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BIOPHYSICS

Structural dynamics-guided engineering of a riboswitch
RNA for evolving c-di-AMP synthases

Dian Chen', Jun Li?, YouWu’, Liang Hongz, Yu Liu'*

Cyclic diadenosine monophosphate (C-di-AMP) synthases are key enzymes for synthesizing c-di-AMP, a potent
activator of the stimulator of interferon genes (STING) immune pathway. However, characterizing these enzymes
has been hampered by the lack of effective sensors. While c-di-AMP riboswitches, as natural aptamers, hold the
potential as RNA biosensors, their poorly comprehended structural dynamics and inherent "OFF" genetic output
pose substantial challenges. To address these limitations, we synthesized over 10 fluorophore-labeled samples to
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probe the conformational changes of the riboswitch at the single-molecule level. By integrating these dynamic
findings with steady-state fluorescence titration, mutagenesis, in vivo assays, and strand displacement strategy,
we transformed the natural aptamer into a c-di-AMP biosensor. This engineered biosensor reversed its genetic
output from "OFF" to "ON" upon c-di-AMP binding, exhibiting a 50-fold improvement in the c-di-AMP detection
limit. Leveraging this refined biosensor, we developed a robust strategy for high-throughput in vivo evolution of

c-di-AMP synthases.

INTRODUCTION

Cyclic diadenosine monophosphate (c-di-AMP), synthesized from
two adenosine 5’-triphosphate (ATP) molecules by c-di-AMP syn-
thases, functions as a second messenger regulating bacterial growth
and homeostasis (Fig. 1A) (1-4). In addition, c-di-AMP can induce a
conformational change in the stimulator of interferon genes (STING),
activating downstream signaling cascades, including type I interferons
and nuclear factor kB in mammalian cells (5-9). These pathways are
crucial for initiating robust innate and adaptive immune responses
against bacterial infections, making the activation of STING via c-di-
AMP a promising strategy for immunotherapy (10, 11). Given the low
cellular permeability and instability of externally administered c-di-
AMRP, in situ production of this natural agonist by c-di-AMP synthases
holds substantial potential in clinical therapy, ensuring ample intracel-
lular levels to effectively activate STING (12, 13). As a result, evaluat-
ing the in vivo activity of c-di- AMP synthases and engineering optimal
candidates for therapy has gained great interest. However, progress is
hindered by the lack of sensitive biosensors for high-throughput mon-
itoring of c-di-AMP synthase activity in vivo.

The expanding availability of aptamers has greatly propelled the de-
velopment of innovative biosensors (14). Aptamers are recognized for
their high affinity toward specific targets and their unique ability to
adopt intricate structures upon target binding, making them ideal for
biosensor design. Riboswitch RNAs, a class of naturally occurring ap-
tamers linked to expression platforms, undergo conformational changes
upon binding specific metabolites or ions (15, 16). This property enables
riboswitches to regulate gene expression, transitioning between "OFF"
and "ON" states upon binding their target molecules. This inherent
responsiveness makes riboswitches prime candidates for biosensor
applications. Researchers have harnessed the natural ligand-binding
properties of riboswitches, modifying them to create biosensors capable
of detecting various analytes (17, 18). Furthermore, engineered ribo-
switches can be coupled with reporter genes, transducing binding events

'State Key Laboratory of Microbial Metabolism, School of Life Sciences and Bio-
technology, Shanghai Jiao Tong University, Shanghai 200240, China. 2School of
Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China.
*Corresponding author. Email: liuyu_sjtu@sjtu.edu.cn

Chenetal., Sci. Adv. 11, eadt8165 (2025) 2 April 2025

into readily measurable signals such as fluorescence or color changes.
The versatility and programmability of riboswitches offer a robust and
adaptable platform for identifying and quantifying biological and chem-
ical substances. This enables riboswitches to be applied across diverse
fields, including medical diagnostics, environmental monitoring, food
safety, and synthetic biology.

C-di-AMP riboswitches are located in the 5’ untranslated region of
mRNA and undergo conformational changes upon binding c-di-AMP,
modulating the expression of genes involved in cell wall metabolism, ion
transport, and osmotic stress response (19). Crystal structures of ligand-
bound states reveal that a pseudo-symmetric riboswitch binds to two
c-di-AMP molecules (Fig. 1, B and C), with dissociation constants (Kj)
ranging from approximately 1 nM to 2.1 pM (20-22). This distinguishes
it from most riboswitches, which typically exhibit a 1:1 ligand stoichi-
ometry. The high specificity and sensitivity of c-di-AMP riboswitches
make them promising candidates for developing biosensors to monitor
intracellular c-di-AMP levels. However, the current structural knowl-
edge is limited to the ligand-bound riboswitch, lacking structures
for the ligand-free state. The absence of structural information regard-
ing c-di-AMP-induced conformational changes in the riboswitch,
coupled with its complex ligand-binding behavior, poses substantial
challenges for developing a c-di-AMP biosensor based on the ribo-
switch. Furthermore, initial investigations into the Bacillus subtilis
c-di-AMP riboswitch suggest that the RNA assumes a transcriptional
OFF state upon c-di-AMP binding (19). Traditional OFF biosensors rely
on a decrease in signal upon analyte binding, which can be limited by
low signal-to-noise ratios. In contrast, ON biosensors offer distinct ad-
vantages by generating increasing signal upon analyte binding. This re-
sults in lower background noise, more easily identifiable output, higher
signal-to-noise ratios, and ultimately, lower detection limits (18). Conse-
quently, for high-throughput applications, ON biosensors are notably
more advantageous than OFF biosensors. To leverage this benefit, the
natural OFF function of the c-di-AMP riboswitch must be adapted to
operate as an ON biosensor.

