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Abstract 

Riboswitches are conserved regulatory RNA elements participating in various metabolic pathw a y s. R ecently, a no v el RNA motif kno wn as the 
f olE RNA motif w as disco v ered upstream of f olE genes. It specifically senses tetrah y drof olate (THF) and is theref ore termed THF-II riboswitch. To 
unra v el the ligand recognition mechanism of this newly discovered riboswitch and decipher the underlying principles go v erning its tertiary folding, 
we determined both the free-form and bound-form THF-II riboswitch in the wild-type sequences. Combining str uct ural information and isothermal 
titration calorimetry (ITC) binding assays on str uct ure-based mutants, we successfully elucidated the significant long-range interactions governing 
the function of THF-II riboswitch and identified additional compounds, including alternative natural metabolites and potential lead compounds 
for drug discovery, that interact with THF-II riboswitch. Our str uct ural research on the ligand recognition mechanism of the THF-II riboswitch not 
only pa v es the w a y f or identification of compounds targeting riboswitches, but also f acilitates the e xploration of THF analogs in diverse biological 
contexts or for therapeutic applications. 
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Introduction 

Riboswitches are conserved regulatory elements embedded
in non-coding RNA region. They consist of a highly con-
served sensing domain and an adjacent variable expression
platform ( 1–4 ). The sensing domain selectively recognizes dis-
tinct metabolites, inducing a global conformational shift of the
riboswitch. This, in turn, impacts the expression platform and
governs downstream gene expression ( 5–8 ). Unraveling the
mechanism of action of these structured RNA elements would
significantly enrich our comprehension of RNA-based gene
regulation and the functional diversity of non-coding RNAs. 

Thus far, over 55 classes of riboswitches have been identi-
fied ( 9 ) with the largest group consists of riboswitches sensing
coenzymes and their derivatives ( 9 ,10 ). These coenzymes and
derivatives play critical roles in cellular biocatalysis processes
( 11 ,12 ). Tetrahydrofolate (THF), the coenzyme form of vita-
min B9, consists of three distinct parts: tetrahydropterin part,
para -aminobenzoic acid part and glutamic acid part (Figure
1 A and Supplementary Figure S1 A). Serving as carriers and
donors of chemically active one-carbon units, such as methyl
or methylene group, THF and its various natural derivatives
are vital in one-carbon metabolism and play indispensable
roles across the three kingdoms of life ( 13 ,14 ). 

In 2010, the first THF-sensing riboswitch motif, known as
THF-I riboswitch, was identified, which is often associated
with folate uptake transporter folT genes or certain folate
biosynthesis genes folE , folC and folQPBK in Gram-positive
bacteria, such as Clostridiales and Lactobacillales ( 15 ). The
consensus secondary structure of the THF-I riboswitch com-
prises four stems and an additional pseudoknot, with an inter-
nal bubble connecting stem P1 and P2, as well as a three-way
junction bulge connecting stems P2, P3 and P4. Subsequent
structural studies revealed that the THF-I riboswitch specifi-
cally recognizes the reduced tetrahydropterin part of THF or
its derivatives using two well-defined binding pockets ( 16 ,17 ).
In 2019, a simpler conserved RNA motif, termed the ‘ folE
motif,’ was discovered as the second THF-sensing riboswitch
(THF-II riboswitch), which were predominantly found in the
5 

′ -UTR of the folE gene in a limited range of Gram-negative
bacteria ( 18 ). 

Compared to THF-I riboswitches, THF-II riboswitches are
shorter in length, featuring a compact secondary structure
with two stems connected by one internal bubble. Despite this
smaller size, THF-II riboswitches maintain a binding affin-
ity comparable to THF and related derivatives ( 15 ,18 ). Al-
though both THF-I and THF-II riboswitch function as genetic
‘OFF’ switches at translation level, they employ distinct mech-
anisms for downstream gene regulation ( 15 ,18 ). In THF-I ri-
boswitches, ligand binding triggers the formation of a down-
stream hairpin, preventing the interaction between RBS and
ribosome. However, the THF-II riboswitches seem to lack the
obvious expression platform as their RBS is integrated into the
sensing domain. Ligand binding to THF-riboswitches directly
accelerates the formation of anti-RBS stem, thereby resisting
ribosome binding and hindering translation initiation. These
distinct regulatory mechanisms arise from the dissimilarities
in their tertiary structures. 

To investigate how THF-II riboswitch RNA recognizes the
same THF ligand using a distinct RNA fold, and to understand
the underlying principles of THF-II riboswitch tertiary fold-
ing, we determined the crystal structures of both the free-form
and bound-form THF-II riboswitch in wild-type sequences,
encompassing the ribosome binding site (RBS). Based on the 
structural information and isothermal titration calorimetry 
(ITC) binding assays on structure-based mutants, we identi- 
fied additional compounds capable of binding to the THF- 
II riboswitch through structure-guided rational design. Over- 
all, our structural studies on ligand-RNA interactions provide 
valuable insights into the ligand recognition mechanism, fa- 
cilitating the design and application of THF analogs across 
diverse biological contexts. 

Materials and methods 

RNA preparation 

We have selected a large number of wild-type THF- 
II riboswitch sequences from different species, including 
Ochrobactrum , Brucella , Mesorhizobium and environment 
( 18 ). All RNA samples of THF-II riboswitches were prepared 

through in vitro transcription. To ensure sample homogeneity,
the DNA sequence corresponding to the THF-II riboswitch 

RNA followed by the hepatitis delta virus (HDV) ribozyme 
was produced via solid-phase synthesis and put into pUT7 

plasmid containing T7 promoter, and the plasmid was am- 
plified by polymerase chain reaction (PCR) to produce the 
DNA template for in vitro transcription ( 19 ). HDV is a self- 
cleaving ribozyme that exhibits cleavage activity in the pres- 
ence of divalent cations ( 20 ). In vitro transcription was car- 
ried out using T7 RNA polymerase at 37 

◦C for 4.5 h, in a 
system of 100 mM HEPES pH 7.9, 60 mM DTT, 100 μM 

spermidine, 4 mM NTP, 30 mM MgCl 2 . Purification of these 
RNA samples was carried out through urea-denatured poly- 
acrylamide gel electrophoresis (urea-PAGE). The RNA sam- 
ple was then extracted from the target band by soaking in 

0.5 × Tris–acetate–EDT A (T AE) buffer at 4 

◦C, precipitated 

with isopropanol, washed twice with 80% ethanol, and sub- 
sequently lyophilized. All the solutions used in RNA prepa- 
ration were prepared with diethyl pyrocarbonate (DEPC)- 
treated double-distilled water. 

