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Abstract

Riboswitches are conserved non-coding RNA domains predominantly located at the 5’-end of the bacterial MRNAs, serving as gene expression
regulators. Recently, a third class of 2’-deoxyguanosine riboswitch (2’-dG-Ill) has been identified from guanine riboswitch family, exhibiting
comparable binding affinity toward 2’-dG, guanine, and guanosine. To elucidate the unique ligand recognition mechanism of this riboswitch, we
solved its crystal structures in complex with different purine derivatives, including 2’-dG, guanine, and guanosine. The tertiary structure reveals
a typical tuning-fork-like architecture, with three stems converging at a central three-way junction. The bound ligand, 2’-dG, is anchored within
the junctional core through specific molecular interactions involving certain critical nucleotides. Through systemic comparative analysis of the
binding pocket across different ligand-bound states, as well as related guanine family riboswitches, including 2’-dG-I, 2’-dG-Il, and Guanine-I
riboswitches, we identified subtle yet significant structural variations that modulate binding affinity and specificity. Leveraging these findings,
we further engineered RNA biosensors by fusing the 2’-dG-III riboswitch with Pepper fluorogenic RNA aptamer, which exhibits a robust, positive
correlation between fluorescence intensity and 2’-dG levels in vitro. Together, this work not only advances our understanding of the ligand
recognition mechanisms underlying the 2’-dG-IIl riboswitch and related guanine riboswitch family but also lays the groundwork for fine-tuning
riboswitch specificity, paving the way for the development of highly specific RNA-based biosensors.
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Introduction reports in eukaryotes [1, 2]. Most riboswitches consist of two

Riboswitches are RNA-based regulators of downstream gene  functional domains: a highly conserved sensing domain and
expression, primarily located in the 5'-untranslated regions  anadjacent, variable expression platform. The sensing domain
(5'-UTRs) of bacterial and archaeal mRNAs, with sporadic  specifically recognizes and binds the cognate small molecule
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metabolite ligands, triggering conformational changes that
alter the folding pattern of the expression platform. These
structural changes, in turn, modulate the transcription or
translation processes of downstream genes, therefore turning
gene expression on or off [3-7]. Through this interplay be-
tween the sensing domain and the expression platform, ri-
boswitches dynamically regulate gene expression related to
cellular metabolism in response to the fluctuating concentra-
tions of their cognate metabolite [8-10]. Since the discov-
ery of riboswitches in 2002, over 55 types of riboswitches
have been identified [11]. Based on their cognate ligands, ri-
boswitches have been classified into different classes, includ-
ing those sensing coenzymes, purines and their derivatives,
signaling molecules, amino acids, ions, and others [11]. The
diversity of riboswitches indicates their essential role in main-
taining cellular homeostasis and adapting to dynamic changes
across a wide range of metabolic pathways.

Among known riboswitches, the purine and purine-derived
riboswitch family is phylogenetically widespread in bacteria.
These riboswitches specifically interact with ligands contain-
ing purine chemical structures, such as adenine, guanine, xan-
thine, and 2’-dG [12], playing a crucial role in maintaining cel-
lular purine metabolism by dynamic regulation of the biosyn-
thesis, transport, and degradation of purines and derivatives
in bacteria [13]. Although guanine and adenine riboswitches
both adopt a three-way junction fold with similar overall ter-
tiary architecture, a single mutation of C-to-U in the ligand-
binding pocket can switch the ligand specificity from guanine
to adenine [14]. In addition, subsequent research has demon-
strated that minor alterations within the core of the binding
pocket can significantly influence ligand recognition, enabling
guanine riboswitches to exhibit varied specificities. Notably,
several variants of the guanine riboswitch family have been
identified as new riboswitch classes, highlighting the evolu-
tionary adaptability and functional diversity of these RNA-
based regulators [14-17].

In 2007, the first 2’-dG riboswitch, termed the 2'-dG-I ri-
boswitch [15], was identified primarily in Mesoplasma flo-
rum. This riboswitch exclusively binds to 2’-dG and regu-
lates the expression of downstream ribonucleotide reductase
genes [15]. Subsequently, in 2017, a variant of the guanine
riboswitch (UCC group), discovered in environmental sam-
ples, was found to recognize 2’-dG as its natural ligand and
was classified as the 2'-dG-II riboswitch [16]. More recently, a
new variant of the guanine riboswitch was identified in Bacil-
lus species [17]. In-line probing analysis revealed that, unlike
canonical guanine riboswitches, this variant exhibits reduced
affinity for guanine but retains low micromolar binding affin-
ity for 2’-dG. This riboswitch regulates the expression of a
downstream gene encoding purine nucleoside phosphorylase,
suggesting its role in modulating gene expression in response
to nucleoside levels. Compared to 2'-dG-1 and 2’-dG-1II ri-
boswitches [18, 19], this variant shares a similar three-way
junction structure but features a unique sequence within its
binding pocket, leading to the designation as the 2/'-dG-III ri-
boswitch [17] (Supplementary Fig. S1A and B).

Despite these discoveries, the mechanisms by which muta-
tions in the core binding pocket fine-tune binding affinity and
specificity remain unclear. Deciphering these intricate princi-
ples will not only deepen our understanding of how RNA rec-
ognizes small molecules with different modifications but also
provide valuable insights into the discovery of new classes of

riboswitches. As previously mentioned, purines play impor-
tant roles in cellular metabolism and function. The develop-
ment of robust and sensitive biosensors capable of spatiotem-
poral tracking of purines and their derivatives holds signifi-
cant promise for advancing the study of purine metabolism
with high precision. Investigations into the tertiary structures
of purine and purine-derivative riboswitches, which act as
sensing modules, and fluorogenic RNA aptamers, which serve
as signaling modules, provide essential information for design-
ing RNA-based biosensors.

To elucidate the overall folding of the 2'-dG-III riboswitch,
we employed X-ray crystallography to determine its tertiary
structure. We successfully solved the crystal structure of the
2/-dG-III riboswitch in complex with 2’-dG at a high reso-
lution of 2.1 A, revealing the unique composition of its lig-
and binding pocket. Furthermore, we solved the structures
of the 2’-dG-1II riboswitch bound to guanine and guanosine,
respectively. Comparative analyses of these structures, com-
bined with systematic mutational analysis of the 2’-dG-III ri-
boswitch and isothermal titration calorimetry (ITC) experi-
ments, provided crucial insights into the molecular basis of
ligand selectivity for the 2’-dG-III riboswitch. Additionally, we
also conducted a detailed comparison of the junction regions
of 2/-dG-1III riboswitch with those of 2'-dG-1/1I riboswitches
and the Guanine-I riboswitch, shedding light on the molec-
ular mechanisms that fine-tune their differences in ligand se-
lectivity and binding affinity. Based on these structural and
mechanistic insights, we fused the 2’-dG-III riboswitch with
the Pepper aptamer, a well-characterized fluorogenic RNA el-
ement. By fine-tuning the ligand specificity of the 2’-dG-III ri-
boswitch, we developed an RNA-based sensor capable of de-
tecting 2’-dG levels with enhanced sensitivity and specificity.

Materials and methods
RNA preparation

To facilitate in vitro transcription, specific nucleotides (5'-
GG and 3’-UC) were introduced into stem P1 of 2/-dG-III ri-
boswitch. Subsequently, the complete sequence, followed by
a self-cleaving hammerhead ribozyme, was cloned into the
pUT?7 vector, which contained a T7 RNA polymerase pro-
moter [20]. The DNA templates for iz vitro transcription were
then amplified on a large scale by polymerase chain reaction.
In vitro transcription was performed using T7 RNA poly-
merase at 37°C for 4.5 h. The resulting transcript was isolated
by urea-denatured polyacrylamide gel electrophoresis (8 M
urea-PAGE) and the target RNA was extracted from the gel
by soaking in 0.5 x Tris-Acetate-EDTA (TAE) buffer at 4°C.
Following extraction, the RNA was further precipitated us-
ing isopropanol method, washed with 80% ethanol, and ul-
timately dissolved in diethyl pyrocarbonate (DEPC)-treated,
double-distilled water.