In this study, we sought to explore the dynamic landscape of a
c-di-AMP riboswitch upon ligand binding to inform the rational
design of a sensitive biosensor. To probe the riboswitch dynamics, we
incorporated 11 Cy3-Cy5 fluorophore pairs into specific positions
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Fig. 1. Structure and function of c-di-AMP riboswitch. (A) C-di-AMP synthase catalyzes the conversion of two ATP molecules into one molecule of c-di-AMP (CdA).
(B) Secondary structure of the translational c-di-AMP riboswitch (riboCdA) from T. pseudethanolicus. Binding of two molecules of c-di-AMP to a riboCdA mediates long-range
PK (in magenta) formation, sequestering the proposed Shine-Dalgarno (SD) sequence (highlighted in red) and thereby repressing expression of downstream genes. The
helices P1, P2, P3, P4, P5, P6, and P7 are depicted in light blue, blue, cyan, green, orange, gold, and light purple, respectively. The red and green sparkles represent the
fluorophores Cy3 and Cy5, which were introduced into the RNA for smFRET studies. (C) Crystal structure of c-di-AMP riboswitch. Five Cy3-Cy5 pairs were incorporated into
specific positions of riboCdA. (D) In vivo translation of riboCdA-controlled GFP gene. Two genetically encoded elements include GFP (in green) and T7 promoter-controlled
c-di-AMP synthase DisAgs (in purple). The c-di-AMP molecules synthesized by DisAgs impair ribosome binding to riboCdA, thereby reducing GFP production. GFP produc-
tion was affected by the PK mutations, and no significant production of GFP was observed in the presence of ASD-riboCdA. The mutations introduced in ASD- and APK-
riboCdA are highlighted in gray at (B). (E) Regulation of GFP expression by the WT (riboCdA), U85C, U85CU86C, APK, and ASD mutation in the presence of DisAg (purple)
and DisAgs D77N (blue) in E. coli. GFP expression decreased in the presence of active c-di-AMP synthase, DisAgs, compared to the deactivated synthase, DisAgs D77N. WT,
wild type; PDB, Protein Data Bank; 3WJ, three-way junction.
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within the riboswitch and its mutants for single-molecule Forster reso-
nance energy transfer (smFRET) assays. Our results reveal that the
pseudoknot (PK) in the c-di-AMP riboswitch plays a regulatory role in
gene expression and exhibits heightened sensitivity to both Mg** and
c-di-AMP compared to other structurally important regions, such as
helix P1, two binding sites, and three-way junctions (3W]s). Notably,
the two c-di-AMP binding sites demonstrate cooperativity in modulat-
ing PK, with the distant site 1 exerting a more dominant effect. Our re-
sults highlight helix P1 as a crucial regulator of c-di-AMP sensitivity, as
evidenced by smFRET, mutation, and in vivo gene expression experi-
ments. A mutation in P1 can disrupt binding site 2, subtly shifting the
specific binding and response spectrum of the riboswitch to c-di-AMP
and expanding the detection limits for c-di-AMP by approximately
50-fold. To convert the c-di-AMP riboswitch output from a genetic
OFF to ON state upon c-di-AMP binding, we rationally engineered its
expression platform by incorporating an artificial stem loop to leverage
a strand displacement strategy. Furthermore, the refined riboswitch-
based biosensor exhibits potential for real-time detection of c-di-AMP
and in vivo evolution of c-di-AMP synthases. It successfully identified a
mutant c-di-AMP synthase exhibiting a sixfold improvement in activity
and about 85% higher conversion efficiency from ATP to c-di-AMP
within 10 min. Our findings demonstrate an approach for characteriz-
ing c-di-AMP synthases and provide a powerful tool for further inves-
tigation of this critical enzyme in cancer immunotherapy.

RESULTS

The PK plays a pivotal role in translational repression

The c-di-AMP riboswitch (riboCdA) studied here originates from
Thermoanaerobacter pseudethanolicus and adopts a unique pseudo-
symmetric structure characterized by two 3WJs connecting six helices
(P1 to P3 and P5 to P7; Fig. 1, B and C) (20). Both c-di-AMP molecules
interact with the riboswitch in a pseudo-twofold symmetric manner:
one occupies site 1 between helices P3 and P5, while the other resides in
binding site 2, flanked by helices P1 and P7 and capped by the PK
(Fig. 1, B and C). The long-range PK (magenta) forms via base pairing
between nucleotides 83 to 88 and 125 to 130 in the 3’ terminus. In con-
trast to the transcriptional termination mechanism observed in the
B. subtilis c-di-AMP riboswitch (19, 21), our riboCdA likely regulates
gene expression at the translational level. This is inferred from the pres-
ence of a translation initiation codon (GUG, underlined in Fig. 1B) and
potential pairing between the Shine-Dalgarno site (SD, highlighted in
red in Fig. 1B) and 16S ribosomal RNA (fig. S1A). We propose that
PK formation impedes ribosome binding to the SD, establishing the
c-di-AMP-bound state as a translation OFF switch. This hypothesis
found support in our in vivo experiments, wherein a green fluorescent
protein-based gene reporter assay under the control of riboCdA detect-
ed an ~6-fold decreased signal upon T7 RNA polymerase-mediated
expression of DisAgs compared to expression of the inactivated mutant
DisAgs-D77N (Fig. 1, D and E) (23, 24). In addition, GFP repression by
riboCdA was disrupted upon mutation of the SD or PK (Fig. 1, D and
E). Moreover, a homologous riboCdA from T. tengcongensis MB4 also
exhibited significant translation repression in response to c-di-AMP
(fig. S1B). These findings suggest that the PK sequesters the SD
sequence, preventing ribosome binding and thus inhibiting the transla-
tion of downstream genes.

The PK demonstrates sensitivity to both Mg>* and c-di-AMP
The conformational changes of riboCdA remain obscure due to the
lack of c-di-AMP-free structural information. To explore riboCdA
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dynamics at the single-molecule level using smFRET, we synthesized
five distinct riboCdA samples, each labeled with Cy3 and Cy5 fluoro-
phores at specific positions using position-selective labeling of RNA
(PLOR), to monitor the dynamics of PK, binding sites 1 and 2, helix P1,
and the overall folding of riboCdA (Fig. 2, A and B; fig. S2; and tables S1
to S5). Specifically, we used 17-step, 16-step, 13-step, 16-step, and 9-step
PLOR reactions to synthesize Cy3/Cy5-labeled PK-, Sitel-, Site2-, P1-,
and 3W]J-riboCdA, respectively. PLOR uses a pause-restart transcrip-
tion strategy in a solid-liquid hybrid state, pausing RNA synthesis at
specific positions by missing certain types of nucleotide triphosphates
(NTPs) and restarting RNA synthesis by adding a new NTP mix. This
precise control over RNA synthesis allows for the precise labeling of Cy3
and Cy5 at the designated sites in the five-labeled samples (25, 26). To
investigate the impact of Cy3 and Cy5 placements on c-di-AMP binding
in riboCdA, we conducted steady-state fluorescence titrations using
samples labeled with 2-aminopurine (AP), Cy3 and Cy5, including
AP/Cy3/Cy5-PK-riboCdA, AP/Cy3/Cy5-Sitel-riboCdA, AP/Cy3/
Cy5-Site2-riboCdA, AP/Cy3/Cy5-P1-riboCdA, and AP/Cy3/Cy5-
3WJ-riboCdA, as well as their counterpart without Cy3/Cy5, 131AP-
riboCdA, which was solely labeled with AP. These titrations yielded
comparable half maximal effective concentration (ECsp) (fig. S3).
The five modified AP/Cy3/Cy5-labeled riboCdA samples and the
131AP-riboCdA incorporate AP, a fluorescent adenosine analog, at site
131, replacing the native adenosine (A). This replacement enables fluo-
rescent monitoring of riboCdA conformational changes with mini-
mal structural perturbation. All AP/Cy3/Cy5-labeled riboCdA samples
were synthesized using PLOR and PORVDA (position-specific labeling
of RNA by DNAP variant). PORDVA is a recently developed method
that enables the introduction of modifications at specific positions with-
in RNA using an engineered DNA polymerase (27). This method has a
distinct advantage in incorporating modifications at the 3'-end of long
RNA. The detailed procedures and reagent usage for synthesizing the
five AP/Cy3/Cy5-labeled riboCdA samples and the 131 AP-riboCdA are
listed in tables S1 to S6.