Ligands 

Tetrahydrofolate, dihydrofolate, 7,8-dihydroneopterin, 
tetrahydrobiopterin, guanine, 5-methyl THF, folinic acid,
folic acid, 6-biopterin, 8-aminoguanine, 8-azaguanine were 
purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
8-Methyl guanine was purchased from Bide Pharmatech 

Ltd (Shanghai). 

Crystallization 

In crystallization, RNA samples were prepared by annealing 
at 65 

◦C for 5 minutes(min) followed by incubation on ice for 
at least 30 min in the buffer containing 70 mM HEPES pH 7.8,
70 mM KCl, 5 mM MgCl 2 and 1 mM dithiothreitol (DTT).
The THF-II riboswitch complex was prepared by incubating 
RNA with a ligand at a ratio of 1:15, resulting in a final con- 
centration of 0.4 mM RNA sample on ice for another hour be- 
fore crystallization. Crystallization screening was performed 

at 16 

◦C by mixing with reservoir solution at an equimolar ra- 
tio using sitting drop vapor diffusion method. Crystals of the 
THF-II riboswitch in the bound form grew under conditions 
including 0.08 M NaCl, 0.04 M sodium cacodylate trihydrate 
(pH 7.0), 25–30% v / v 2-methyl-2,4-pentanediol (MPD) and 

0.012 M spermine tetrahydrochloride over one week. Crystals 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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Figure 1. Secondary and tertiary str uct ure of the THF-II riboswitch bound to THF. ( A ) Chemical str uct ure of tetrah y drof olate. ( B ) Schematic representation 
of the tertiary str uct ure of THF-II riboswitch, same colour code as in the cartoon representation in panel (C) is used. ( C ) Cartoon representation of the 
tertiary str uct ure of the THF-II riboswitch bound to THF (sho wn in spheres). ( D ) Isothermal titration calorimetry (I TC) e xperiment of wild-type ( en v6 -WT) 
THF-II riboswitch and L2 loop mutants ( en v6 -G A and env6 -UG) binding with THF, the corresponding thermodynamic parameters are listed in 
Supplementary Table S4 . ( E ) A33 (shown in sticks) from L2 region forms base stacking interaction with C20 from J1 / 2 region in the major groo v e side of 
stem P2 (shown in surface representation). 
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f the THF-II riboswitch in the free form were grown under
imilar conditions to the bound form but with the addition
f guanosine triphosphate (GTP). All the crystals were flash-
rozen with liquid nitrogen, and X-ray diffraction data were
ollected at beamline BL19U1 at the Shanghai Synchrotron
adiation Facility (SSRF). 

tructure determination 

he diffraction data were processed using HKL3000 (HKL
esearch). The phase problem of env6 THF-II riboswitch-
HF complex was solved with the single-wavelength anoma-

ous diffraction (SAD) method using the diffracted anoma-
ous signal collected from Ir(NH 3 ) 6 3+ -soaked crystals ( 21 ).
he structure model was further built in the Coot software
uite and refined in Phenix software suite ( 22–24 ). All the
ther structures were solved by the molecular replacement
ethod using the env6 THF-II riboswitch structure as the
initial model with the Phaser program in the CCP4 soft-
ware suite. The ligand was added into the structure at the
last several runs of building and refinement. The statistics
of X-ray data and structure refinement are shown in the
Supplementary Tables S1 –S3 . 

Isothermal titration calorimetry (ITC) 

All ITC experiments were conducted at the National Cen-
ter for Protein Science Shanghai (NCPSS) using a Micro-
Cal PEAQ-ITC calorimeter at 25 

◦C. Prior to the titration,
the wild-type RNA and mutant RNA samples were dialyzed
against ITC buffer (70 mM HEPES pH 7.8, 70 mM KCl, 5
mM MgCl 2 , 1 mM DTT) overnight at 4 

◦C. Then RNA at
a final concentration of 0.1 mM was annealed for 5 min at
65 

◦C, and subsequently cooled on ice for half an hour. The
ligand dissolved in ITC buffer and diluted to 1 mM, was
titrated into RNA by initial injection of 0.4 μl, followed by

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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19 serial injections of 2 μl with 150 s intervals between in-
jections and a reference power of 5 μcal s −1 . To investigate
the impact of MgCl 2 on ligand recognition, the wild-type
RNA was dialyzed with ITC buffer containing increasing con-
centrations of MgCl 2 (from 0 to 5 mM). The titration data
were analyzed using MicroCal PEAQ-ITC Analysis Software,
and all the thermodynamic binding parameters are shown in
Supplementary Table S4 . 

Circular dichroism (CD) spectroscopy 

CD spectroscopic assays for the env6 THF-II riboswitch were
recorded in a buffer consisting of 10 mM HEPES at pH 7.8
and 10 mM KCl, supplemented with magnesium ions, THF,
or both. Background correction was applied using the buffer
from each spectrum. In both the absence and presence of 5
mM MgCl 2 , 12 μM RNA samples were heated to 65 

◦C for 5
min, rapidly cooled on ice for 30 min, and then incubated on
ice for 1 h after the addition of THF to achieve a final concen-
tration of 180 μM. CD spectra were measured in a 1 mm cu-
vette on a Jasco J-1700 spectropolarimeter at 25 

◦C, spanning
the wavelength range of 200–350 nm. Thermal melting exper-
iments were conducted at various temperatures using Quartz
cuvettes with a 1 mm path length and the ORCD-574 peltier
thermostat. Melting curves were recorded at 210 nm with a
ramp of 1 

◦C / min and a step size of 0.2, covering a temper-
ature range from 4 

◦C to 95 

◦C. Data analysis was performed
using GraphPad Prism 6.0 ( 25 ). 