Ligands

2’-Deoxyguanosine, guanine, 3’-deoxyguanosine, guano-
sine 5’-phosphate, xanthine, hypoxanthine, adenine, and
2’-deoxyadenosine were purchased from Yuanye Bio-
Technology Co. Ltd. (Shanghai). Adenosine was pur-
chased from Sigma-Aldrich. Guanosine was purchased from
Macklin.
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Crystallization

The purified RNA was dissolved in a buffer containing 40 mM
HEPES (pH 7.4), 50 mM KCl, and 5 mM MgCl; at a concen-
tration of 0.4 mM. The RNA sample was annealed at 65°C
for 5 min, then cooled on ice for half an hour. The ligand
was subsequently added to a final concentration of 4 mM
and incubated with the RNA on ice for an additional 30
min. Crystallization trials were conducted using the sitting-
drop diffusion method by mixing the RNA-ligand complex
with the well solution at a 1:1 ratio, followed by incuba-
tion at 16°C. Well-diffracted crystals of 2’-dG-III riboswitch
bound to 2'-dG grew within 2 days under conditions contain-
ing 0.08 M Sodium chloride, 0.012 M Potassium chloride,
0.02 M Magnesium chloride hexahydrate, 0.04 M Sodium
cacodylate trihydrate, pH 7.0, 30%-35% v/v (£)-2-Methyl-
2,4-pentanediol, and 0.012 M Spermine tetrahydrochloride.
Crystals of the 2’-dG-III-D4 riboswitch bound to guanosine or
guanine also grew under similar conditions. All crystals were
cryoprotected using the well solution and flash-frozen in lig-
uid nitrogen.

X-ray diffraction data collection and structure
determination

All the crystals were flash-frozen using liquid nitrogen and
transported to the Shanghai Synchrotron Radiation Facil-
ity (SSRF), where the X-ray diffraction data were collected
at beamlines BL18U1 and BLO2U1. The diffraction data
were subsequently processed utilizing the XDS program [21].
The phase problem of 2’-dG-III riboswitch bound to guano-
sine was solved by molecular replacement using the Phaser
MR program in the CCP4 suite with reported Guanine-I ri-
boswitch (PDB: 1Y27) [22] as an initial structure model [23].
The structure model was further built and refined by Coot
[24] and Phenix programs [25]. Additionally, the structures
of the 2’-dG-1II riboswitch bound to either 2’-dG or guanine
were determined by the molecular replacement method, with
the 2’-dG-III riboswitch-guanosine structure serving as the ini-
tial model. The detailed statistics of the crystal diffraction
data and structure refinement are provided in Supplementary
Tables S1 and S2.

Isothermal titration calorimetry

The ITC experiments were conducted on ITC-200 mi-
crocalorimeter or MicroCal PEAQ-ITC calorimeter at the Na-
tional Center for Protein Science Shanghai (NCPSS). The pu-
rified RNAs were dialyzed overnight at 4°C in an ITC buffer
containing 40 mM HEPES (pH 7.4), 50 mM KCl, and 10 mM
MgCl,. To investigate the effects of MgCl, concentration on
the affinity of the 2’-dG-III riboswitch for 2’-dG, the RNAs
were dialyzed in a buffer containing 40 mM HEPES (pH
7.4) and 50 mM KCl, supplemented with MgCl, at vary-
ing concentrations ranging from 0 to 20 mM. Subsequently,
to further investigate the impact of different divalent metal
ions, separate dialysis experiments were conducted using [TC
buffers in which MgCl, was replaced with 10 mM of CaCl,,
BaCl,, or MnCly, respectively. After dialysis, the RNA sam-
ples were diluted to the concentration of 0.05 mM for 2'-
dG and guanosine, and to 0.18 mM for guanine. They were
then refolded by heating at 65°C for 5 min, followed by rapid
cooling on ice for 30 min prior to the titration. Ligands
were dissolved in their respective dialysis buffer at final
concentrations of 0.5 mM for 2’-dG and guanosine, and
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0.018 mM for guanine. During titration, an initial 0.4 uL in-
jection of the prepared 2’-dG or guanosine solution was ad-
ministered into 200 uL of RNA sample in the cell, followed
by 18 serial 2 uL injections with 2 min intervals. The refer-
ence power was set to 5 pucal s~!. For guanine, the procedure
was reversed, with the RNA titrated into the ligand solution.
Integrated heat data were analyzed using a one-site binding
model through the MicroCal PEAQ-ITC Analysis Software.
All the thermodynamic binding parameters are presented in
Supplementary Table S3.

In vitro characterization of 2’-dG sensors

The RNA-based sensors were transcribed in vitro using T7
RNA polymerase and purified through 8 M urea-PAGE, fol-
lowed by isopropanol precipitation. The RNA samples were
prepared in a buffer containing 40 mM HEPES (pH 7.4), 50
mM KCI, and 1 mM MgCl, at a final concentration of 1
uM. To ensure proper folding, the RNAs were first denatured
by heating at 65°C for 5 min, followed by a 30 min cool-
ing on ice. Then, varying concentrations of ligand were added
to the RNA samples, resulting in RNA-to-ligand molar ra-
tios ranging from 1:0 to 1:10 000. The mixtures were then
incubated on ice for 30 min. Afterward, 5 uM of the HBC
fluorophore was added to each sample, followed by an addi-
tional 30 min incubation at 25°C to ensure complete bind-
ing. Fluorescence signal was measured using a Synergy Neo2
Multi-Mode Microplate Reader (BioTek) with an excitation
wavelength of 485 nm (+ 20nm) and an emission wave-
length of 530 nm (+ 20nm) for HBC. All fluorescence ex-
periments were independently repeated three times to ensure
reproducibility.

Results and discussion

Crystallization and tertiary structure of 2’-dG-llI
riboswitch in complex with 2’-dG

The previously reported 2'-dG-III riboswitch is predominantly
found in B. species, and the sequences identified are highly
conserved [17] (Chemical structure of 2’-dG depicted in Fig.
1A). Its consensus secondary structure consists of three stems
(P1, P2, and P3) connected by a three-way junction (J1/2,
J2/3, and J3/1), consistent with the featured overall archi-
tecture of guanine riboswitches (Supplementary Fig. STA-C).
The specific sequences (CAA) that substitute the original se-
quence (UYUC), as well as the insertion sequences (A42, U43,
and U61) in the central junction region, have been highlighted
with red shading [17] (Fig. 1B and Supplementary Fig. S1B
and C). To minimize unexpected structural alterations result-
ing from additional mutations, we preserved the majority of
the wild-type (WT) 2/-dG-III riboswitch sequence, while incor-
porating a 5’-GG in stem P1 to facilitate in vitro transcription
and varying the length of stem P1 for crystallization trials. Af-
ter screening a large number of RNA constructs for crystalliza-
tion, a 73-nucleotide long RNA complexed with 2/-dG yielded
high-quality crystals with a well-diffracting resolution of 2.1
A (Fig. 1B). The space group is C121, and each asymmet-
ric unit contains one molecule (Supplementary Table S1). The
phase problem was solved by molecular replacement method,
using one stem-loop from guanine riboswitch (PDB:1Y27) as
the initial structure model [22]. The binding affinity of the
2'-dG-III riboswitch to 2'-dG is determined using ITC, gener-
ating a dissociation constant Ky amounting to 2.6 + 0.1 uM
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Figure 1. Secondary and tertiary structure of 2’-dG-IIl riboswitch bound to 2’-dG. (A) Chemical structure of 2’-dG and guanosine with the guanine moiety
highlighted in pink. The 2’-residue is framed in yellow. (B) The secondary structure of the 2’-dG-IIl riboswitch. The nucleotides in the junction region that
differ from those in the Guanine-I riboswitch are highlighted in red. Different regions are colorcoded consistently with the corresponding regions in the
cartoon representation shown in panel (E). (C) ITC experiment showing the binding of the 2’-dG-Ill riboswitch (WT) to 2’-dG. (D) Schematic representation
of the tertiary structure of the 2’-dG-Ill riboswitch in complex with 2’-dG. Compared to the Guanine-I riboswitch, nucleotide changes in the junction region
are highlighted in red. Long-distance interactions are depicted as dashed lines. Different regions are colorcoded consistently with the corresponding
regions in the cartoon representation shown in panel (E). (E) Cartoon representation of the overall structure of the 2’-dG-lII riboswitch bound to 2’-dG.