PK-riboCdA, labeled with Cy3 at site 90 and Cy5 at site 121, was
synthesized to investigate PK folding under varying Mg** and c-di-
AMP conditions (Fig. 2C, fig. S4 to S6, and table S1). In the absence
of Mg2+ and c-di-AMP, a low-FRET peak (Epgrgr ~ 0.15) was observed
(Fig. 2D, gray). The addition of 1 mM Mg”* induced a high-FRET
state (Egger ~ 0.75, Fig. 2D, blue). Subsequent addition of 100 pM
c-di-AMP further increased the proportion of the high-FRET state
while notably reducing transitions between the low- and high-FRET
states [Fig. 2, D (red) and E]. On the basis of the crystal structure of
c-di-AMP-bound riboCdA, the distance between sites 90 and 121 is
approximately 32 A, corresponding to a FRET value of 0.7 to 0.8 (fig.
S7). Thus, riboCdA adopts a PK-formed conformation in the pres-
ence of Mg2+, and additional c-di-AMP (abbreviated as CdA) enhances
both the proportion and stability of this conformation. Specifically,
the addition of 100 pM c-di-AMP reduces the half-saturation point
(ECsp) of Mg2+ for PK formation from approximately 0.91 to 0.42 mM
(fig. S5A). When Mg*" is below 2 mM, c-di-AMP presence leads to
a more stable riboCdA, as evidenced by the lower measured kyndock
values (fig. S5B).

Compared to the wild type (WT), APK-riboCdA, which con-
tains mutations disrupting the PK as shown in Fig. 1B, exhibited a
significant decrease in the intensity of the high-FRET peak (Fig. 2F
and table S7). Upon the addition of 1 mM Mg**, a dynamic mid-
FRET state (Egggr ~ 0.53) was observed, as evidenced by the transi-
tions between the mid-FRET state and both the low-FRET state
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Fig. 2. Crucial roles of Mg?* and c-di-AMP in PK formation and dynamics. (A) Schematic of smFRET experiments for riboCdA. The fluorophore-labeled riboCdA was
immobilized on the slides via hybridization to a biotin-labeled oligonucleotide (gray line), with biotin depicted as a gray ball. (B) PAGE images of fluorophore-labeled RNA
samples excited at 530-nm (top) and 650-nm (middle) fluorescent wavelengths. The bottom panel shows the merged images from the top and middle panels. (C) Sche-
matic of PK-riboCdA. Cy3 and Cy5 were specifically labeled at sites 90 and 121, respectively. (D) Histograms for PK-riboCdA at 0 mM Mg?* (gray), 1 mM Mg?* (blue), and
1 mM Mg?* with 100 pM c-di-AMP (red). (E) Transition occupancy density plots (TODPs) for PK-riboCdA at 1 mM Mg?* and 1 mM Mg?* with 100 pM c-di-AMP. (F) Histograms
for APK-riboCdA at 0 mM Mg?" (gray), 1 mM Mg?* (blue) and 1 mM Mg?* with 100 pM c-di-AMP (red). (G) Structure of c-di-AMP-bound riboCdA with 82 (in blue) flipping
out of L7. (H) Steady-state fluorescence spectra of 82AP-riboCdA titrated with 0 to 1T mM Mg?* (blue) and 0 to 0.2 mM c-di-AMP in the presence of 1 mM Mg?* (red). More
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(Eprer ~ 0.22) and the high-FRET state (Eprgr ~ 0.75) in transition
occupation density plots and single-molecule traces (fig. S8). On the
basis of the FRET value, we propose that in the mid-FRET state, the
distance between sites 90 and 121 is closer than in the absence of
Mg?*, although the PK has not yet formed (fig. $8). In the presence
of 1 mM Mg*" and 100 pM CdA, the proportion of the high-FRET
peak in APK-riboCdA increased to approximately 23% (Fig. 2FE, red),
aligning with the repression percentage of GFP expression repres-
sion (~20%) induced by APK-riboCdA (Fig. 1, D and E). These
findings further support that the high-FRET peak represents the
PK-formed conformation, which serves as a repressor in gene ex-
pression. In addition, the formation of the PK in response to Mg**
and c-di-AMP was supported by steady-state fluorescence measure-
ments of 82AP-riboCdA (Fig. 2, G and H; fig. S9; and table S8). In
this construct, a fluorescent adenosine analog, AP, replaced an ade-
nosine (A) at site 82 in the PK. This substitution preserves the base
pairing within the PK while enabling the fluorescent tracking of PK
changes. Upon the addition of either Mg®* or c-di-AMP, a notable
increase in fluorescence was observed in 82AP-riboCdA (Fig. 2, G
and H), aligning with the site 82 flipping out of L7 as observed in the
crystal structure of c-di-AMP-bound riboCdA (Fig. 2G). These results
validate that the dynamics of the PK in riboCdA respond sensitively to
both Mg** and c-di-AMP, consistent with our smFRET observations.

Key structural regions of riboCdA exhibit distinct responses
to c-di-AMP

In addition to the PK, we studied the impact of c-di-AMP on other
key regions of riboCdA, including helix P1, binding site 1, site 2,
and 3W]Js. Helix P1, as a component of binding site 2 and located
near the PK, is anticipated to play a notable role in both c-di-AMP
binding and PK dynamics. Cy3 and Cy5 fluorophores were placed
at sites 14 and 121 of riboCdA to create P1-riboCdA for probing
the dynamics of helix P1 via smFRET (Fig. 3A, fig. S10, and table
S4). At 0 to 5 mM Mg**, a high-FRET peak (Egggr ~ 0.8) was evi-
dent in the smFRET histograms of P1-riboCdA (Fig. 3A and fig.
S11). The Egrgr value of 0.8 correlates well with the distance be-
tween sites 14 and 121 in the c-di-AMP-bound riboCdA structure
(fig. S7), indicating that Mg** is sufficient to stabilize P1. The addi-
tion of 100 pM c-di-AMP caused a broader distribution of the
peak, suggesting increased flexibility of helix P1 (Fig. 3A). To in-
vestigate the dynamics of binding site 1 in riboCdA, we synthe-
sized sitel-riboCdA labeled with Cy3 and Cy5 at sites 53 and 110,
respectively, for smFRET assays (Fig. 3B, fig. S12, and table S2). In
the absence of Mg2+, a low-FRET state (Eprgt ~ 0.35) indicated
that helices P3 and P5 are spatially distant and unable to form
binding site 1 (fig. S13B). Upon the addition of Mg*", Egggr in-
creased from approximately 0.35 at 0 mM Mg** to 0.52 at 5 mM
Mg**, indicating closer proximity between helices P3 and P5 (fig.
S13B). The subsequent addition of 5 to 100 uM c-di-AMP induced
a stable high-FRET state (Eprgr ~ 0.77), corresponding to the fold-
ed state of binding site 1 in the crystal structure (Fig. 3B and figs.
S7 and 13). In addition, the proportions of the high-FRET peak
correlate positively with c-di-AMP concentrations. To assess c-di-
AMP influence on binding site 1, we synthesized 103AP-riboCdA,
where AP is introduced at site 103 situated in the linker between
helices P3 and P5 (fig. S14, A to C, and table S9). Minimal fluorescence
change was detected in 103AP-riboCdA upon the addition of 1 mM
Mg** (fig. $14D). Conversely, upon the addition of c-di-AMP, a sig-
nificant increase in fluorescence was observed in 103AP-riboCdA
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(fig. S14D). These results support the conclusions drawn from the
smFRET assays of sitel-riboCdA: c-di-AMP is essential for the for-
mation of binding site 1, whereas Mg*" alone is unable to construct
the binding site 1 despite its role in bringing P3 and P5 closer to-
gether to facilitate c-di-AMP binding.