Surface plasmon resonance (SPR) measurements 

SPR experiments were conducted using a Biacore T200 instru-
ment (GE Healthcare) at 25 

◦C in a buffer comprising 70 mM
HEPES at pH 7.8, 70 mM KCl, 5 mM MgCl 2 and 0.05%
Tween20. The SA Sensor Chip (GE Healthcare) was employed
to immobilize 20 μM 5 

′ biotin- env6 RNA at a flow rate of 5
μl / min for three cycles, each lasting 5 min. Ligand samples
were injected with twofold serial dilutions (ranging from 500
to 7.81 μM of THF, 675 to 5.27 μM of DHF, and 2000 to
8.98 μM of 8-azaguanine) at a flow rate of 30 μl / min during
a 120 s association phase. Subsequently, the running buffer
was used to dissociate the ligands on the chip for 150 s. The
resulting curves were analyzed using the Biacore T200 eval-
uation software. All curves underwent reference subtraction
using the reference channel and blank subtraction using the
curves obtained for the buffer cycle. The entire dataset was
replicated three times for consistency. 

β-Galactosidase report assay 

The sequence containing either the WT or mutants of env6
THF-II riboswitch was cloned into lacZ ( β-galactosidase) fu-
sion vector pUCm-T (Sangon Biotechnology, Shanghai). Es-
c heric hia coli DH5 α cells carrying these constructs were
grown overnight in LB agar plate. Subsequently, the single
colony was selected and cultured in LB liquid medium with
100 μg / ml of ampicillin at 37 

◦C for 6–8 h. These cultures were
then diluted 1:20 using LB containing the supplements (100
μg / ml ampicillin, 100 μg / ml X-gal). The resulting mixtures
were incubated at 37 

◦C for 120 h, and images were recorded.

Results and discussion 

According to the reported consensus secondary structure
model of folE RNA motif, THF-II riboswitch comprises two
base-paired stems (P1 and P2) connected by a central large 
junction (J1 / 2) ( Supplementary Figure S1 B, C). Notably, the 
ribosome binding site (RBS) not only participates in base pair- 
ing but also concurrently forms a bulge within the upper part 
of stem P1. In an effort to preserve the intrinsic folding and 

function of the THF-II riboswitch while minimizing the poten- 
tial for unexpected effects arising from mutations, the original 
wild-type sequence of the riboswitch was preserved from the 
apical loop of stem P2 to the terminus of stem P1, encom- 
passing the entire RBS (GGGAG) and all the highly conserved 

nucleotides (label in red) ( Supplementary Figure S1 B, C). 

Overall tertiary fold of env6 THF-II riboswitch in 

complex with THF 

After screening a large number of in vitro transcribed wild- 
type THF-II riboswitch sequences from different species, high- 
quality crystals were obtained using a 53 nt RNA sequence of 
environmental origin, referred to as env6 THF-II riboswitch 

in the following description (Figure 1 B and Supplementary 
Figure S1 B, C and Supplementary Table S1 ). ITC experi- 
ments demonstrated that the env6 THF-II riboswitch binds 
to THF with a binding affinity of K d = 12.8 ± 0.5 μM,
and the stoichiometry of binding approached 1:1. The esti- 
mated thermodynamic parameters for the binding were �H 

= −21.2 ± 0.3 and �G = −6.7 kcal mol −1 (Figure 1 D,
Supplementary Figure S2 A and Supplementary Table S4 ). 

The overall tertiary architecture of the env6 THF-II ri- 
boswitch in original wild-type sequence is shown in schematic 
and cartoon representation in Figure 1 B, C. Conform to the 
proposed secondary structure by Breaker’s Lab ( 18 ), the ter- 
tiary fold of THF-II riboswitch contains two stems, P1 (cyan) 
and P2 (pink), connected by the central junction J1 / 2 (slate) 
(Figure 1 B, C). The stem P1 (cyan) and the stem P2 (pink) me- 
diated by the junctional region (slate) exhibit co-axial stacking 
interaction, which further extends to the partially paired api- 
cal loop L2, resulting in a rod-like compact helical scaffold 

for the THF-II riboswitch (Figure 1 B, C). The ligand THF is 
bound in a cavity in the center of THF-II riboswitch, which 

was formed by the terminus of stem P2 and the asymmetric 
internal bubble J1 / 2 (Figure 1 B, C). An overview of the base 
stacking alignment of the env6 THF-II riboswitch is shown in 

Supplementary Figure S2 B. 
Upon inspection of the tertiary structure, two non- 

canonical G •A base pairs, G7 •A47 and A9 •G46, are formed 

in the bulge region of stem P1, mediating continuous stack- 
ing between the upper and lower parts of stem P1 (Figure 
1 B, C and Supplementary Figure S3 A–C). Besides, all RBS nu- 
cleotides from G44 to G48 are involved in pairing interac- 
tions and participate in tertiary stacking (Figure 1 B, C). To 

investigate the role of stem P1, truncation experiments were 
conducted by replacing stem P1 with a shorter stem contain- 
ing five Watson-Crick base pairs (termed env6 -P1D) and no 

significant effect was observed on the binding affinity of 
env6 -P1D with THF ( K d = 20.0 ± 2.4 μM) ( Supplementary 
Figure S3 D–F). 

In the apical loop L2, one canonical Watson–Crick base 
pair C28–G32 is formed and stacked on the terminal base pair 
G27–C34 of stem P2 ( Supplementary Figure S4 A). A33 is ex- 
cluded from L2 and protrudes into the major groove side of 
stem P2, where it forms base stacking interaction with C20 

from J1 / 2 region (Figure 1 B, C, E and Supplementary Figure 
S4 A). To detect the potential crosstalk between L2 and J1 / 2,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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e mutated the wild-type L2 sequence with stable GAAA or
UCG tetraloop (Figure 1 B and Supplementary Figure S4 B).
ompared to the wild-type L2 sequence binding to THF with
 d = 12.8 ± 0.5 μM, GAAA or UUCG tetraloop replacement

termed as env6 -GA and env6 -UG) dramatically reduces bind-
ng affinity and fail to calculate exact binding affinity con-
tants with ITC titration ( K d ≈ 500 μM and K d ≈ 200 μM)
 Supplementary Figure S4 C-E and Supplementary Table S4 ).
he observation is consistent with the reported in-line prob-

ng results that THF addition reduces the spontaneous cleav-
ge of nucleotides residing in the L2 loop and in the junction
1 / 2 ( 18 ). 