and a binding stoichiometry close to 1:1. The thermodynamic
parameters were estimated as AH = —16.9 £+ 0.2 kcal/mol
and AG = —7.6 kcal/mol (Fig. 1C, Supplementary Fig. S2A
and B, and Supplementary Table S3). In the following descrip-
tion, this construct is defined as WT compared with other mu-
tants in ITC experiment.

The tertiary structure of the 2'-dG-III riboswitch is depicted
schematically in Fig. 1D and illustrated as cartoon representa-
tion in Fig. 1E. The overall structure adopts a tuning fork-like
configuration, with stem P1 (in light pink) serving as the han-
dle, while stems P2 (in wheat) and P3 (in pale green) extend
outward as the prongs (Fig. 1D). These three stems are con-
nected through a central junction, which is subdivided into
three distinct parts: J1/2 (in slate), J2/3 (in pale cyan), and
J3/1 (in deep teal). Stem P1 connects to stems P2 and P3
through junction regions J1/2 and J3/1, respectively, while P2
and P3 are linked by junction region J2/3. Above the junction,

stems P2 and P3 twist and gradually converge toward each
other along the central axis.

It was noted that three junction regions, J1/2, J2/3, and
J3/1, all gather in the middle of the tertiary structure and are
intricately organized, constituting the core domain of 2/-dG-
III riboswitch (Fig. 1D and E). Most nucleotides within the
junctions participate in continuous stacking interactions, con-
tributing to the structural stability of the riboswitch. Mean-
while, certain nucleotides within J2/3 flip their bases down-
ward to form a specialized ligand-binding pocket (Fig. 1D
and E). This central pocket securely accommodates the bound
ligand, 2’-dG, which plays a crucial role in the riboswitch’s
regulatory function (Fig. 1D and E). At the apex of the overall
structure, P2 and P3 establish complex long-range interactions
(Supplementary Fig. S3A-C). Specifically, A22 and AS5S5 en-
gage in a Watson—Crick/Hoogsteen base pair, while G27 and
C49 form a Watson—Crick base pair. Additionally, A55 and
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G27 interact via a trans Watson—Crick/sugar-edge pairing,
collectively constituting an A22-A55-G27-C49 base quadru-
ple (Supplementary Fig. S3D). Stacked above this assembly,
G26 and CS50 form a canonical Watson—Crick base pair,
while U23 and A54 engage in a Watson—Crick/Hoogsteen
base pair. The 2-NH, group of G26 forms an additional
hydrogen bond with the O2 of U23, and concurrently, the
sugar edge of C50 forms two hydrogen bonds with the
Watson—Crick edge of A54. Together, these interactions sta-
bilize and reinforce the second base quadruple, U23-A54-
C50-G26 (Supplementary Fig. S3E). The two quadruples are
also interconnected through hydrogen bonds involving the 2'-
OH of G26, which interacts with both the 2’-OH and N3 of
A22 (Supplementary Fig. S3F). Above the U23-A54-C50-G26
tier, A53 and A24 form a Watson—Crick/Hoogsteen base pair
(Supplementary Fig. S3G). At the top of the loop, the two
consecutive nucleotides A51 and C52 adopt a coplanar ar-
rangement, which is stabilized by a hydrogen bond between
the 4-NH, of C52 and the N3 of A51. Besides, two hydrogen
bonds are formed between the 2’-OH of A24 and the Watson—
Crick edge of A51. A further hydrogen bond is established be-
tween the phosphate-oxygen of A24 and the 4-NH, group of
C52. Moreover, the N3 of C52 engages in a hydrogen bond
with the 2’-OH of U23 (Supplementary Fig. S3G). In addition,
within stem P2, U20 forms a trans Watson—Crick base pair
with U28, thereby increasing the number of base pairs in this
region (Supplementary Fig. S3H). ITC experiments reveal that
mutating the base pairing of A22-AS55 and U23-A54 reduces
the riboswitch’s binding capacity for 2’-dG, while disrupting
the complementary base pairs G26-C50 and G27-C49 com-
pletely abolishes the binding affinity (Supplementary Figs S31
and S4A and B, and Supplementary Table S3). These observa-
tions suggest that the long-distance interactions among these
base pairs form a cohesive network that bridges the distal ends
of the stems, thereby enhancing the stability of the overall
structure.

Junctional folding in the 2’-dG-Ill riboswitch

In the 2’-dG-III riboswitch tertiary structure, nucleotides from
the three segmented junction regions (J1/2, J2/3, and J3/1)
form a network of long-range base-stacking and hydrogen-
bonding interactions (Figs 1D and 2A). These interactions not
only enhance the overall structural stability of the riboswitch,
but also contribute to the formation of a ligand-binding
pocket. In the J2/3 region, five consecutive nucleotides (A37 to
C41) are stacked successively, collectively forming the struc-
tural scaffold to support the ligand-binding pocket (Fig. 2A).
It is found that C36 adopts an outwardly flipped conforma-
tion and does not participate in the pocket formation. J1/2 re-
gion consists of three nucleotides (U11, A12, and U13), which
form intricate hydrogen bonding interactions with specific nu-
cleotides in J2/3 region. U11 (J1/2) and A40 (J2/3) form one
Watson—Crick base pair, positioned as the first tier stacked
above 2’-dG (Fig. 2B). A12 (J1/2) extends toward J2/3 and
forms two hydrogen bonds through its Watson—Crick edge
with the minor groove of G35 (J2/3). Meanwhile, G35 and
C41 (J2/3) form another Watson—Crick base pairing interac-
tion. Consequently, a base triple is formed in the second tier
(Fig. 2C). U13 (J1/2) engages in a Watson—Crick/Hoogsteen
edge interaction with A42 (J2/3) and is positioned above
A12 (J1/2) while oriented in the opposite direction (Fig. 2A).
Herein, the U13-A42 base pair is sandwiched between a single
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nucleotide, A62, and a non-canonical base pair, U43-U61 (Fig.
2D). Notably, U43 is the last nucleotide of J2/3, and U61 is
the first nucleotide of J3/1. U43-U61 constitutes the final base
pair preceding stem P3, playing a pivotal role in bridging the
junction and stabilizing the riboswitch structure (Fig. 2A).