Subsequently, we synthesized site2-riboCdA with Cy3 and Cy5
labeled at sites 14 and 90, respectively (Fig. 3C, fig. S15, and table
$3). Unlike binding site 1, Mg** alone can adjust the helices P1 and
P7, forming two dynamic structures with Epggr of approximately
0.43 and 0.2, respectively (Fig. 3C and fig. S16). Unexpectedly, in the
presence of Mg”*, adding 100 uM c-di-AMP to site2-riboCdA shifted
the Epgpr ~ 0.43 peak to a lower FRET peak (~0.35) (Fig. 3C and fig.
S$16). This indicates that c-di-AMP induced local conformation
rearrangements to accommodate the ligand at the binding site 2. In
contrast to the functional regions, the overall folding of riboCdA
between two 3W]s became only marginally compact upon the addi-
tion of c-di-AMP. This is reflected in Epggr values of 3W]J-riboCdA,
which increased from approximately 0.36 to 0.38 upon the addition
of 100 pM c-di-AMP (Fig. 3D, fig. S17, and table S5). Collectively,
the PK, two binding sites, and helix P1 displayed distinct responses
to c-di-AMP. Kinetic analysis revealed that the PK exhibited higher
dynamics at low c-di-AMP, indicated by its higher kyndock compared
to the binding site-labeled design (Fig. 3E). In response to Mg** and
c-di-AMP, the PK demonstrated greater sensitivity than the binding
sites and helix P1 (Fig. 3, F and G). A surprising finding was that,
despite the structural similarities observed in the crystal structure,
the two binding sites exhibited significant differences in their kinet-
ics behavior upon receiving the c-di-AMP signal, as shown by the
kdock and kyndock values in Fig. 3E. Consequently, we propose a model
that incorporates the kinetic information for riboCdA folding upon
c-di-AMP binding (fig. S18).

Modifying P1 heightens the PK's sensitivity to c-di-AMP

To broaden the c-di-AMP response range of riboCdA, we generated
a series of mutants, including Asitel-riboCdA, Asite2-riboCdA,
2bP1-riboCdA, and AP1-riboCdA to disrupt binding site 1, site 2,
and helix P1, respectively (Fig. 4A, figs. S19 and 20, and tables S10 to
S13). The Cy3-Cy5 pair was incorporated into sites 90 and 121 in all
four mutants to monitor PK dynamics using smFRET (Fig. 4, B to E).
In Asitel-PK-riboCdA and Asite2-PK-riboCdA, the high-FRET peak
increased with c-di-AMP up to 100 uM in the presence of 0.75 mM
Mg** (Fig. 4F). Disrupting binding site 1 impaired PK formation
of riboCdA more significantly compared to binding site 2 (ECs:
~78.9 pM versus 11.0 pM). In contrast, the high-FRET state in
2bP1-PK-riboCdA exhibited response to 0.05 to 500 pM c-di-AMP,
a much broader range compared to WT and other mutants (Fig. 4G).
As expected, 2bP1-riboCdA showed an inhibitory effect on in vivo
GFP translation, as the two residues mutated in 2bP1-riboCdA to
reduce base pairs in P1 from four to two and also impairs binding
site 2 (Fig. 4, A and H). However, compared to WT, the modified
2bP1-riboCdA triggered significantly higher PK dynamics (Fig. 4I).
In addition, disrupting binding site 1 (Asitel) resulted in a greater
impairment of PK formation and in vivo function of riboCdA com-
pared to disrupting binding site 2 (Asite2) (Fig. 4H). This aligns with
the lower proportion of high-FRET peak in Asitel-PK-riboCdA
compared to Asite2-PK-riboCdA (Fig. 4, B and C). Notably, in the
absence of c-di-AMP, disrupting site 1 led to fewer molecules adopt-
ing the high-FRET conformation compared to disrupting site 2, in-
dicating that site 1 plays a more substantial role in PK formation in
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the absence of c-di-AMP. However, the addition of a high concen-
tration of c-di-AMP stabilized the PK, thereby reducing the differ-
ences of the two binding sites (Fig. 4, B and C). These findings suggest
that despite binding site 1 being farther from PK than site 2, it plays
a pivotal role in PK. The distal yet dominant role of site 1 is sufficient
to induce dynamic PK regulation of translation, even with a trun-
cated P1 and disrupted site 2 in 2bP1-riboCdA (fig. S18). Eliminating
the synergistic effect between binding sites 1 and 2 while retaining
only site 1 broadens the c-di-AMP detection spectrum of riboCdA.

Inverting the switch characteristics of riboCdA

The natural c-di-AMP riboswitch produces an OFF signal upon receiv-
ing c-di-AMP, which is not ideal for rapid screening. To conceptually
transform riboCdA into a desirable ON biosensor, we introduced a
10-nt oligonucleotide probe complementary to the riboCdA termi-
nus to release the SD from PK (Fig. 5A). In the absence of c-di-AMP,
hybridization between the probe and the SD prevented PK forma-
tion, as evidenced by the predominant low-FRET peak observed in
the smFRET analysis (Fig. 5B). However, the presence of c-di-AMP
substantially promoted PK formation via strand displacement, lead-
ing to increased dissociation of the free probe and a shift of the domi-
nant peak from low-FRET to high-FRET (Fig. 5B and fig. S21). Using
a Cy5-labeled 10-nt probe, WT, 2bP1-riboCdA, and AP1-riboCdA
exhibit notable differences in probe dissociation at 2 mM Mg** and
37°C, with measured ECs; of 1.8, 191, and 6396 pM, respectively
(Fig. 5, C to E). In addition, the apparent cooperativity coefficients
decreased to 0.8 for 2bP1-riboCdA, decreased to 0.5 for AP1-riboCdA,
and remained at 1.8 for WT, which is consistent with the disruption
of at least one binding site in the mutated riboCdA.

To adapt riboCdA into a biosensor capable of binding c-di-AMP
and generating an ON signal, we designed an artificial stem loop.
This stem loop, positioned between helix P1 and 3’-end, incorpo-
rated a complementary probe and the SD region within its structure
(Fig. 5F). Crucially, the riboswitch expression platform was reengi-
neered so that the SD sequence forms a stable stem loop in the absence
of ligand, with which PK formation competes upon ligand binding.
The addition of c-di-AMP is expected to favor PK formation, thereby
competing with the engineered stem loop via strand displacement.
This simultaneously releases the single-stranded SD, permitting ribo-
some binding and translation initiation. To engineer riboCdA for
enhanced sensitivity to c-di-AMP, we randomized both the base
pairing (9 to 12 combinations of G-C, A-U Watson-Crick pairs, and
G-U wobble pairs) and loop sizes (4 to 11 nt) within the stem-loop
structure (fig. S22). Among the eight tested variants, D4, which has
an 11-base paired stem and a 7-nt loop, was proved to be the most
effective. In the presence of c-di-AMP synthase DisAg,, the GFP
production of ON-riboCdA increased by 7.6-fold compared to its
deactivated counterpart, D77N (Fig. 5, G and H). Agar plate images
further supported the successful inversion of our engineered biosen-
sor from OFF to ON (Fig. 5I). In the presence of deactivated synthase
D77N, the formation of stem-loop D4 in ON-riboCdA rendered the
SD inaccessible to ribosomes, effectively switching GFP translation
OFF. In contrast, in the presence of DisAg,, the in vivo produced
c-di-AMP disrupted the stability of D4, triggering strand displace-
ment to promote PK formation. This process liberated the SD and
the initiation codon, enabling ribosome binding and GFP translation
(Fig. 51, right).