Typically, RNA molecules with truncated sequence or mod-
fied terminal loop are employed for structure determina-
ion or function studies. In the case of THF-II riboswitch,
e conducted a comparative analysis between the wild-type

equence structure of our env6 THF-II riboswitch and the
reviously predicted THF-II riboswitch structure ( 26 ), along
ith the THF-II-lotiTL RNA structure featuring a mutant L2

PDB: 7W1B) ( 27 ). Notably, the cross-talk between L2 and
1 / 2 was exclusively observed in the env6 THF-II riboswitch
tructure (Figure 1 E). Mutation of L2 to tetraloops GAAA
 env6 -GA) or UUCG ( env6 -UG) to disrupt the cross-talk be-
ween L2 and J1 / 2 both result in lower THF binding activ-
ty in ITC titration (Figure 1 D and Supplementary Figure S4 ,
upplementary Table S4 ), consistent with the in-line probing
esults from Breaker’s lab ( 18 ). Additionally, we conducted β-
alactosidase assay to qualitatively assess the impact of the
2-J1 / 2 cross-talk on the gene regulation behavior of THF-

I riboswitch. In this assay, we monitored the production of
acZ β-galactosidase in response to THF in E. coli DH5 α cell
y fusing THF-II riboswitch motif ( env6 -WT) and selected
utants ( env6 -GA and env6 -UG) to a lacZ β-galactosidase

eporter gene ( Supplementary Figure S5 A-B). As expected,
he expression of lacZ β-galactosidase regulated by THF-II
iboswitch mutants ( env6 -GA and env6 -UG) exhibits an el-
vated expression ( Supplementary Figure S5 C), contrasting
ith the repressed expression observed in the wild-type coun-

erpart ( env6 -WT). These observations align with the ITC
itration results (Figure 1 D) highlight the significance of cross-
alk between L2 and J1 / 2 (Figure 1 E), emphasizing the need
or caution when making modifications to the RNA sequence
uring the process of structure determination. 

tructural organization of junction J1 / 2 in env6 

HF-II riboswitch 

n the tertiary structure of the env6 THF-II riboswitch, the
entral junction J1 / 2 plays a crucial role in mediating stack-
ng interactions between stems P1 and P2 and contributes to
he formation of the THF binding pocket. Most of the residues
esiding in J1 / 2 are involved in complex hydrogen-bond net-
orks. A simplified schematic structure diagram highlighting

he structural organization of junction J1 / 2 is shown in Fig-
re 2 A. We also present an expended view of J1 / 2 structural
rganization in Figure 2 B, where the THF ligand is shown as
pheres. 

Within J1 / 2, U13 forms a cis Watson–Crick base pair with
42 and stacks on the terminal base pair G12–C43 of stem P1.
he Watson–Crick edge of U14 forms three hydrogen bonds
ith the Hoogsteen edge and the non-bridging phosphate oxy-

en of A17, and stacks on A16 (Figure 2 C). C15 protrudes out
etween U14 and A16, where a sharp turn is formed (Figure
2 B). A17 •U14 and the stacked A16 interact with the minor
groove side of A42–U13 and G12–C43 in a skew orientation
(Figure 2 C). The Watson–Crick edge of A17 forms two hydro-
gen bonds with the sugar edge of A42, while the base of A16
forms hydrogen-bonding interactions with the sugar edges of
both U13 and C43 (Figure 2 D). These complex interactions
stabilize the bottom part of J1 / 2 and provide a structural plat-
form to support the binding of THF. In the upper part of J1 / 2,
C18 and the bound THF form a continuous stacking interac-
tion with the terminal base pair G21–C40 from stem P2 (Fig-
ure 2 A). The intermediate nucleotides U19 and C20, located
between C18 and G21, extend out from the main scaffold
(Figure 2 B). C20 forms stacking interaction with A33 from
L2 on the major groove side of stem P2, potentially contribut-
ing to the crosstalk between L2 and J1 / 2 as discussed above
(Figure 1 B, C, E and Supplementary Figure S4 A). 

Next, we conducted ITC titration assays with structure-
based mutants, specifically altering the interacting base, to
validate the observed complex interaction within the struc-
ture. Mutants disrupting the hydrogen-bonding interactions
in the U13–A42–A17–U14 quadruple base layer (A42U / C,
A17U / C, U14A / G) resulted in loss of THF binding activity
(Figure 2 E). Within the quadruple base layer U13–A16–C43–
G12, C43 forms a canonical Watson–Crick base pair with
G12 and two additional hydrogen bonds with A16, further in-
teracting with U13 (Figure 2 D). Mutations C43A and C43G
had variable effects on THF binding for THF-II riboswitch,
with the C43A mutant showing no binding activity to THF,
and the C43G mutant exhibiting weak binding (Figure 2 F).
Mutation of A16 to U or C has a minor effect on the bind-
ing capacity of THF-II riboswitch to THF (Figure 2 F). U13 is
involved in both quadruple base interactions, and mutations
to A or G severely affected the binding affinity of THF-II ri-
boswitch to THF (Figure 2 F). The retention of some binding
activity in the mutants might be due to the maintenance of
certain hydrogen bonds or the formation of alternative inter-
actions with surrounding residues (Figure 2 F). Overall, our
structural analysis and structure-based ITC assays highlight
that these two quadruple base interactions U13–A42–A17–
U14 (Figure 2 C) and U13–A16–C43–G12 (Figure 2 D) in junc-
tion J1 / 2 are essential for the binding ability of THF-II ri-
boswitch to THF ligand. 

The composition of THF binding pocket in env6 

THF-II riboswitch 

As shown in Figure 3 A, the tetrahydropterin part of THF
(shown in sticks) intercalates into the binding cavity (shown
in surface representation) formed between J1 / 2 and stem P2,
while the para -amino-benzoic acid part and the glutamic acid
part point are positioned outside of the binding cavity without
forming any additional interactions with THF-II riboswitch
(Figure 3 A). 