To further validate our observation in 2'-dG-III riboswitch
crystal structure, we introduced mutations into the relevant
nucleotides and employed ITC experiments to investigate the
influence of these base interactions on the riboswitch’s bind-
ing affinity for 2’-dG under the same conditions (Fig. 2E). U11
and A40 form a canonical Watson—Crick base pair, and mu-
tations of Ul1 to either A11 or G11 (U11A or U11G) are
not tolerated (Fig. 2E and Supplementary Table S3). Addi-
tionally, A12, G35, and C41 constitute a base triple interac-
tion. Disruption of this base triple, particularly through muta-
tions such as G35C-C41G, G35C, or G35A-C41U, results in
a significant decrease or complete loss of binding activity (Fig.
2E, Supplementary Fig. S4C, and Supplementary Table S3).
These findings underscore the importance of the intricate
long-distance interactions within the junction region in main-
taining the tertiary structure of the riboswitch and enabling
the formation of the ligand-binding pocket. However, the sin-
gle mutation C41G only slightly reduces the binding affin-
ity for 2’-dG by 2.5-fold (Fig. 2E, Supplementary Fig. S4D,
and Supplementary Table S3). Similarly, introducing U13G
and U43C mutations to disrupt the pairing interaction of
A42-U13 and U43-U61 in the junction also has a minor im-
pact on binding affinity, causing 6.0-fold and 1.7-fold reduc-
tions, respectively (Fig. 2E, Supplementary Fig. S4E and E
and Supplementary Table S3). These results may be attributed
to compensatory interactions formed by mutations of C41G,
U13G, and U43C, including alternative hydrogen bonding
or base-stacking interactions with adjacent nucleotides. Such
compensatory effects highlight the limited yet adaptable struc-
tural flexibility of the 2’-dG-III riboswitch, which allows it to
retain partial binding functionality despite local disruptions
in base pairing.

In the structure of 2’-dG-III riboswitch bound to 2/-dG, a
magnesium ion was observed adjacent to stem P1, specifically
located on the exterior of the phosphate backbone between U9
and A10 below J1/2 region (Supplementary Fig. SSA and B).
To investigate the impact of Mg?* on the binding affinity of
the 2/-dG-III riboswitch for 2'-dG, we conducted ITC experi-
ments under varying Mg?* concentrations (ranging from 0 to
20 mM). As shown in Fig. 2F, no detectable binding affinity
was observed at concentrations of 0.5 mM or below. At 1 mM
of Mg?*, weak affinity was detected, which increased with the
presence of higher Mg?* concentrations. However, beyond $
mM of Mg?*, the affinity reached a plateau and showed no
further significant enhancement. The measured binding affin-
ity Kq was as follows: 8.1 + 0.2 uM at 2 mM MgCl,, 3.4 + 0.1
puM at § mM MgCly, 2.9 + 0.1 uM at 10 mM MgCl,, and
3.0 £ 0.1 uM at 20 mM MgCl, (Supplementary Fig. S5C-
H and Supplementary Table S3). These results indicate that
Mg?* plays a crucial role in promoting the riboswitch’s ligand
affinity by neutralizing the negative charges of the phosphate
backbone and facilitating proper riboswitch folding.

To further examine the impact of various divalent metal
ions on the binding affinity of the 2/-dG-III riboswitch, Mg**
was substituted with other divalent metal ions, including
Ca?*, Ba?*, and Mn?*. ITC experiments at a concentration
of 10 mM demonstrated that neither Ca?* nor Mn?* sig-
nificantly affected the binding affinity compared to Mg>*.
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Figure 2. Long-distance interactions within junction regions of the 2’-dG-Ill riboswitch. (A) An expanded view highlights three junction regions that
refine the binding pocket. The distinct inserted and mutated nucleotides C36, A37 A38, A42, U43, and U61 of Guanine-Il riboswitch, which differ from
the conserved nucleotides in the Guanine-| riboswitch, are framed in red. (B) A40 (J2/3) and U11 (J1/2) form a canonical Watson-Crick base pair, with
hydrogen bonds depicted as black dashed lines. (C) A base triplet interaction is formed by A12 (J1/2), G35 (J2/3), and C41 (J2/3). (D) A close-up view of
two types of long-distance interactions in the junction region: a Watson-Crick/Hoogsteen edge interaction formed between U13 and A42, and a
non-canonical base pair formed by U43 and U61. Additionally, the A42-U13 base pair is sandwiched between the U43-U61 base pair and a single A62. (E)
Overlay of the fitted integrated heat plots from ITC experiments between WT and mutants that disrupt interactions within long-distance junctions. (F)
Overlay of the fitted integrated heat plots obtained from ITC experiments investigating the impact of various concentrations of Mg?* on the binding of
2'-dG-Ill riboswitch to 2’-dG. (G) Overlay of the fitted integrated heat plots obtained from ITC experiments evaluating the binding activity of 2’-dG-Il|
riboswitch to 2’-dG in equal concentrations of Mg?*, Ca?*, Mn?*, and Ba%*. K represents the ratio of the average binding affinity of the mutants to

2'-dG relative to that of the WT.

However, the presence of 10 mM Ba?* notably reduced the
binding affinity (Fig. 2G, Supplementary Fig. S6A-C, and
Supplementary Table S3). This reduction is presumably at-
tributed to the larger ionic radius and lower charge density of
Ba?*, which weaken its interactions with neighboring residues.
These results suggest that the 2'-dG-III riboswitch exhibits a
selective dependency on specific divalent metal ions.

Composition of 2’-dG binding pocket in 2’-dG-ll
riboswitch

The surface representation of the 2'-dG-III riboswitch bind-
ing pocket is shown in Fig. 3A, with the bound 2’-dG em-
bedded within a cavity formed by the continuous stacking
of nucleotides within the junction region and the apex of
P1. A detailed close-up view of the binding pocket, depicted
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Figure 3. Structural details of 2’-dG interacting with 2’-dG-Ill riboswitch. (A) Surface representation of the ligand-binding pocket. The 2'-dG is buried
within a cavity formed by the upper segment of P1 and the junction region. (B) A close-up view of the bound 2’-dG and its surrounding nucleotides
shown as stick representations. 2’-dG forms a canonical Watson—Crick base pair with C63, which is further sandwiched between U11-A40 and A10-U64.
The distinct mutated nucleotides A37 and A38 of Guanine-II riboswitch are framed in red. (C) Detailed view of the residues involved in hydrogen bonding
interactions with 2’-dG. The composite omit electron-density map of 2’-dG, contoured at the 1.0 o level, is shown in slate. (D) Overlay of the fitted ITC
integrated heat plots of WT and mutants that change the residue interaction within binding pocket. K represents the ratio of the average binding

affinity of the mutants to 2’-dG relative to that of the WT.

in Fig. 3B (shown in stick representation), reveals the pre-
cise interactions that stabilize the bound ligand. The base of
2’-dG is sandwiched between the base pairs A10-U64 and
U11-A40, forming a stable framework. Furthermore, 2'-dG
molecule engages in additional base pairing interaction with
the Watson—Crick edge of C63, the Watson—Crick edge of
U39, and the sugar of U11 via its Watson—Crick, sugar, and
Hoogsteen edges, respectively (Fig. 3B and C, shown in stick).
Notably, the Hoogsteen edge of A38 forms two additional hy-
drogen bonds with the furan oxygen and the 3’-OH of the 2'-
dG ribose (Fig. 3C). Alongside the bound 2’-dG, nucleotides
U39, A38, and A37 from the J2/3 region exhibit a contin-
uous stacking arrangement beneath the A40-U11 base pair,
providing a structural “bracket” that partially envelopes the
bound 2/-dG and stabilizes the bound state (Fig. 3B). Interest-
ingly, C36 is located near the ribose moiety of the 2’-dG but
is partially disordered and does not participate in any direct
interactions with the ligand (Fig. 2A). Instead, A38 and U39
significantly contribute to stabilizing the conformation of the
bound 2'-dG by stacking on each other and forming hydro-
gen bond interactions with the ribose and the base of 2/-dG,
respectively. The calculated 2F pserve — Fealculate (2Fo — F¢) com-
posite omit electron density map of the bound 2’-dG is shown

at 1.0 o level in Fig. 3C. These interactions collectively anchor
the bound 2’-dG.