The introduction of the stem-loop D4 enables ON-riboCdA to
achieve the desired ON switch behavior. To further characterize the
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activities of c-di-AMP synthases on a larger scale, we engineered 2bP1-
riboCdA by incorporating D4, generating ON-2bP1-riboCdA. This
construct, along with ON-riboCdA and ON-AP1-riboCdA, was used
to assess the enzymatic activities of six bacterial c-di-AMP synthas-
es (fig. S23). As illustrated in Fig. 5], CdaAy,,, CdaAg, and DisAg
displayed heightened sensitivity in both ON-2bP1-riboCdA and
ON-riboCdA compared to other c-di-AMP synthases. This observa-
tion aligns with our findings in riboCdA despite a decrease in transla-
tion efficiency with these effective c-di-AMP synthases. These results
validate that our engineered ON-riboCdA and ON-2bP1-riboCdA
can effectively discriminate between different c-di-AMP synthases
in living cells using ON signals, highlighting their adaptability as
c-di-AMP biosensors.

Advancement in c-di-AMP synthase engineering

C-di-AMP synthases, prevalent in various gram-positive bacteria,
catalyze c-di-AMP synthesis and hold promise for therapeutic appli-
cations, particularly in tumor treatment (12, 13, 28). Nevertheless, the
lack of biosensors for evaluating the in vivo functionality of c-di-AMP
synthases hinders the on-site screening of mutated enzymes to iden-
tify superior variants. We devised a strategy to screen DisAgs mutants
using ON-2bP1-riboCdA or ON-riboCdA as in vivo biosensors,
aiming to enhance the enzyme's ability for local c-di-AMP pro-
duction (Fig. 6A). To demonstrate the efficacy of our engineered
ON biosensor, we selected WT DisAg, as the parent enzyme for en-
hancement. We conducted site-saturation mutagenesis on nine resi-
dues (E53, D56, M97, A100, M109, T113, E130, R131, and R132; fig.
S24) located within the catalytic pocket while not directly involved
in c-di-AMP synthesis using a degenerate NNK codon. Plasmids
carrying mutated DisAg,, along with either ON-2bP1-riboCdA or
ON-riboCdA and a GFP reporter gene, were transformed into the
Escherichia coli strain BL21(DE3) and plated onto the LB agar. Clones
exhibiting the highest green fluorescence on the plates were selected
for sequencing (Fig. 6A). Both ON-riboCdA and ON-2bP1-riboCdA
are well-suited for fluorescence-based screening. Using ON-riboCdA
as a biosensor, we identified three highly responsive variants: E53P,
E130K, and M97L (fig. S24). Using ON-2bP1-riboCdA, we identi-
fied three additional variants—E53A, E130R, and D56S—that dis-
played responsiveness to c-di-AMP (Fig. 6B). Among these mutants
exhibiting enhanced activity, E130K demonstrated advantages in
c-di-AMP production, leading to more efficient GFP expression within
a shorter timeframe (Fig. 6, A to C). In addition, the lower in vivo
enzymatic activities of E53A, E130R, and D56S compared to E53P,
E130K, or M97L highlight the superiority of ON-2bP1-riboCdA
in detecting c-di-AMP synthases, offering higher sensitivity and a
broader detection spectrum (Fig. 6C).

To tentatively optimize mutant performance, we generated and
tested combinations of the identified mutations with enhanced activi-
ties. Notably, E130K outperformed all tested combined mutants—
including the double mutant P + K (E53P + E130K), the triple mutant
P + K + L (E53P + E130K + M97L), and the quadruple mutant
P+ K+ S+ L (E53P + E130K + M97L + D56S)—in terms of in vitro
c-di-AMP production, as demonstrated by high-performance liquid
chromatography (HPLC) analysis (Fig. 6, D and E, and fig. S25).
Specifically, the single E130K mutation yielded a remarkable 6.2-fold
increase in c-di-AMP production compared to WT DisAg;. The
E130K mutation significantly enhanced catalytic efficiency, improv-
ing the conversion from ATP to c-di-AMP from less than 10% to
more than 95% within 30 min, as evidenced by our HPLC results
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(Fig. 6E and fig. S25). This remarkable outcome is supported by the
analysis of the crystal structure. In the c-di-AMP-bound DisAg;
crystal structure, residue 130 is situated near the c-di-AMP binding
site (fig. S24). Replacing the glutamic acid (E) with lysine (K) at
residue 130 significantly increases the positively charged surface of the
DisAg,, potentially mitigating the electrostatic repulsion between
the negatively charged c-di-AMP and DisAg;, thereby enhancing
their interaction (fig. S24C). Furthermore, as illustrated in fig. S26,
seven DisAps mutants exhibited higher activity compared to the
well-characterized c-di-AMP synthase DacA in the therapeutic
E. coli Nissle (EcN) 1917 (13, 29-31).

DISCUSSION

The c-di-AMP plays a dual role as both a crucial secondary messen-
ger within bacteria, regulating essential physiological processes, and
a potent agonist of the STING pathway in host cells, eliciting innate
immune responses against infections. On-site synthesis of c-di-AMP
is preferable to exogenous delivery for several reasons. These in-
clude mitigating off-target effects, overcoming the challenges of low
membrane permeability, and circumventing rapid degradation. There-
fore, enhancing the catalytic efficiency of c-di-AMP synthases is
paramount. However, engineering these enzymes has been ham-
pered by the lack of efficient screening methods. C-di-AMP ribo-
switches, with their remarkable ability to specifically recognize and
bind to c-di-AMP, offer a promising avenue for developing these
tools. Inspired by this inherent capability of riboswitches, we sought
to engineer a c-di-AMP-responsive riboswitch as a RNA biosensor
for identifying highly efficient c-di-AMP synthases. However, this
endeavor faces immediate challenges. First, our understanding of
the dynamic structural changes that occur upon c-di-AMP binding
remains limited. Second, naturally occurring c-di-AMP riboswitches
exhibit an undesirable OFF signal upon binding to c-di-AMP.