Within the binding cavity, the tetrahydropterin part of THF
engages in a base triple interaction with C18 and U41 from
J1 / 2 (Figure 3 B-D). Simultaneously, it is sandwiched between
the ceiling, formed by G21–C40 from the terminus of stem
P2, and the floor, formed by U13–A42–A17–U14 at the junc-
tion J1 / 2 (Figures 2 C and 3 B–D). The Watson–Crick edge
of C18 forms three hydrogen bonds with 2-NH 2 , N3, O4 of
THF and the Watson–Crick edge of U41 forms three hydrogen
bonds with the N1, 2-NH 2 , N8 of THF, clamping the tetrahy-
dropterin part of THF within the binding cavity . Notably , a

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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A B

C D

E F

Figure 2. Str uct ural organization of J unction J1 / 2 in en v6 THF-II riboswitc h. ( A ) Sc hematic secondary str uct ure of THF-II riboswitch highlights the core 
region. ( B ) Str uct ural organization of junction J1 / 2 and close-up view of the interactions between junction J1 / 2 and stem P1. ( C ) Close-up view of the 
base quadruple U1 3–U1 4–A17–A42. The Watson–Crick edge of U14 forms three hydrogen bonds with the Hoogsteen edge of A17. A17 •U14 interact 
with the minor groo v e side of A42-U13. ( D ) Close-up view of the base quadruple G12–U13–A16–C43. The base of A16 forms two hydrogen bonds with 
the sugar edges of both U13 and C43. ( E ) Ov erla y of ITC titration heat plot of wildtype (WT) THF-II riboswitch in comparison with mutants concerning 
nucleotides in quadruple U1 3–U1 4–A17–A42. ( F ) Ov erla y of ITC titration heat plot of wildtype (WT) THF-II riboswitch in comparison with mutants 
concerning nucleotides in quadruple G1 2–U1 3–A1 6–C43. 
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well-defined 2F observe – F calculate (2 F o –F c ) composite omit elec-
tron density map has been calculated for the tetrahydropterin
part (contoured at 1.0 σ level), while no reasonable electron
density map can be calculated for the para -amino-benzoic acid
part or the glutamic acid part of THF (Figure 3 C). This is con-
sistent with the observation that no significant interaction is
formed between the para -amino-benzoic acid part and the glu-
tamic acid part of THF with THF-II riboswitch in the tertiary
structure (Figure 3 A–C). 

To verify the observed interactions between THF and THF-
II riboswitch in the tertiary structure, mutational analysis
combined with ITC experiments was conducted to evalu-
ate the impact of related residues involved in THF recog-
nition. Mutations of C18 or U41 to impair the base triple 
interactions for the THF ligand (C18A, C18G, U41A and 

U41G) resulted in a complete loss of binding ability to THF 

(Figure 3 D). Furthermore, we employed β-galactosidase as- 
say to qualitatively assess the impact of critical base muta- 
tion on the gene expression regulation behavior of THF-II 
riboswitch. We fused THF-II riboswitch and mutants (U8C,
C18G, U41G and A42U) with lacZ β-galactosidase reporter 
gene ( Supplementary Figure S5 A, B). Repression of expres- 
sion was observed in the wild-type ( env6 -WT) THF-II- lacZ 

fusion and the control mutant U8C (U8 does not participate in 

significant interaction within THF-II riboswitch), whereas ex- 
pression was enhanced in mutants (C18G, U41G and A42U) 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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E F

Figure 3. Ligand interaction between THF and the env6 THF-II riboswitch. ( A ) Surface representation of the THF-II riboswitch binding pocket binding with 
THF (shown in sticks). The tetrahydropterin part of THF intercalates into the binding cavity formed between J1 / 2 and stem P2, while the 
para-amino-benzoic acid part and the glutamic acid part are positioned outside of the binding cavity. ( B ) Tetrahydropterin part of THF participates in the 
formation of a triple with C18 and U41, which is further stacked between two base platform, G21–C40 and U1 3–U1 4–A17–A42. ( C ) Tetrahydropterin part 
of THF forms extensive hydrogen bond interaction with C18 and U41. The composite omit maps (contoured at 1.0 σ level) of the THF is shown. ( D ) 
Ov erla y of ITC titration heat plot of WT THF-II riboswitch in comparison with mutants concerning nucleotides C18 and U41. ( E ) Ligand interaction 
between the THF-I riboswitch binding pocket 1 with 5-formyl-THF (folinic acid). Tetrahydropterin part of 5-formyl-THF forms hydrogen bond interaction 
with C58 and U28 (PDB code: 3SUH). ( F ) Ligand interaction between the THF-I riboswitch binding pocket 2 with folinic acid. Tetrahydropterin part of 
folinic acid forms extensive hydrogen bond interaction with U7, U35 and U42 (PDB code: 4LVV). 
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 Supplementary Figure S5 C). These results confirm the recog-
ition pattern of THF-II riboswitch binding to the THF lig-
nd, as depicted in the three-dimensional structural model. 

THF-I riboswitches adopt a tertiary fold characterized
y two ligand-binding pockets ( Supplementary Figure S6 ).
he first pocket is situated in the minor groove of P3,
lose to the three-way junction ( Supplementary Figure 
6 A). In this pocket, the folinic acid (5-formyl-THF) ligand
 Supplementary Figure S6 B) is stabilized by forming three hy-
rogen bonds with the Watson–Crick edge of U28 and two
ydrogen bonds with the Watson–Crick edge of C58 (PDB:
3SUH) ( 17 ) (Figure 3 E and Supplementary Figure S6 C, D).
The second binding pocket is positioned at the minor-groove
face, nestled between L3 and J2 / 1 ( Supplementary Figure S6 A,
D). Within this pocket, the folinic acid ligand forms specific
hydrogen bonds with certain RNA bases: three with U7, two
with U42, and one with O2 of U35 (PDB: 4LVV) (Figure 3 F
and Supplementary Figure S6 D). Notably, U35 establishes two
additional hydrogen bonds with U42 and U7, leading to the
formation of a base quadruple with the bound ligand. 

In contrast to THF-I riboswitch, THF-II riboswitches dis-
play a more compact and intricate overall structure. Within

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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THF-II riboswitches, the ligand is deeply embedded in the
binding cavity between J1 / 2 and P2, creating a confined space
around the tetrahydropterin part (Figure 3 A). Conversely,
THF-I riboswitches feature a more open space around both
binding pockets. This distinction in spatial arrangement and
confinement contributes to the enhanced selectivity of THF-II
riboswitches for THF ligand compared to THF-I riboswitches.
THF-I riboswitches can accommodate substantial group mod-
ification at position 5 of THF, such as folinic acid (5-methyl
THF), whereas THF-II riboswitches cannot. 