Subsequent ITC experiments were employed to validate our
structural observations in the ligand binding pocket of 2’-
dG-III riboswitch (Fig. 3D and Supplementary Table S3). The
C63G mutation, which disrupts the canonical Watson—Crick
base pairing interaction formed between C63 and 2’-dG, abol-
ishes the binding affinity for 2’-dG. Similarly, mutation of U39
to A (U39A) abolishes the riboswitch’s binding affinity, em-
phasizing the importance of U39 in ligand stabilization. In
contrast, when A38 was mutated to C (A38C), the binding
affinity for 2’-dG increased, potentially due to the retention
of certain hydrogen bond interactions or the formation of al-
ternative stabilizing interactions with adjacent residues (Fig.
3D, Supplementary Fig. S6D, and Supplementary Table S3).

These findings underscore the critical role of the intricate
hydrogen bonding network and nucleotide stacking interac-
tions in maintaining the structural integrity of the binding
pocket and stabilizing 2’-dG within the riboswitch. The col-
lective contributions of these interactions highlight the sophis-
ticated molecular recognition mechanism employed by the 2'-
dG-III riboswitch and provide insights into its ligand-binding
specificity and stability.
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Structure of 2’-dG-Ill riboswitch bound to
guanosine and guanine, respectively

Previous research has indicated that the 2’-dG-III riboswitch
exhibits comparable binding affinity toward 2’-dG, guanine,
and guanosine (chemical structures depicted in Fig. 1A) [17].
To validate this observation, we conducted ITC experiments
to measure the binding affinities. The results revealed that 2'-
dG-III riboswitch binds guanine with a dissociation constant
Ky of 2.6 £ 0.3 uM, comparable to its binding affinity for 2’-
dG. In contrast, its affinity for guanosine was slightly lower,
with a K4 of 4.6 &+ 0.1 uM (Fig. 4D, Supplementary Fig. S2C-
H, and Supplementary Table S3). To further elucidate the lig-
and recognition mechanism of the 2'-dG-III riboswitch bind-
ing to guanine and guanosine, we designed multiple con-
structs for crystallization. Among these, a variant of the WT
riboswitch, named 2’-dG-III-D4 (Fig. 4A), in which four P1
base pairs were deleted, yielded high-quality crystals in its
bound states with guanosine and guanine (Supplementary
Table S2). The secondary structure of 2'-dG-III-D4 is illus-
trated in Fig. 4A, while the cartoon representations of 2’-
dG-III-D4 in complex with guanosine and guanine are dis-
played in Fig. 4B and C, respectively. To avoid confusion
in the description, the corresponding nucleotide of 2'-dG-
[I-D4 is numbered same as the WT of 2’-dG-III riboswitch
(Figs 1B and 4A). Notably, ITC measurements confirmed that
the binding affinities of the 2’-dG-III-D4 construct for 2/-dG,
guanosine, and guanine were comparable to those of the 2'-
dG-IIT WT construct (Fig. 4D, Supplementary Fig. S7TA-C,
and Supplementary Table S3). In addition to initial crystalliza-
tion, we performed Mn?*-soaking experiments on the 2/-dG-
II-D4-guanosine complex crystals to precisely map divalent
metal ion positions using the anomalous signal from the Mn?*
replacements (Supplementary Table S3). Given the high qual-
ity of this crystal dataset, the subsequent structural analyses
of the guanosine-bound state are based on this structure.
Structural alignment of the 2'-dG-III-D4 riboswitch bound
to guanosine and guanine in PyMOL [26,27] revealed a nearly
identical overall tertiary folding, with a root mean square de-
viation of 0.515 A (Supplementary Fig. S7D). However, sub-
tle variations are observed in the base arrangement within the
junction region, which may be attributed to the slight differ-
ence in crystal packing or the distinct ligand binding patterns
of guanosine and guanine (Supplementary Fig. S7D and E).
The interactions between the 2'-dG-1II riboswitch in complex
with guanosine are consistent with those observed for 2'-dG,
in which both the bound 2’-dG and guanosine adopt 2'-endo
sugar puck conformation (Figs 3C and 4E). Compared to 2’-
dG, 2’-OH of guanosine only forms a very weak hydrogen
bond of 3.4 A with O4 of U39 (Supplementary Fig. S7F).
In the complex of 2’-dG-III-D4 riboswitch bound to gua-
nine, the absence of ribose moiety in guanine enables gua-
nine to adopt a unique binding mode (Fig. 4F). Within the
binding pocket, guanine forms a Watson—Crick base pair with
C63, while U11 establishes two hydrogen bonds with gua-
nine’s O6 and N7 atoms through its 2’-OH group (Fig. 4F).
Additionally, U39 located near the sugar edge of the bound
guanine, forms three hydrogen bonds with 2’-NH,, N3, and
N9 atoms of guanine using its Watson—Crick edge. Together,
U11, C63, and U39 encircle guanine from three sides, firmly
anchoring it within the binding pocket (Fig. 4F). Although
guanine lacks a ribose moiety, the formation of additional hy-
drogen bonds from the pairing interaction between the bound
guanine and U39 may compensate for the absence of ribose-

mediated interactions observed in the 2'-dG-III riboswitch in
complex with 2’-dG or guanosine (Figs 3C and 4E and F, and
Supplementary Fig. S7F).

Based on these observations from the complex structures of
2/'-dG-III riboswitch, we introduced a mutation into the 2'-dG-
III riboswitch to explore the possibility of tuning its binding
selectivity. Since U39 specifically pairs with the sugar edge of
the bound guanine (Fig. 4F), we mutated U39 to C (U39C) to
disrupt this pairing interaction and evaluated its binding affin-
ity for both 2’-dG and guanine using ITC experiments. The
results indicated that the U39C mutant retained a compara-
ble binding affinity to 2’-dG as the WT, but completely lost
its ability to bind guanine (Fig. 4D, Supplementary Fig. S7G
and H, and Supplementary Table S3). Compared to 2’-dG-III-
WT and 2’-dG-III-D4, our structure-guided U39C mutation
successfully enhances the binding specificity of the 2'-dG-III
riboswitch for 2’-dG over guanine (Fig. 4D and G), which
is consistent with the observation that the corresponding nu-
cleotides of U39 are cytosine in both the 2’-dG-I and 2’-dG-II
riboswitches, wherein mutating cytosine to uridine reduces the
2’-dG binding affinity [18, 19].

Together, our findings highlight the remarkable adaptability
of the 2/-dG-III riboswitch in recognizing structurally related
purine ligands, demonstrating its capacity to adopt specific in-
teractions that uniquely stabilize each ligand. Moreover, our
results suggest that the binding specificity of the 2'-dG-III ri-
boswitch can be fine-tuned through alterations of key interact-
ing nucleotides. Determining and comparing its tertiary struc-
ture will further facilitate structure-guided rational mutagene-
sis to enhance ligand binding selectivity. This inherent flexibil-
ity in ligand recognition, coupled with the ability to modulate
binding specificity, not only provides deeper insights into the
functional dynamics of riboswitches but also expands their
potential applications in synthetic biology, such as the design
of engineered riboswitches for targeted gene regulation and
biosensing.