To address the challenges, we investigated the dynamic mecha-
nism and regulatory function of the full-length c-di-AMP riboswitch.
Using a combination of single-molecule FRET, fluorescence titra-
tion, mutagenesis, and in vivo gene expression assays, we were able
to probe the intricate interplay between structure and function. Our
results highlight notable variations in the dynamics and c-di-AMP
response across different structurally important regions of the ribo-
switch. Our findings revealed a pivotal role for the PK in sensing
c-di-AMP, ultimately governing gene expression. The efficacy of PK
is closely tied to the cooperative functionality of the two c-di-AMP
binding sites, particularly site 1. The ligand-sensing mechanism of
the c-di-AMP riboswitch shares similarities with that of T-box ribo-
switch (32, 33). PK is a canonic long-range interaction shared by
many riboswitches, such as preQ1 and SAM-II riboswitches, and the
ligand-binding that favors the proximal PK has been widely dis-
cussed in literature (34-36). However, the c-di-AMP riboswitch har-
bors a unique structure, containing two distant binding sites, which
is different from most riboswitches. Isothermal titration calorimetry
(ITC) of a transcriptionally regulated c-di-AMP riboswitch from
B. Subtilis revealed that the deletion of site 1 hampered site 2, where-
as the deletion of site 2 had a weaker influence on site 1 (20). The
unbalanced cooperativity between the two binding sites was also ob-
served in our translationally regulated c-di-AMP riboswitch based
on smFRET data. It has been reported that riboswitches obey kinetic
control in modulating gene expression (37, 38). In the case of riboC-
dA, site 1 (distal to the PK) adopts less dynamic conformations with
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a weak disassociation rate, whereas site 2 (proximal to the PK) folds
into much more dynamic conformations in the presence of c-di-AMP.
However, the folding of both site 1 and site 2 facilitates the formation
of PK, as supported by our observations in smFRET and in vivo expe-
riments, which show that the mutations in site 1 or site 2 impaired
the formation and function of the PK in riboCdA. The dynamics-
guided engineering of riboCdA to 2bP1-riboCdA weakens the
synergistic effect between binding sites 1 and 2, broadening the
c-di-AMP detection spectrum of the c-di-AMP riboswitch. This
strategy can be applied to engineer other RNAs, especially those
without determinated ligand-free structures, to adjust their binding
capacity and biological functions based on their dynamic landscape.

Helix P1, a component of binding site 2 and situated near the
functional core of the riboswitch (PK), emerged as a promising tar-
get for engineering PK functionality due to its crucial role in the
cooperative binding of c-di-AMP. Introducing subtle mutations into
helix P1 successfully disrupted this cooperative interaction while
preserving dominant c-di-AMP binding at site 1. This loosened the
riboswitch's grip on c-di-AMP, effectively broadening its detection
range by approximately 50-fold. Furthermore, drawing upon our
dynamic data and the strand displacement strategy, we rationally
modified the P1-mutated riboswitch by introducing an artificial
stem loop. This modification successfully inverted the riboswitch's
output signal in response to c-di-AMP. Using this engineered ribo-
switch, we rapidly evolved a c-di-AMP synthase mutant, E130K,
exhibiting an over sixfold enhancement in catalytic efficiency com-
pared to its parent enzyme. Crucially, this single mutation markedly
improved the conversion efficiency from ATP to c-di-AMP, escalat-
ing from less than 10% in the WT to more than 95% within a mere
10 min. Moreover, this mutation showed superior activity to the
well-established c-di-AMP synthase DacA in the therapeutic ECN
1917 strain. The strand displacement strategy used in engineering
riboCdA has been reported in natural riboswitches, such as fluoride
and ZTP riboswitches (39, 40). This approach is efficient in inverting
the regulatory function of riboCdA and can potentially be applied
to other RNA aptamers.

RNA molecules play critical regulatory roles within cells, driving
the rapid advancement of RNA-based biotechnology (41-43). Engi-
neering natural RNA molecules for biological functions and appli-
cations is urgently needed. Dynamic studies of RNA provide not only
structural information but also crucial insights for engineering RNA to
meet diverse needs in synthetic biology, therapeutics, environmen-
tal science, and biomanufacturing (44-46). In this study, we lever-
aged comprehensive dynamic findings of the c-di-AMP riboswitch
and strand displacement strategy to design a c-di-AMP biosensor.
This RNA biosensor is capable of accelerating the directed evolution
of c-di-AMP syntheses, holding potential value for applications
such as tumor therapy. Given the inherently dynamic nature of
RNA, constructing RNA tools based on a deep understanding of
their dynamic behavior will stimulate a wave of innovation, broad-
ening the applications and impact of RNA technologies.

MATERIALS AND METHODS

Materials

The primers and oligonucleotides used for site-directed mutagene-
sis and smFRET were purchased from Sangon Biotech (Shanghai,
China) and listed in tables S15 and S16. The c-di-AMP was purchased
from MedChemExpress (New Jersey, USA). Modified nucleotides
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triphosphate were purchased from APExBIO Technology (Houston,
USA). Other chemicals were purchased from Sigma-Aldrich (Saint
Louis, USA) and Sangon (China).

Plasmid construction

The J23119-riboCdA-GFP gene was purchased from Sangon (China)
and cloned into pET28a(+) to generate pET28a-riboCdA-GFP plas-
mid. An E. coli codon-optimized gene for DisAps expression was
ordered from Sangon and inserted into pET28a-riboCdA-sfGFP
between Ndel and Xhol sites, resulting in the plasmid of pET28a-
DisAp;s-riboCdA-GFP. Site-directed mutagenesis was conducted using
inverse polymerase chain reaction (iPCR) to introduce mutations in ri-
boCdA and in DisAg;. The mutated products were digested with Dpn I
(TAKARA, Japan) at 37°C for 30 min, followed by ligation using the
ClonExpress One Step Cloning Kit (Vazyme, China). The ligated
products were then transformed into E. coli BL21 (DE3) compe-
tent cells, plated on LB agar medium supplemented with kanamycin
(50 mg/liter), and measured using 480-nm fluorescent excitation on a
ChemiScope 6200 gel imager (Clinx Company, China).

Synthesis of unlabeled RNA

The unlabeled RNA—including riboCdA, 130 nt-riboCdA, AP1-
riboCdA, and 2bP1-riboCdA—were synthesized by in vitro transcrip-
tion (IVT): 0.5 pM DNA template was incubated with 0.3 pM T7
RNAP in the buffer [200 mM Hepes, 28 mM MgCl,, 6 mM NTP, and
20 mM dithiothreitol (DTT) (pH 8.0)] for 2 to 4 hours at 37°C.
Subsequently, the RNA products were purified using 12% denatur-
ing urea—polyacrylamide gel electrophoresis (PAGE). The RNA
sequences are listed in tables S6 and S15.