It is worth noting that while both THF-II riboswitch and
the first binding pocket of THF-I riboswitch interact with
the tetrahydropterin part of THF using similar residues (C18
and U41 for THF-II riboswitch, and C58 and U28 for the
first pocket of THF-I riboswitch) to form base triple interac-
tions, the orientation of the interacting residues C and U is
reversed (Figure 3 C, E). This reversal in orientation of inter-
acting residues (C and U) in the base triple interactions in-
volving the tetrahydropterin part introduces an extra layer of
complexity to the ligand recognition process. This subtle yet
significant difference underscores the finely tuned nature of
RNA–ligand interactions and highlights the structural diver-
sity achieved within the riboswitch family. 

Tertiary structure of free-form THF-II riboswitch 

We successfully obtained high diffraction-quality crystals of
the ligand-free env6 THF-II riboswitch from a similar crystal-
lization condition with GTP as additive. To detect the interac-
tion between GTP and env6 THF-II riboswitch, we perform
ITC titration of env6 THF-II riboswitch and GTP. As shown in
Supplementary Figure S7 A, env6 THF-II riboswitch exhibits
no binding ability with GTP. 

Similar to the THF-bound structure, the ligand-free struc-
ture also adopts the rod-like conformation, with stem P1
stacking co-axially with stem P2, mediated by the junc-
tional region J1 / 2 (Figure 4 A and Supplementary Figure S7 B).
Supplementary Figure S7 C highlights the alignment of base
stacking between the THF-bound THF-II riboswitch and its
ligand-free form. The nucleotides in junctional region J1 / 2,
surrounding the binding pocket adopt similar conformation
between the ligand-free structure and THF-bound structure
( Supplementary Figure S7 D, E). In the bulge region of stem P1,
G46–A47–G48 located in the RBS region, participate in the
formation of three successive non-canonical base pairs (U6–
G48, G7–A47 and A9–G46) ( Supplementary Figure S7F ).
The crosstalk between the loop of stem P2 and the junc-
tional region J1 was also observed, where A33 is excluded
from L2 loop and interacts with C20 to form a base stack-
ing ( Supplementary Figure S7 G). Additionally, the ligand-free
structures also exhibit intricate multiple-nucleotide interac-
tions, such as U13–A42–A17–U14 and G12–C43–A16–U13
interactions, situated at the junctional region J1 / 2 and the top
part of stem P2 (Figure 4 A and Supplementary Figure S7 H, I).

Within the binding pocket of the ligand-free form THF-II
riboswitch structure, the nucleotides involved in ligand recog-
nition, specifically C18 and U41, exhibit a closer proximity
compared to their arrangement in the bound-form (Figure 4 B–
D). Distances between specific atoms in C18 and U41 includ-
ing 4-NH 2 (C18) to O4 (U41), N3 (C18) to N3 (U41), O2
(C18) to O2 (U41), and 2 

′ -OH (C18) to 2 

′ -OH (U41), dif-
fer between the two structures. In the THF-bound structure,
these distances measure 9.9, 7.5, 5.4 and 7.6 Å, respectively
(Figure 4 C). However, in the ligand-free form structure, these 
distances are shorter, measuring 7.8, 6.0, 4.5 and 7.3 Å, re- 
spectively (Figure 4 D). A comparison of the B -factor distribu- 
tion between the ligand-free and ligand-bound THF-II struc- 
tures reveals stem P2, positioned above the ligand-sensing cav- 
ity in the THF-II riboswitch, displays greater dynamics in the 
ligand-free structure ( Supplementary Figure S8 A) than in the 
ligand-bound structure ( Supplementary Figure S8 B). These re- 
sults suggest that THF binding likely contributes to stabilizing 
the overall structure of the riboswitch, highlighting the role of 
ligand-induced conformational changes in modulating struc- 
tural dynamics. 

Furthermore, we employed circular dichroism (CD) spec- 
troscopy to systematically investigate the impact of the lig- 
and THF and Mg 2+ on the structural stabilization of the 
THF-II riboswitch. As illustrated in Figure 4 E, the env6 THF- 
II riboswitch displays consistent absorption curves spanning 
200–350 nm in the absence of Mg 2+ , and in the presence 
of Mg 2+ , THF and their combination. Subsequent to this,
we meticulously monitored the thermal stabilization of the 
THF-II riboswitch by tracking the signal at the negative peak 

of 210 nm while systematically elevating the temperature.
Notably, in the presence of Mg 2+ , or with Mg 2+ and THF 

combined, the THF-II riboswitch displayed reduced millide- 
gree (mDeg) values (Figure 4 F) and high melting temperature 
( Supplementary Figure S8 C). This was observed in compar- 
ison to the THF-II riboswitch alone or with THF alone at 
varying temperatures, emphasizing the pivotal role of Mg 2+ 

in reinforcing the overall structural integrity of the THF-II 
riboswitch. 

To further assess the impact of magnesium ions on THF 

binding capacity of env6 THF-II riboswitch, an investigation 

was conducted using env6 THF-II riboswitch RNA samples 
prepared with varying Mg 2+ concentrations (ranging from 0 

mM to 5 mM), followed by ITC experiments. The results re- 
vealed that concentrations of Mg 2+ below 0.5 mM were insuf- 
ficient for THF binding. However, as the Mg 2+ concentration 

increased to 5 mM, the binding affinity between env6 THF-II 
riboswitch and THF also increased (0.5 mM Mg 2+ , K d of 102 

μM; 1 mM Mg 2+ , K d of 79.9 μM; 5 mM Mg 2+ , K d of 12.8 

μM) ( Supplementary Figure S9 and Supplementary Table S4 ).
Moreover, ITC experiments were conducted to explore the im- 
pact of other divalent cations such as Ba 2+ Ca 2+ or Mn 

2+ .
Intriguingly, as depicted in Supplementary Figure S10 and 

Supplementary Table S4 , Ba 2+ or Ca 2+ exhibited a three to 

four times higher binding affinity for THF compared to the 
same concentration of Mg 2+ (5 mM Ba 2+ , K d of 3.3 μM; 5 

mM Ca 2+ , K d of 3.7 μM), while Mn 

2+ exhibited a comparable 
binding affinity (5 mM Mn 

2+ , K d of 11.9 μM). These obser- 
vations underscore the essential role of metal ions in shaping 
the structure of J1 / 2 and contributing significantly to the for- 
mation of the THF binding pocket (Figure 4 G). 

