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Abstract 

CS1–L S4 and CS2–L S12 are ultra-high affinity and orthogonal RNA–protein pairs that w ere identified b y PD-SELEX (Phage Display coupled 
with Systematic Evolution of Ligands by EXponential enrichment). To investigate the molecular basis of the lab-coevolved RNA–RBP pairs, we 
determined the str uct ures of the CS1–LS4 and CS2–LS12 comple x es and the LS12 homodimer in an RNA-free state by X-ray crystallography. The 
str uct ural analyses revealed that the lab-coevolved RNA–RBPs have acquired unique molecular recognition mechanisms, whereas the overall 
str uct ures of the RNP comple x es w ere similar to the typical kink-turn RNA-L7Ae comple x. T he orthogonal RNA–RBP pairs were applied to 
construct high-performance cell-free riboswitches that regulate translation in response to LS4 or LS12. In addition, by using the orthogonal 
protein-responsiv e switches, w e generated an AND logic gate that outputs staph ylococcal γ-hemoly sin in cell-free sy stem and carried out 
hemoly sis assa y and calcein leakage assa y using rabbit red blood cells and artificial cells, respectiv ely. 
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rchaeal L7Ae and its bacterial and eukaryotic homologs are
NA-binding proteins (RBP) that bind to a structural mo-

if called a kink-turn (k-turn) [ 1–4 ] found in various RNAs
uch as ribosomal RNA [ 5 ], small nucleolar RNA [ 6 ], RNase
 RNA [ 7 , 8 ], intron [ 9 ], and untranslated region (UTR) of
essenger RNA (mRNA) [ 10 , 11 ]. Since Saito and colleagues

eported protein-responsive riboswitches using the L7Ae and
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utility of these tools as well as provide fundamental insights
into RNA–RBP interaction. Therefore, we previously devel-
oped a novel directed evolution method, PD-SELEX ( P hage
D isplay coupled with S ystematic E volution of L igands by
EX ponential enrichment), to alter and improve the binding se-
lectivity of the existing RNA–RBP pairs (i.e. k-turn motif RNA
and L7Ae) [ 33 ]. The PD-SELEX is a library-versus-library in
vitro selection method, and we conducted the PD-SELEX us-
ing N20 RNA library and phage-displayed L7Ae mutant li-
brary. As a result, we identified two orthogonal RNA–RBP
pairs, CS1–LS4 and CS2–LS12, where CS and LS are ab-
breviations of Consensus Sequence and L7Ae Scaffold, re-
spectively. The two RNA–RBP pairs exhibited strong bind-
ing affinity ( K D 

= 7 pM) and high selectivity with > 4000-
fold difference in K D 

. Here, we report the co-crystal struc-
tures of the lab-coevolved CS1–LS4 and CS2–LS12 pairs that
provide the structural basis of the ultra-high affinity and se-
lectivity of the engineered RNA–RBP pairs. Despite their po-
tential utility, synthetic biology applications of the CS1–LS4
and CS2–LS12 pairs remain scarce: while CS1–LS4 pair has
been reported to function in mammalian cells [ 34 ], applica-
tions of these pairs in the CFPS systems have not been re-
ported. With the help of the determined structural informa-
tion of the engineered RNA–RBP pairs, we designed and cre-
ated two protein-responsive cell-free riboswitches that are or-
thogonal to each other. The orthogonal cell-free riboswitches
enable programmable and tunable control over gene expres-
sion in a test tube and inside artificial cells encapsulating the
CFPS system [ 35–38 ]. Although reports on the cell-free ri-
boswitches that respond to small molecules are relatively well
documented [ 39–41 ], only three papers have been reported
on cell-free protein-responsive riboswitches [ 12 , 13 , 42 ]. Us-
ing the PURE (Protein synthesis Using Recombinant Elements)
system, a prokaryotic CFPS system reconstituted with defined
components (small molecules and recombinant proteins only
with exception of native ribosomes and transfer RNAs from
Esc heric hia coli ) [ 43 , 44 ], we have identified LS4- and LS12-
responsive cell-free riboswitches with high ON / OFF ratios
exceeding 100. To the best of our knowledge, these cell-free
riboswitches exhibit the highest ON / OFF ratios reported to
date. Furthermore, by utilizing the orthogonality of the ri-
boswitches, we report the construction of an AND logic gate
to control functional expression of the two-component γ-
hemolysin ( γHL) in vitro . 