Secondary structure and the junction core of
Guanine-l and 2’-dG riboswitches

Three classes of 2’-dG riboswitches, termed 2'-dG-I, 2/-dG-
II, and 2'-dG-III, have been identified from the variants
of guanine riboswitch and exhibit high structural similar-
ity to the Guanine-I riboswitch. All these riboswitches pos-
sess three stems (P1, P2, and P3), connected by an internal
junction. Crystal structure analyses have revealed that they
are characterized by a tuning fork-like scaffold [18, 19, 22]
(Supplementary Figs S8A-S10A). In addition, long-distance
interactions are formed between the top terminals of stems
P2 and P3 in these structures (Supplementary Figs S3A and B,
S8C and D, S9C and D, and S10C and D). Comparative
analysis of the loop interactions reveals that two consecu-
tive G-C base pairs are consistently formed in these four ri-
boswitches (Supplementary Figs S3A and B, S8C and D, S9C
and D, and S10C and D). Apart from these two G-C base
pairs, 2’-dG-I adopts a distinct loop interaction pattern com-
pared to Guanine-I, while 2'-dG-II and 2’-dG-III riboswitches
share comparable loop interaction patterns, consistent with
their similar loop sequences. In Guanine-I, 2’-dG-1II, and 2’-
dG-III riboswitches, two consecutive base quadruplets were
observed in each riboswitch: an upper U-G-C-A quadruplet
(highlighted with light blue shadow) and a lower A-G-C-
A quadruplet (highlighted with light yellow shadow), which
are interconnected via specific A-G hydrogen bonds (A33-
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Figure 4. The structures of 2’-dG-IlI riboswitch in complex with guanosine and guanine. (A) The secondary structure of the 2’-dG-I11-D4, in which
different regions are color-coded consistently with the corresponding regions shown in Fig. 1B. The nucleotides in the junction region that differ from
those in the Guanine-l riboswitch are highlighted in red. Cartoon representation of the overall structure of 2’-dG-I1I-D4 riboswitch bound to guanosine (B)
and guanine (C). (D) ITC-determined thermodynamic parameters of 2’-dG-IlI-D4, 2’-dG-III-\WT, and 2’-dG-I1I-U39C binding to different ligands. The
hydrogen bonding interactions and the composite omit maps (contoured at 1.0 o level) of guanosine (E) and guanine (F) in the 2’-dG-I1I-D4 riboswitch
binding pocket. The distinct mutated nucleotide A38 of Guanine-Il riboswitch, which differs from the conserved nucleotide in the Guanine-l riboswitch, is
framed in red. (G) Overlay of the fitted integrated heat plots obtained from ITC experiments evaluating the binding activity of 2’-dG-IlI-WT, 2’-dG-lI-D4,
and 2’-dG-11-U39C binding to guanine.
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G37 in Guanine-I and 2’-dG-II riboswitches, and A22-G26
in the 2’-dG-1III riboswitch) (Supplementary Figs S3A-F, S8C
and D, and S10C and D). In contrast, the 2'-dG-I riboswitch
adopts a completely distinct long-range interaction between
the loops of stems P2 and P3, involving A71 intercalating
between the consecutive bases A40-U41-A42 and forming a
unique hydrogen-bonding network critical for regional stabi-
lization (Supplementary Fig. S9C and D).

The ligand-binding cavities in these riboswitches are
formed at the center of the junction region (Supplementary
Figs S8B-S10B). Nucleotides within the junction regions form
multiple base layers that tightly sandwich the bound lig-
and, involving both canonical Watson—Crick pairs (depicted
as solid lines) and non-canonical pairs (depicted as dashed
lines) (Fig. SA-D). Comparative analysis of these binding
pockets reveals distinct structural features among these ri-
boswitches (Fig. SA-C and Supplementary Figs S8E, S9E, and
S10E and F). Within the binding pocket of Guanine-I and 2'-
dG-1/1I classes of riboswitches (Fig. 5A-C and Supplementary
Figs SSE-S10E), a base triple is formed by a base pair at
the apex of P1, along with a base from the J2/3 region,
constituting the floor of the ligand-binding cavity (in light
blue). In contrast, the floor of 2’-dG-III riboswitch bind-
ing pocket comprises the A10-U64 base pair at the apex of
P1 (Fig. 5D and Supplementary Fig. S10F). In 2’-dG-II ri-
boswitch (Fig. 5C and Supplementary Fig. S10E), the ceil-
ing of the binding pocket (highlighted in purple) is formed
by U22-A52-A77 base triple, in which U22-A52 constitutes
a cis Watson—Crick base pair, and an additional hydrogen
bond links A52 and A77. However, in Guanine-I, 2’-dG-I, and
2’-dG-1III riboswitches, the ceilings are typical Watson—Crick
base pairs (also highlighted in purple), specifically U22-A52
(Guanine-I), C31-G59 (2'-dG-I), and U11-A40 (2'-dG-III), re-
spectively (Fig. SA, B, and D, and Supplementary Figs SSE,
S9E, and S10F). Notably, the layer above the ceiling consis-
tently consists of an A-G-C base triple (highlighted in yel-
low) across all these riboswitches, including A23-G46-C53
in the Guanine-I riboswitch, A32-G53-C60 in 2’-dG-1, A23-
G46-C53 in 2/-dG-II, and A12-G35-C41 in 2'-dG-I1I, respec-
tively (Fig. 5 and Supplementary Figs S8E, S9E, and S10E
and F).

Since the nucleotides that directly interact with the ligand
within the binding pocket primarily determine the specificity
of ligand recognition, we performed a detailed comparison
of these interactions in the riboswitches. Unlike adenine ri-
boswitches, which employ a conserved uridine for ligand bind-
ing [14], Guanine-I and 2'-dG-I/II/1II riboswitches, originat-
ing from the guanine riboswitch family, rely on a highly con-
served cytosine to recognize the Watson—-Crick edge of the
guanine moiety in their respective ligands. In addition, these
riboswitches all utilize 2’-OH of specific nucleotides (U22 in
Guanine-I riboswitch, C31 in 2'-dG-I riboswitch, U22 in 2’-
dG-II riboswitch, and U11 in 2’-dG-III riboswitch) to inter-
act with the Hoogsteen edge of the guanine moiety (Fig. 5).
Different sugar edge recognition modes of the bound gua-
nine have been identified in these riboswitches. Guanine-I and
2'-dG-1III riboswitches utilize one uridine (Fig. SA and D),
whereas 2'-dG-I and 2’-dG-II riboswitches employ one cyto-
sine (Fig. 5B and C). Among the three 2’-dG riboswitch classes,
the attached sugar moiety of the bound 2'-dG is also specifi-
cally recognized. Notably, 2'-dG-III riboswitch exhibits a dis-
tinct recognition pattern involving A38, whereas 2'-dG-I and
2’-dG-1II riboswitches share a similar recognition pattern in-

volving one cytosine and the 2’-OH of another nucleotide
(Fig. SB-D).

Comparative analysis of these riboswitches, along with pre-
vious studies, suggests that the ligand binding affinity and
specificity can be modulated by modifying other nucleotides
involved in ligand interaction. A38 is one of the distinctive
featured nucleotides in 2'-dG-III riboswitch (Fig. 1B and D,
and Supplementary Fig. S1B and C), which is also involved
in the specific recognition of the sugar moiety of 2’-dG and
guanosine (Figs 3C and 4E). Our ITC experiments revealed
that A38C mutant exhibited an increased binding affinity for
2/-dG, with a K4 of 0.8 £ 0.02 uM, compared to the WT (Fig.
3D, Supplementary Fig. S6D, and Supplementary Table S3).
To further investigate the impact of the A38C mutation on
ligand binding, we performed ITC experiments to assess its
affinity for guanine. Notably, the mutant also showed an en-
hanced binding affinity for guanine, with a Ky of 1.9 &+ 0.4
uM (Supplementary Fig. S6E and Supplementary Table S3).
Although A38C mutant enhanced binding affinity for both lig-
ands, the improvement was more pronounced for 2'-dG, sug-
gesting A38C mutation not only improves binding capacity
but also refines ligand selectivity. This intricate interplay of nu-
cleotide arrangements and interactions enables riboswitches
to achieve effective and selective binding to their target lig-
ands, highlighting their versatility and potential applications
in synthetic biology.

Design of a sensor for 2’-dG detection based on the
structure of 2’-dG-Ill riboswitch

In recent years, extensive studies of RNA fluorogenic ap-
tamers, such as Spinach, Pepper, and Clivia, have greatly ad-
vanced the development of RNA-based biosensors [28-32].
Riboswitches typically exhibit high specificity for their cor-
responding ligands and fusing riboswitches with fluorogenic
aptamers enables real-time detection of dynamic changes in
ligand levels via fluorescence signals. Compared to other ri-
boswitch families, the 2’-dG-III riboswitch displays relatively
lower binding specificity for its cognate ligand. Based on our
detailed investigation of its ligand-binding pocket and recog-
nition patterns, we sought to engineer the 2'-dG-III riboswitch
to develop a 2’-dG-specific biosensor with enhanced ligand-
binding specificity for sensitive detection of dynamic 2'-dG
fluctuations.