Structure-based rational search for the bound 

compound of THF-II riboswitch 

Our structural investigation revealed that the tetrahydropterin 

part of THF is specifically recognized by C18 and U41, form- 
ing a clamp in the binding cavity (Figures 3 A–C and 5 A). In 

this configuration, 2-NH 2 , N3 and O4 of THF interact with 

the Watson-Crick edge of C18, while N1, 2-NH 2 , and N8 of 
THF interact with the Watson–Crick edge of U41 (Figures 3 C 

and 5 A). Notably, in pterins, the six-atom pyrimidine ring is 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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E

F

G

Figure 4. Tertiary str uct ure of free-form THF-II riboswitch. ( A ) Cartoon representation of the tertiary str uct ure of the free-form THF-II riboswitch, same 
colour code as in the cartoon representation in Figure 1 C is used. ( B ) Superposition of THF-bound and free-form THF-II riboswitch nucleotides C18 and 
U41 (the nucleotides participate in the binding with THF in THF-bound riboswitch). The THF-bound riboswitch nucleotides are shown in cyan, while the 
free-form riboswitch nucleotides are shown in pink. ( C ) The distances between specific atoms in C18 and U41 in THF-bound riboswitch. ( D ) The 
dist ances bet w een specific atoms in C18 and U41 in free-f orm riboswitch. ( E ) Absorption curv es of the en v6 THF-II riboswitch spanning from 200 nm to 
350 nm in the absence of Mg 2+ , and in the presence of Mg 2+ , THF, and their combination in Circular Dichroism (CD) spectroscopy. ( F ) Recorded mDeg 
signals of the env6 THF-II riboswitch at the negative peak of 210 nm with systematically elevating temperature in the absence of Mg 2+ , and in the 
presence of Mg 2+ , THF and their combination. ( G ) P utativ e f olding process of THF-II riboswitches with the help of Mg 2+ . T he metal ions significantly 
contribute to shaping the str uct ure of J1 / 2 and the formation of THF binding pocket. 
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hemically fused with the pyrazine ring, and all interacting
toms in the tetrahydropterin, except N8, are located in the
ix-atom pyrimidine ring. Positions 5, 6 and 7 of the tetrahy-
ropterin are situated in the pyrazine ring and are not buried
n the cavity. Using this information, we conducted a structure-
ased exploration for compounds capable of interacting with
he THF-II riboswitch. Two groups of compounds were in-
estigated: Group 1 involved altering the substituted chemi-
al groups attached to the pyrazine ring, while Group 2 com-
rised compounds with a five-atom ring, such as imidazole
ing, pyrazole ring and triazole ring, replacing the pyrazine
ing. 

Combining ITC experiments and SPR assays, we suc-
essfully identified THF analogs, including DHF, BH 4 and
HN, capable of binding to the THF-II riboswitch (Fig-
ure 5 A and Supplementary Figures S11 - S12 ). Compared to
THF, env6 THF-II riboswitch displayed similar binding affin-
ity to DHN and BH 4 , with K d values of 12.4 ± 0.2 and
10.6 ± 0.2 μM, respectively ( Supplementary Figure 
S12 ). However, no binding activity was observed for
folinic acid, 6-biopterin, folic acid or 5-methyl THF
( Supplementary Figure S13 ). Furthermore, intriguing find-
ings emerged as guanine and guanine-related analogs, includ-
ing 8-Me-guanine, 8-NH 2 -guanine, and 8-N-guanine, demon-
strated a significant binding affinity with the THF-II ri-
boswitch (Figure 5 and Supplementary Figures S14 and S15 ).
ITC experiments were conducted to evaluate the binding
of env6 THF-II riboswitch to guanine, revealing a com-
parable binding affinity ( K d = 7.2 μM) to that of THF
ligand (Figures 1 D, 5 B and Supplementary Figure S14 A).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae377#supplementary-data
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Figure 5. Str uct ure-based rational identification of the compounds binding to THF-II riboswitch. ( A ) Designed compounds capable of interacting with the 
THF-II riboswitch base on str uct ural information. Group 1 involved altering the substituted chemical groups attached to the pyrazine ring, while Group 2 
comprised compounds with a five-atom ring, such as imidazole ring, pyrazole ring, and triazole ring, replacing the pyrazine ring. (B–D) ITC experiment of 
wild-type THF-II riboswitch binding with guanine ( B ), 8-CH 3 -Guanine ( C ), 8-NH 2 -Guanine ( D ). (E–F) SPR experiment of wild-type THF-II riboswitch binding 
with THF ( E ), 8-N-Guanine ( F ). ( G-J ) Binding pocket of THF-II riboswitch recognizing Guanine ( G ), 8-CH 3 -Guanine ( H ), 8-NH 2 -Guanine ( I ) and 8-N-Guanine 
( J ). The purine part of guanine, 8-CH 3 -Guanine, 8-NH 2 -Guanine, and 8-N-Guanine forms similar hydrogen-bonding interaction with C18 and U41 of THF-II 
riboswitch. The composite omit maps (contoured at 1.0 σ level) of all the related compounds are shown. 
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urther ITC experiments indicated that that 8-Me guanine
inds to env6 THF-II RNA with K d of 11.7 ± 1.4 μM (Fig-
re 5 D and Supplementary Figure S14 B), while 8-NH2 gua-
ine binds to env6 -P1D RNA with K d of 61.1 ± 4.0 μM
Figure 5 F and Supplementary Figure S14 C). However, 8-
zaguanine displayed a lower binding affinity with a K d of
pproximately 576 μM in SPR assay, potentially attributed
o tautomeric interconversion within 8-azaguanine (Figure 5 F
nd Supplementary Figure S15 A). 