Synthesis of fluorophore-labeled RNA

The labeled riboCdA samples—including PK-riboCdA, APK-
riboCdA, Asitel-PK-riboCdA, Asite2-PK-riboCdA, AP1-PK-
riboCdA, 2bP1-PK-riboCdA, sitel-riboCdA, site2-riboCdA,
P1-riboCdA, 3W]J-riboCdA, 130nt-PK-riboCdA, 130nt-sitel-
riboCdA, 130nt-site2-riboCdA, 130nt-P1-riboCdA, 130nt-3WJ-
riboCdA, 82AP-riboCdA and 103AP-riboCdA—were synthesized
by PLOR as previously described (25, 26). DNA and RNA sequences
used in PLOR reactions are listed in tables S14 and S15. Detailed proce-
dures and reagent additions for each labeled sample are provided in
tables S1 to S5 and S7 to S13. Biotin-tagged DNA templates were im-
mobilized on streptavidin-coated agarose beads (Smart-Lifesciences) to
obtain the solid-phase templates as previously described (25, 26). A de-
tailed procedure of sitel-riboCdA synthesis is described as following. In
the first step, 20 pM DNA beads gently rotated with 20 pM T7 RNAP,
3.36 mM ATP, 1.28 mM guanosine 5'-triphosphate (GTP), and 128 pM
cytidine 5’-triphosphate (CTP) in the initiation buffer [40 mM tris-HCI,
100 mM K,SO4, 6 mM MgSOy, and 10 mM DTT (pH 8.0)] at 37°C for
15 min. The reaction mixture was filtered by solid-phase extraction
(SPE) and washed five times by washing buffer [40 mM tris-HCl and
6 mM MgSO, (pH 8.0)]. Except noted, filtration and bead rinsing
were performed between steps. In step 2, 40 uM GTP, 40 uM CTP, and
20 pM uridine 5'-triphosphate (UTP) in the elongation buffer [40 mM
tris-HCl, 6 mM MgSOy, and 10 mM DTT (pH 8.0)] were incubated
with the solid-phase reactant at 30°C for 7 min. Subsequent steps
mirrored step 2 but used different NTP mixtures as detailed in table
S2. Steps 7 and 15 were conducted at a higher temperature, 37°C, to
enhance yields for incorporating bulky Cy3/Cy5 into the RNA. Other
fluorophore-labeled RNA samples were synthesized similarly as
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sitel-riboCdA, except for NTP addition. Final products were puri-
fied by 12% denaturing PAGE and reversed-phase HPLC (RP-HPLC)
using a C8 35-pm column (4.6 mm by 250 mm, GL Sciences, Japan).
Purified RNA was exchanged to the desired buffer and stored at
—80°C before use.

The labeled riboCdA samples—including AP/Cy3/Cy5-PK-
riboCdA, AP/Cy3/Cy5-sitel-riboCdA, AP/Cy3/Cy5-site2-riboCdA,
AP/Cy3/Cy5-P1-riboCdA, AP/Cy3/Cy5-3W]-riboCdA, and 131AP-
riboCdA—were synthesized by PORDVA as previously described
(27). DNA template and LRNA sequences used in PORDVA reactions
are listed in table S6. The procedures for the six labeled samples syn-
thesized by PORDVA are similar, except that different LRNA were
used as listed table S6. The biotin-tagged DNA template used in
PORDVA was immobized on the streptavidin-coated beads in the
buffer [25 mM tris-HCI, 20 mM K,SOy4, and 6 mM MgCl, (pH 8.9)]
as described in the PLOR reactions. The LRNAs for the synthesis
of AP/Cy3/Cy5-labeled riboCdA were synthesized by PLOR, fol-
lowing the procedures listed in tables S1 to S5, and the LRNA for
131AP-riboCdA was prepared by in vitro transcription. A detailed
procedure of AP/Cy3/Cy5-sitel-riboCdA synthesis is described as
following. A total of 16 pM DNA beads gently rotated with 32 pM
engineered DNA polymerase, SEM-RNAL, 130nt-sitel-riboCdA, and
16 pM 2-aminopurine-5'-triphosphate (APTP) in the buffer [10 mM
tris-HCl, 50 mM KCl, and 6 mM MgCl, (pH 8.9)] at 55°C for 20 min.
The reaction mixture was filtered by SPE and washed five times by
washing buffer [10 mM tris-HCI, 50 mM KCl, and 6 mM MgCl,
(pH 8.9)] to remove residual APTP. 32 uM ATP, 64 uM GTP, 16 pM
CTP, and 64 pM UTP were then incubated with the reactants at
55°C for 20 min. Subsequently, 50 U of TURBO DNase I (Invitrogen)
and proteinase K (Beyotime) were added to the reaction to digest
the DNA template and SFM-RNAL at 37°C for 30 min. The RNA
products were purified by 12% denaturing PAGE and stored at —20°C
for future use.

smFRET measurements and data analysis

Cy3Cy5-labeled riboCdA samples ranging from 50 pM to 1 nM were
hybridized with a biotin-labeled oligonucleotide strand in T50 buf-
fer [10 mM tris-HCl and 50 mM NaCl, pH 8.0) before immobiliza-
tion on streptavidin-coated coverslips. After a 5-min incubation,
non-immobilized RNA was removed from the chambers using the
smFRET buffer [10 mM tris-HCl (pH 8.0), 50 mM NaCl, 3 mM trolox,
5 mM 3,4-dihydroxybenzoic acid, and 50 nM protocatechuate dioxy-
genase]. The sequence of the biotin-labeled oligonucleotide strand is
listed on table S15. smFRET measurements were conducted using an
objective-type total internal reflection fluorescence (TIRF) microscopy
and an inverted microscope (Eclipse Ti, Nikon, Japan) at room tempera-
ture. An electron multiplying charge-coupled device (EMCCD) camera
(Andor iXon Ultra 897, UK) was used to capture videos with a duration
of 100 s at a frame rate of 10 Hz. Digital signals from the camera were
used to modulate the excitation lasers at 532 and 640 nm (OBIS Smart
Lasers, Coherent Inc., USA). The fluorescent donor, Cy3, was excited by
a continuous 530-nm laser and generated by a 1.49 numerical aperture
1003 oil immersion lens for evanescent field illumination (Apo TIRE
Nikon, Japan). The open-sourced software iSMS was used to extract
time-dependent signals from the single-molecule videos. Fluorescence
spots on the EMCCD were fitted using a two-dimensional Gaussian
function after background subtraction. The software deepFRET was
used for identifying single-molecule trajectories, and manual screening
may be needed to enhance data analysis accuracy. Single-molecule
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trajectories exhibiting anticorrelated behaviors before photobleach-
ing were selected for following statistical analysis. The FRET efficiency,
Epprer, was measured using the equation: Eprer = Ia/(Ia + Ip), where Iy
and Ip denote the fluorescence intensities of the acceptor and donor,
respectively. The distribution histograms of Epggr were fitted with a
Gaussian function based on the probability density of FRET efficiency
using Origin 8.5 software. The FRET efficiency was idealized with
the hidden Markov modeling (HMM) package vbFRET, which used an
empirical Bayesian method to estimate the FRET states and transition
time points. Transition events were determined from the states assigned
by HMM and visualized through transition occupancy density plots
using the Python module Matplotlib. For dynamic traces, the dwell
times of each state were extracted and converted to cumulative dwell-
time histograms. Lifetimes in the undocked (Tyndock) and docked (Tgock)
states were obtained by fitting the data with a single exponential func-
tion in Origin 8.5. kgock and kyndock Were calculated as the inverse of
Tundock and Tdock, respectively.

Steady-state fluorescence spectroscopy

Steady-state fluorescence titration experiments of AP-labeled riboCdA
samples interacting with c-di-AMP and Mg”* were performed using
a 300-nm excitation wavelength on an FLS 1000 photoluminescence
spectrometer (Edinburgh Instruments Ltd., UK) at room temperature.
The 0 to 200 pM c-di-AMP or 0 to 1 mM Mg** were titrated into
0.5 pM, 100 pl of 82AP-riboCdA or 103AP-riboCdA in the buffer
[50 mM tris-HCl and 50 mM NaCl (pH 8.0)]. Alternatively, 0 to 100 pM
c-di-AMP were titrated into 0.5 pM, 100 pl of 131AP-riboCdA sam-
ples or AP/Cy3/Cy5-labeled riboCdA samples in the buffer [50 mM
tris-HCI, 50 mM NaCl, and 1 mM MgCl, (pH 8.0)]. Each measure-
ment was repeated at least three times. The apparent dissociation
constant, Ky, was determined using the Hill equation

F-F, X1
Fi—F  (K"+[X]")

where F, F;, and F; represent the observed, the minimum, and the
maximum fluorescent intensity, respectively, and and [X] represents
Mg2+ or c-di-AMP concentration.