Pepper is a fluorogenic RNA aptamer capa-
ble of binding to the small molecule dye, HBC
(4-((2-hydroxyethyl)(methyl)amino)-benzylidene)-
cyanophenylacetonitrile), and enhancing its fluorescence
by over 3000-fold [33, 34]. Based on the crystal structures
and working mechanisms of both Pepper aptamer and 2’-
dG-III riboswitch, we engineered a fusion RNA construct
by integrating the stem P1 of the 2'-dG-III riboswitch with
stem P1 of the Pepper aptamer, forming a continuous helical
element essential for sensor function (Fig. 6A). In this de-
sign, the 2’-dG-III riboswitch serves as the sensing module
to detect ligands. Upon ligand binding, the RNA sensor
undergoes a rapid conformational rearrangement that pro-
motes the proper folding of the Pepper aptamer, enabling
it to bind HBC and produce a strong fluorescence signal
(Supplementary Fig. S11A).

To optimize the length of the fusing stem for achiev-
ing a highly sensitive fluorescence response, we systemati-
cally tested various base pair combinations and evaluated the
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Figure 5. Details of long-range interactions and binding pockets in Guanine-lI and 2’-dG-I/11/Ill riboswitches. The secondary structures and schematic
representations of the junctions, and binding pocket compositions of the Guanine-I riboswitch (A), 2’-dG-I riboswitch (B), 2’-dG-II riboswitch (C), and

2'-dG-lll riboswitch (D) are shown. In the secondary structure, standard Watson—Crick base pairs are depicted using solid lines, whereas

non-Watson—Crick base pairs are represented using the Leontis—Westhof nomenclature. Interactions between the ligand and involved nucleotides are

"

indicated with red lines, while other hydrogen bonds are depicted in black. The first layer of nucleotides beneath the ligand is colored light blue, and the

first and second layers above the ligand are colored purple and yellow, respectively. Additionally, the nucleotides in the 2’-dG-Ill riboswitch junction

region that differ from those in the Guanine-I riboswitch are highlighted in red.
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Pepper aptamer (in green) are connected by a variable linker region (in red). The linker region was systematically investigated with different base pair
combinations to optimize the sensor’s performance. (B) The compositions of the linker regions (M1-M6) and their corresponding fluorescence assays.
Among these tested linkers, M6 exhibited the lowest background fluorescence and the highest sensitivity to 2’-dG, making it the optimal variant for the
sensor design. The activated fluorescence of HBC in these sensors, measured in three independently repeated experiments, was normalized for
comparison with M6 in 2 mM 2'-dG. (C) Fluorescence assay of the M6 sensor to different purine ligands. The sensor exhibited moderate fluorescence in
response to guanosine, guanine, and 2’-dG. The fluorescence of HBC was measured in three independent experiments and normalized for comparison
with the results obtained in 200 uM 2’-dG. Data are presented as the mean =+ standard deviation (SD) of three replicates. (D) Fluorescence assay of M6
and M6-related mutants with 2’-dG. The fluorescence intensity of HBC was normalized for comparison with that of M6 in the presence of 2 mM
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corresponding fluorescence across a range of 2'-dG concen-
trations. Among the tested constructs, the variant contain-
ing six base pairs in the fusion stem, designed as M6 (Fig.
6A and B), exhibited the best performance. M6 shows min-
imal background fluorescence in the absence of 2'-dG, while
producing a robust fluorescence increase in response to the
rising 2'-dG concentrations (Fig. 6B). We further evaluated
the specificity of M6 by testing its response to other purine
ligands. The results showed negligible activation by oxidized
purine analogs such as xanthine and hypoxanthine, as well as
adenine-based compounds including adenine, adenosine, and
2’-dA (Fig. 6C), consistent with the known ligand selectivity of
the 2/-dG-III riboswitch. Among guanine-containing analogs,
M6 exhibited the strongest fluorescence response to 2’-dG, a
slightly weaker response to guanosine and guanine, and the
lowest response to 3'-dG and GMP (Fig. 6C). This ligand dis-
crimination likely reflects the highly specific structural com-
position of the riboswitch binding pocket, which selectively
accommodates ligands based on subtle molecular differences.
To improve the ligand specificity of M6, we focused on
modulating the key nucleotides within the binding pocket
of 2/-dG-III riboswitch. As previously described, the U39C
mutation significantly improved ligand specificity for 2/-dG
(Fig. 4D, Supplementary Fig. S7G and H, and Supplementary
Table S3), while the A38C mutation not only increased bind-
ing affinity for 2’-dG but also enhanced specificity (Fig. 3D,
Supplementary Fig. S6D and E, and Supplementary Table S3).
Based on these findings, we introduced the single mutations
(U39C and A38C) as well as a double mutation (A38C/U39C)
into the M6 construct and assessed their fluorescence re-
sponses across a range of 2’-dG concentrations. As shown in
Fig. 6D, M6-U39C exhibited no significant improvement in
fluorescence response, likely due to its similar binding affin-
ity for 2'-dG as the WT (Fig. 4D, Supplementary Fig. S7G,
and Supplementary Table S3). In contrast, both M6-A38C and
M6-A38C/U39C showed markedly enhanced fluorescence
signals at 200 uM and 2 mM 2'-dG, with M6-A38C/U39C
displaying the most pronounced increase (Fig. 6D).
Furthermore, we evaluated the ligand discrimination ca-
pabilities of the mutant RNA sensors by comparing their
fluorescence responses to 2'-dG, guanosine, and guanine
(Supplementary Fig. S11B). The results showed that Mé6-
A38C exhibited reduced fluorescence responses of 28% and
70% for guanosine and guanine, respectively, compared to 2’-
dG. M6-U39C displayed significantly reduced fluorescence re-
sponses to these analogs, with only 50% and 43 % for guano-
sine and guanine, respectively. Notably, the double mutant
M6-A38C/U39C exhibited a dramatic fluorescence reduction
in response to guanine, down to 19% of that for 2'-dG, while
its response to guanosine remained at 47% relative to 2'-
dG. We further evaluated the fluorescence responses of M6
and M6-A38C/U39C across a range of ligand concentrations
(Fig. 6E and F). M6 showed similar response values for 2'-
dG, guanosine, and guanine at all tested concentrations, indi-
cating poor ligand discrimination (Fig. 6E). In contrast, M6-
A38C/U39C consistently produced the strongest fluorescence
response to 2'-dG, with enhanced specificity at higher ligand
concentrations (Fig. 6F). Consistent with these findings, ITC
titration of the A38C/U39C mutant of 2’-dG-III riboswitch
exhibited an eight-fold decrease in binding affinity for guanine
compared with 2’-dG (Supplementary Fig. S11C and D). To-
gether, these results demonstrate that the A38C/U39C double
mutation synergistically fine-tunes the selectivity of the 2’-dG-
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III riboswitch and enhances sensor performance by maintain-
ing strong responsiveness to 2'-dG while substantially reduc-
ing non-specific recognition of related purine analogs.

