 4.0 2.39 + 0.20 0.29 + 0.03 1.0
Pa3-Ds47 3.4 1.59 + 0.07 0.43 + 0.02 1.5
Pa’3-Ds47 3.6 1.83 + 0.22 0.38 + 0.04 1.3
Ds3-Pa47 29 1.64 + 0.31 0.42 + 0.04 1.4
Ds3-Pa’47 34 1.71 £ 0.22 0.40 + 0.0 1.4
Pa4—Ds46 4.2 1.69 + 0.08 0.41 £+ 0.03 1.4
Pa’4—Ds46 3.1 1.65 + 0.21 0.42 + 0.05 1.4
Ds4—Pa46 4.1 1.99 + 0.21 0.35 + 0.04 1.2
Ds4—Pa’46 3.9 192 + 0.11 0.36 + 0.02 1.2

“bp = base pair, ft = fold turn-on k, = ky,,(mutants)/ k., (WT). All
measurements were done in duplicate with 300 nM RNA. Standard
deviation for fold turn-on was <0.3.

same positions were severely disrupted. The replacement of Pa
with Pa’ in the UBP led to higher fold turn-on at U3 and A47
positions but lower fold turn-on at U4 and A46 positions.
Highest fold turn-on was observed for the Pa4-Ds46 construct.

Excitingly, all biosensors with complementary UBPs exhibit
faster turn-on than WT (At,,, = 0.4—0.8 min, k, = 1.2—1.5,
SI, Figures S14 and S15 and Table S2). UBP position and
orientation (e.g.,, Pa-Ds or Ds-Pa) had larger effects on kinetics
than replacement of Pa with Pa’ in the UBP. Fastest turn-on
was observed for Pa3-Ds47 (At,;, = 0.8 min, k. = 1.5, Figure
2C, Table 2). Interestingly, this UBP-containing biosensor
showed a faster response even though its ligand binding affinity
was somewhat reduced (Kp 312 vs 189 uM, SI, Figures S6 and
S16).

To directly compare UBP containing biosensors to the
natural mutants, select P1 mutants were reanalyzed at higher
RNA concentration (SI, Figure S17 and Table S7). Under
these conditions, the biosensor mutant C4-G46 remains the
fastest natural construct (At;, = 0.9 min, k. = 1.6), which is
closely matched by Pa3-Ds47. This result shows that natural
base pair mutants can be as effective at disrupting misfolding as
the removal of hydrogen-bonding. In addition, we found that
systematic mutagenesis, which is simpler to perform with
natural base pairs, can identify functional hotspots for UBP
incorporation. However, it is possible that UBPs may also be
advantageous at different sites. In the future, we would like to
investigate whether consecutive UBP incorporation or
randomization of UBP in a functional RNA will improve
RNA folding.

In summary, here, we show that systematic mutagenesis
and/or incorporation of UBPs in the riboswitch aptamer can
reveal mutation hotspots and improve response times over the
original sequence without compromising ligand binding affinity
or fold turn-on. The regulatory function of many riboswitches
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is kinetically controlled and the kinetics of cotranscriptional
riboswitch folding and ligand binding affect gene expres-
sion.”"** In general, RNA ligand association kinetics is slow,
happening between millisecond to second time scale, and
transcriptional or translational gene regulation happen in
seconds to minute time scale.”> >° Thus, improvement of
riboswitch folding and ligand binding by one minute is
significant and can potentially impact in wvivo function.
Additionally, many cellular functions like metabolite turnover,
transcri@ption, and translation happen in second to minute time
scales.”® Hence biosensors that activate on the minute time
scale are useful for sensing such dynamic biological processes.
Finally, our studies show that UBP-containing biosensors not
only retain function but also exhibit enhanced response rates.
Thus, this study supports the idea that incorporation of UBPs
into RNA tools may improve their folding and hence their
function in the cell. We expect that these strategies can be
directly transferred to other riboswitch- and RNA-based
devices such as aptazyme and natural and synthetic
riboregulators.
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