We have successfully performed co-crystallization and
tructural determination of env6 THF-II riboswitches in com-
lexes with BH 4 , DHF or DHN. Alignments of the overall 3D-
olds of the riboswitch bound to THF, BH 4 , DHF and DHN
eveals significant identity. THF, BH 4 , DHF and DHN exhibit
ame recognition modes within the binding pocket (Figure
 C and Supplementary Figure S15 B–D), where the tetrahy-
ropterin part of them are almost completely encapsulated by
HF-II riboswitch, leaving other substructures of ligands out-
ide of the binding pocket without restraint ( Supplementary 
igure S15 B–D). The replacement of para -amino-benzoic acid
nd the glutamic acid part by a propylene glycol group (as in
H 4 ) or a propanetriol group (as in DHN) retains the tetrahy-
ropterin part, ensuring effective recognition by the THF-II
iboswitch. However, in both folic acid and 6-biopterin, N8
f the tetrahydropterin part is present in oxidized form, im-
airing the hydrogen bond interaction between the riboswitch
nd N8 in reduced form ( Supplementary Figure S13 ). Simi-
arly, in both folinic acid and 5-methyl THF, N5 of the tetrahy-
ropterin part is modified by formyl and methyl group, larger
han a proton, preventing binding with THF-II riboswitch, as
onfirmed by ITC experiments ( Supplementary Figure S13 ).
e attribute this distinction from THF by steric hindrance. 
Co-crystallization of env6 THF-II riboswitch RNA with

uanine has produced high-quality diffracting crystals. The
uanine-bound riboswitch structure was determined by
olecular replacement (MR) method with THF-bound THF-

I riboswitch complex as the initial structural model (Fig-
re 5 G). As anticipated, the Watson–Crick edge (O6, N1, 2-
H 2 ) of guanine forms three hydrogen bonds with Watson–
rick edge of C18, while the sugar edge (N9, N3, 2-NH 2 )
f guanine forms three additional hydrogen bonds with the
atson–Crick edge of U41(Figure 5 G). These results indi-

ate that the binding cavity of THF-II riboswitch interacts
ith guanine using the same recognition pattern as THF,
ut with a slight elasticity to accommodate additional po-
ential compounds besides the tetrahydropterin part. Further-
ore, we co-crystallized 8-methyl guanine (8-CH 3 guanine),
-aminoguanine (8-NH 2 guanine) and 8-N guanine with
nv6 THF-II riboswitch RNA and successfully obtained the
hree-dimensional structures by molecular replacement (MR)
ethod respectively. Similar to the guanine-bound structure,
oth 8-Me guanine, 8-NH 2 guanine and 8-N guanine bind
ith THF-II riboswitch through Watson-Crick and sugar

dges, employing the same binding pattern with guanine. The
atson–Crick edge (O6, N1, 2-NH 2 ) forms three hydro-

en bonds with Watson–Crick edge of C18, and the sugar
dge (N9, N3, 2-NH 2 ) forms three hydrogen bonds with the
atson–Crick edge of U41 (Figure 5 H–J). 

oncluding remarks 

e determined the structures of THF-II riboswitches in both
he free-form and bound-form (Figures 1 and 4 ), revealing
overall high similarity with minor variation in the local nu-
cleotide arrangement surrounding the ligand-binding site (Fig-
ure 4 and Supplementary Figure S7 ). Subsequent CD spec-
troscopy indicates that Mg 2+ significantly contributes to sta-
bilizing THF-II riboswitches, resulting in an elevated melting
temperature ( Supplementary Figure S8 C). ITC experiments
show that THF-II riboswitches exhibit minimal binding affin-
ity to THF in the absence of Mg 2+ or at low concentrations
( Supplementary Figure S9 ). This suggests that Mg 2+ facili-
tates the folding of THF-II riboswitches in the absence of
ligand, allowing pre-folded RNA molecules to interact with
ligands when ligands are present (Figure 4 G). The results
align with the intrinsic property of RNA molecules, where
negatively charged RNA molecules often rely on cations
for folding and functioning, and enhance our understanding
of the ligand recognition process and mechanisms of RNA
molecules. 

In our structure-based search of the small molecules that
interact with THF-II riboswitches. We not only confirmed the
binding of THF derivatives, such as BH 4 , DHF and DHN,
but also identified the binding capacity of guanine and its
derivatives, including 8-Me-guanine, 8-NH 2 -guanine, and 8-
N-guanine, to THF-II riboswitch. These findings highlight
the versatility of the THF-II riboswitch in recognizing lig-
ands, showcasing its ability to accommodate structurally re-
lated molecules. As purine analogs, Guanine and its deriva-
tives have been extensively investigated for their potential
biological activities ( 28 ). Our structure-based discovery in-
volving 8-substituted guanine derivatives, including 8-Me-
guanine, 8-NH 2 -guanine, and 8-N-guanine and the subse-
quent experimental validation of their interaction with THF-
II riboswitches, not only expands the chemical space of com-
pounds targeting THF-II riboswitches, but also highlight the
significance of structure determination in developing small
molecules that target RNA molecules. The distribution of
THF-II riboswitches in certain pathogens, such as Brucella
and Ochrobactrum ( 18 ), amplifies the significance of our find-
ings. This discovery holds the potential to introduce innova-
tive strategies in drug development, particularly in crafting
compounds designed to combat pathogens exploiting THF-
II riboswitches. Furthermore, it opens promising avenues
for the advancement of therapeutic development related to
riboswitches. 

Data availability 

Atomic coordinates and structure factors for the reported
crystal structures of env6 THF-II riboswitch in complex with
THF and other analogs have been deposited with the Pro-
tein Data bank ( www.rcsb.org ) under accession numbers
8XZE ( env6 -THF Ir(NH 3 ) 6 3+ soaking structure), 8XZK ( env6
ligand-free structure), 8XZL ( env6 -DHF structure), 8XZM
( env6 -DHN structure), 8XZN( env6 -BH 4 structure), 8XZO
( env6 -Guanine structure), 8XZP ( env6 -8-CH 3 -Guanine struc-
ture), 8XZQ ( env6 -8-N-Guanine structure), 8XZR ( env6 -8-
NH 2 -Guanine structure), and 8XZW ( env6 -THF structure)
respectively. All study data are included in the article and or
Supplementary Materials. 

Supplementary data 

Supplementary Data are available at NAR Online. 
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