Concluding remarks

The 2'-dG-III riboswitch originates from the guanine fam-
ily, featuring distinct mutations and insertions in the cen-
tral junction region of the common guanine riboswitch mo-
tif, which enable 2’-dG-III riboswitch to possess a unique
junction composition (Figs 1 and 5). Through comparative
analysis of the 2'-dG-III riboswitch with guanine-I and 2'-
dG-I/1I riboswitches (Fig. 5 and Supplementary Figs S3 and
§7-S9), we deciphered the unique folding patterns of these
guanine riboswitch variants and uncovered the potential fine-
tuning principles governing their ligand recognition. The ter-
tiary structure of 2’-dG-III riboswitch in complex with 2’-
dG, guanosine, and guanine (Figs 1E and 4B and C) re-
veals 2’-dG-III riboswitch maintains the characteristic tuning-
fork-like scaffold typical of guanine family riboswitches, with
long-distance interactions forming between stems P2 and P3.
Within the binding pocket, although the 2’-dG-III riboswitch
shares some common guanine-base recognition patterns with
other guanine riboswitch variants, including Guanine-I, 2’-
dG-1, and 2/-dG-Il, it adopts a unique sugar moiety recogni-
tion mode through A38 (Figs 3C and 4E, and Supplementary
Fig. S1B and C). Consistent with this observation, A38 is one
of the distinct mutated nucleotides in the 2’-dG-III riboswitch
(Supplementary Fig. S1B). In addition to A38, another dis-
tinct mutated nucleotide, A37, forms a supporting platform
beneath A38, thereby strengthening the interaction between
A38 and the bound ligand, while C36 contributes flexibility
to shape the binding pocket within the junction (Fig. 2A and
Supplementary Fig. S1B and C). The three distinct inserted
nucleotides, A42, U43, and U61, form extensive crosstalk in-
teractions within the junction, providing a unique support-
ive platform for stems P2 and P3 located above the bind-
ing pocket (Fig. 2A-D and Supplementary Fig. S10F). The
structure-based investigation not only enhances our under-
standing of how minor structural variations can shape the
overall structure and influence ligand recognition specificity,
but also enables the precise classification of riboswitch fami-
lies among closely related riboswitch variants.

Structural analyses of the tertiary folds and the composi-
tion of the ligand binding pockets reveal that, while 2’-dG-I
and 2'-dG-1II riboswitches share common ligand interaction
patterns, the 2'-dG-III riboswitch features a distinct binding
pocket composition and a unique ligand recognition mode, re-
sulting in different binding characteristics (Fig. 5). Compared
to the higher binding specificities of 2'-dG-I and 2’-dG-1I ri-
boswitches [15, 16, 19, 20], 2’-dG-III riboswitch exhibits rel-
atively lower specificity, showing similar binding affinities to
guanine, guanosine, and 2’-dG [17] (Fig. 4D). To further in-
vestigate potential ligands of the 2'-dG-III riboswitch, we ex-
amined 2’-dGMP (Supplementary Fig. S11E). However, our
ITC experiments indicate that the 2'-dG-III riboswitch does
not bind to 2’-dGMP (Supplementary Fig. S11E), likely due
to steric hindrance caused by the phosphate group. These re-
sults suggest that while the 2'-dG-III riboswitch tolerates cer-
tain structural variations in guanine derivatives, it maintains
stringent selectivity for optimal ligands. These differences in
binding specificity among the three 2'-dG riboswitches may
be related to their respective functions. Functionally, 2’-dG-I
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and 2/-dG-II riboswitches regulate gene expression via tran-
scription termination, controlling genes involved in processes
such as ribonucleotide reduction and phosphate transport [15,
16]. Their strict response to deoxyribonucleoside concentra-
tions likely reflects the necessity for precise regulatory control.
In contrast, the 2'-dG-III riboswitch, located exclusively up-
stream of purine nucleoside hydrolase genes, exhibits broader
ligand recognition and likely plays a more global regulatory
role in purine metabolism [17]. When intracellular concentra-
tions of guanine-containing ligands rise sufficiently, the 2'-dG-
III riboswitch will bind to these ligands and activate nucleo-
side hydrolase expression. The distinct regulatory mechanism
of the 2/-dG-III riboswitch likely reflects its differing role in
maintaining purine homeostasis.

In the guanine riboswitch family, the binding pockets are
constituted by the nucleotides located in the internal junc-
tions. Previous studies indicate that alterations of these nu-
cleotides can fine-tune the binding affinity and specificity for
various ligands [18, 19, 35]. For instance, mutating U51 to C
in the Guanine-I riboswitch significantly enhances its affin-
ity for 2/-dG while reducing its affinity for guanine [35].
Similarly, mutations of C58 and C51 to U in the 2'-dG-I
and 2/-dG-II riboswitches, respectively, lead to a notable de-
crease in their affinity for 2/-dG [18, 19]. Comparative analy-
sis of 2/-dG-III riboswitch complexes bound with different re-
lated ligands, such as 2'-dG, guanosine, and guanine, as well
as comparisons with Guanine-I and 2’-dG-I/1I riboswitches
(Fig. 5 and Supplementary Figs S8-510), reveals that the 2’-
dG-III riboswitch possesses structural plasticity to accom-
modate specific ligands, prompting us to fine-tune the bind-
ing specificities through subtle changes in the binding pocket
(Figs 3C and 4E and F). The U39C mutation, which involves
the guanine sugar edge recognition, retained binding affin-
ity for 2'-dG but completely lost the ability to bind guanine
(Supplementary Fig. S7G and H, and Supplementary Table
S3). The A38C mutation in the 2'-dG-III riboswitch, which
affects sugar moiety recognition of both 2’-dG and guano-
sine, enhances ligand binding affinity and improves selectivity
for 2’-dG over guanine. (Supplementary Fig. S6D and E, and
Supplementary Table S3). These structure-based subtle alter-
ations in the binding pocket composition fine-tune the bind-
ing affinity and specificity of the 2’-dG-III riboswitch, reaf-
firming that ligand recognition in riboswitches can be mod-
ulated through binding pocket modifications. Given that sev-
eral new riboswitch classes have been identified from the gua-
nine riboswitch variants, these fine-tuning principles also pro-
vide valuable insights for discovering new riboswitch classes
within the existing guanine riboswitch family.

The unique biochemical properties of RNA molecules make
them excellent scaffolds for biosensor construction. Based on
our findings, we developed a 2’-dG-III riboswitch-based RNA
biosensor suitable for the detection of 2’-dG by fusing the WT
2'-dG-III riboswitch (serving as the sensing module) with the
Pepper fluorescent aptamer (serving as the signaling module)
(Fig. 6 and Supplementary Fig. S11). Among the various de-
signs tested, M6 construct containing a six-base-pair connect-
ing stem exhibited the most robust fluorescence response to
2’-dG, highlighting the critical importance of the connecting
element. In RNA biosensor design, the structural linkage plays
a pivotal role in facilitating efficient allosteric communication,
which ensures that ligand binding to the riboswitch properly
triggers the folding and fluorescence activation of the fluoro-
genic aptamer. Our results emphasize that the precise selection

and optimization of this fusion interface is essential for func-
tional RNA sensor construction. Moreover, this strategy pro-
vides a broad approach for enhancing the signal transduction
efficiency of RNA-based biosensors, offering new avenues for
their rational design and expanded applications.

To improve sensor performance, we incorporated the con-
firmed fine-tuning mutations (A38C and U39C) of the 2'-
dG-1II riboswitch into the sensor module to enhance its
specificity and sensitivity toward 2’-dG. Notably, the dou-
ble mutant A38C/U39C generated a significantly enhanced
fluorescence response to 2'-dG across various concentrations
while markedly reducing non-specific binding to other purine
analogs, such as guanosine and guanine (Fig. 6E and F, and
Supplementary Fig. S11B). These results not only establish a
solid foundation for the development of highly specific nucleic
acid sensors, but also demonstrate the potential of rationally
engineered riboswitches in biosensing applications. However,
since our current investigation was conducted iz vitro, further
studies are necessary to evaluate the performance and appli-
cability of this sensor system in more complex biological en-
vironments, including live-cell and in vivo contexts. Explor-
ing these aspects will be crucial for advancing the practical
use of RNA-based biosensors in biomedical and diagnostic
applications.
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