Probe competition assay

A 1.6 pM riboCdA, AP1-riboCdA, or 2bP1-riboCdA was mixed
with 2 pM Cy5-labeled oligonucleotide probe (see table S15) in the
buffer [50 mM tris-HCI, 110 mM KCl, and 2 mM MgCl, (pH 8.0)],
heated at 85°C for 5 min, and then gradually cooled to room tem-
perature at a rate of 5°C/min. The c-di-AMP (0 to 2000 pM) was
added to the mixture and incubated at 37°C for 5 min. The reactions
were then loaded to 8% native PAGE gel, visualized under a 650-nm
excitation wavelength using the ChemiScope 6200 gel imager (Clinx
Company, China), and quantified using the software Image]. Relative
fluorescent intensities of Cy5 probe measured at different c-di-AMP
concentrations were fitted to the Hill equation

[cdA]”
(K" +|cdA]")

F-F, _

FI_FO

where F, Fy, and F; represent the observed, the minimum, and the
maximum fluorescent intensity, respectively; [CdA] is c-di-AMP
concentrations; and ECs is the disassociated midpoint and n is the
Hill coefficient.
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C-di-AMP synthase screening

The strains containing pET28a-DisAps-ON-riboCdA-GFP or pET28a-
DisAps D77N-ON-riboCdA-GFP plasmids were inoculated into 1 ml
of LB medium and cultured at 37°C for 12 hours. The genes of CdaAy,
CdaAgs, CdaAp;, CdaSg,, and CdaSp, were purchased from Sangon and
substituted for DisAp in the pET28a-DisAps-ON-riboCdA-GFP
construct to generate recombinant plasmids capable of expressing
c-di-AMP synthases other than DisAg,. All plasmids were transformed
into E. coli BL21 (DE3), and single colonies were selected for sequenc-
ing and cultured at 37°C for 12 hours. Strain growth and GFP fluo-
rescence were measured using a Tecan Spark microplate reader with
a 96-well microplate.

Construction of site-saturation mutant libraries

Nine semi-rational libraries were designed to mutate the selected resi-
dues near the binding pocket of the c-di-AMP synthases. The mu-
tant libraries were created by overlap PCR using the parent plasmids
pET28a-DisAps-ON-riboCdA-GFP and pET28a-DisAps-ON-2bP1-
riboCdA-GFP, incorporating redundant NNK codons by Phanta Max
Super-Fidelity DNA Polymerase (Vazyme, China). The primers used in
PCR reactions were purchased from Sangon and are listed in table S16.
Following transformation into E. coli BL21 (DE3), the strains were cul-
tured on LB agar plates supplemented with kanamycin (50 mg/liter)
at 37°C overnight. The single colonies exhibiting high GFP fluores-
cence under the ChemiScope 6200 gel imager (Clinx Company, China)
were inoculated into 1 ml of LB medium containing kanamycin
(50 mg/liter) and grown overnight at 37°C. A 1 pl of culture was
inoculated into 200 pl of LB medium containing kanamycin (50 mg/
liter) in a 96-well microplate (Corning, USA) and incubated in a micro-
plate reader at 37°C. Fluorescence was measured every 16 min under
485-nm excitation and 509-nm emission wavelengths on a Tecan Spark
microplate reader. Strains containing the parent plasmid were used
as controls.

Expression and purification of c-di-AMP synthases

The genes containing DisAg, (from B. subtilis) and its mutants were
inserted into pET28a(+) between Ndel and Xhol sites using the
ClonExpress II One Step Cloning Kit (Vazyme), followed by transfor-
mation into BL21 (DE3). Single colonies confirmed by sequencing
were cultured overnight in 4 ml of LB medium and subsequently trans-
ferred to 100 ml of LB medium. When the optical density of 600 of
the cultures reached 0.6 to 0.8, 0.5 mM isopropyl B-p-thiogalactoside
was added to induce protein expression at 16°C for 16 hours. Cells were
harvested by centrifugation at 12,000 rpm for 5 min, and the pellet was
resuspended in the lysis buffer [50 mM tris-HCI, 300 mM NaCl, 0.1 mM
EDTA, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)
(pH 7.5)]. Subsequently, the cells were sonicated, and the resulting lysate
was centrifuged at 12,000 rpm for 1 hour. The supernatants were
incubated with Ni-NTA agarose resin (Smart-Lifesciences, China),
rinsed with the buffer [50 mM tris-HCI, 100 mM NaCl, 1 mM DTT,
0.5 mM PMSE, and 5% glycerol (pH 7.5)] to remove unbound pro-
teins and then eluted with the buffer [50 mM tris-HCI, 100 mM
NaCl, 1 mM DTT, 0.5 mM PMSE 5% glycerol, and 300 mM imidazole
(pH 7.5)]. The eluted proteins were purified using a Superdex 200 size
exclusion chromatography column (GE Healthcare, USA) in the buffer
[50 mM tris-HCI, 100 mM NaCl, 1 mM DTT, 0.5 mM PMSE, and
5% glycerol (pH 7.5)]. The purified proteins were then concentrated
in the storage buffer [50 mM tris-HCI, 100 mM NaCl, 1 mM EDTA,
and 50% glycerol (pH 7.5)] at —80°C before use.
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Plasmid transformation into EcN 1917

The Ara operon, containing the PBAD promoter and AraC, was
inserted into the plasmid pET28a-DisAg,-ON-2bP1-riboCdA-GFP,
replacing the Lac operon, to obtain pBAD-DisAgs-ON-2bP1-riboCdA-
GFP. Seven different mutants of DisAgs and CdaA;,, (DacA) were sub-
cloned into pBAD-DisAps-ON-2bP1-riboCdA-GFP to replace DisAp;.
Following electroporation of the plasmids into EcN 1917, trans-
formed cells were selected as colonies on LB agar containing kana-
mycin (50 mg/liter). Real-time GFP measurements were performed
to characterize the activity of c-di-AMP synthase mutants.

C-di-AMP synthase activity assays

The in vitro activity characterization of synthases was performed
using previously described protocols®. A 50-pl mixture of 1 pM
DisAps or mutants and 100 pM ATP was incubated in the buffer
[50 mM tris-HCI, 100 mM NaCl, and 10 mM MgCl, (pH 7.5)] at
30°C for 5 to 30 min, followed by the addition of liquid nitrogen to halt
the reactions. The reaction substrate (ATP) and product (c-di-AMP)
were separated using RP-HPLC equipped with a C8 35-pm column
(4.6 mm by 250 mm, GL Sciences, Japan) at a flow rate of 0.5 ml/min.
The mobile phase consisted 90% (v/v) phosphate buffer (22.5 mM
NaH,PO, and 7 mM Na,HPO,) and 10% acetonitrile (v/v).

Statistical analysis

Statistical analysis was performed using GraphPad Prism8 and
Origin 8.5 software. Quantifications shown are means + SEM unless
otherwise stated.

Supplementary Materials
This PDF file includes:

Figs. S1to S26

Tables S1to S16
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