Materials and methods 

Protein expression and purification for structural 
analysis 

LS4 and LS12 genes were subcloned into pE-SUMOpro
vector (LifeSensors), which encodes an N-terminal His6-
SUMO tag. The LS4 and LS12 were expressed in E. coli
strain BL21-CodonPlus (DE3)-RIL (Agilent Technologies) at
20 

◦C overnight after induction with 0.5 mM isopropyl- β-
D-thiogalactopyranoside (IPTG). The cells were collected by
centrifugation, and pellets were resuspended in lysis buffer
(containing 50 mM Tris–HCl, pH 8.0, 500 mM NaCl) and
stored at -80 

◦C until use. The cells were disrupted by soni-
cation, followed by centrifugation to remove cell debris. The
soluble fraction was applied to a Ni-NTA agarose column
and thoroughly washed with lysis buffer containing 20 mM
imidazole-HCl. The target SUMO fusion protein was eluted
with lysis buffer containing 400 mM imidazole-HCl. The 
eluted solution showed that absorbance at 260 nm (A 260 ) is 
higher than absorbance at 280 nm (A 280 ), indicating that en- 
dogenous nucleic acids from E. coli were co-purified with re- 
combinant proteins. Therefore, we here used multi-step chro- 
matography to prepare nucleic acid-free LS4 and LS12 pro- 
teins. The fusion protein was cleaved overnight with 0.2 mg 
of Ulp1 protease and dialyzed against a buffer containing 
50 mM Tris–HCl, pH 8.0, 100 mM NaCl, and 0.5 mM 

tris(2-carboxyethyl)phosphine (TCEP). The protein was then 

loaded onto a HiTrap SP column (Cytiva). We found that 
high A 260 fractions (contaminated nucleic acid) were eluted 

as a flow-through fraction, whereas nucleic acid-free forms 
of the LS4 / LS12 proteins were eluted by a linear gradi- 
ent from 0.1 to 1.0 M NaCl in 50 mM Tris–HCl, pH 8.0 

( Supplementary Fig. S1 , left panels). Peak fractions contain- 
ing the target proteins were pooled and the proteins were pu- 
rified further using a HiLoad 16 / 60 Superdex 75 pg (Cytiva),
equilibrated with 50 mM Tris–HCl, pH 7.0, 100 mM NaCl,
and 0.5 mM TCEP. Final purified LS4 and LS12 proteins were 
concentrated using an ultrafiltration device (Amicon Ultra 15 

ml filter, 10 kMWCO, Merck-Millipore) to 1030 μM and 

1290 μM, respectively. The absence of nucleic acid contam- 
ination was confirmed by an absorbance spectrum measure- 
ment (A 260 / A 280 ratio is around 0.6). 

For crystallization of the CS1–LS4 complex, LS4 pro- 
tein ( Supplementary Table S2 ) was purified further us- 
ing a Superdex 75 10 / 300 GL column (Cytiva), equili- 
brated with 50 mM Tris–HCl, pH 8.0, 200 mM NaCl,
and 1 mM TCEP. CS1 RNA refolding solution con- 
tains 100 μM CS1 RNA, 50 mM Tris–HCl, pH 8.0,
200 mM NaCl, and 5 mM MgCl 2 . The CS1 RNA (5 

′ - 
GGUGGCA GA GAAA GGCGAAA GCCUUGUGA GGCCA UC
3 

′ ; Hokkaido System Science Co., Ltd., desalting grade) was 
prepared by heating to 70 

◦C for 5 min, and then slowly 
cooling to room temperature. The RNA was purified using 
a Superdex 75 10 / 300 GL column equilibrated with 50 

mM Tris–HCl, pH 8.0, 200 mM NaCl, and 5 mM MgCl 2 .
Peak fractions containing the LS4 or CS1 were pooled and 

concentrated using an ultrafiltration device (Amicon Ultra 15 

ml filter, 10 kMWCO, Merck-Millipore) to 775 and 800 μM,
respectively. RNA and protein were mixed at a ratio of ∼1:1 

(final concentration: 400 and 387 μM, respectively), and the 
mixture was incubated at 4 

◦C for 2 h. For crystallization of 
the CS2–LS12 complex, the CS2 RNA refolding and purifica- 
tion is the same procedure as that of CS1 RNA. Finally, CS2 

(5 

′ -GGA UGCA GA GAA CGAAA GUUCCA UGA CGCA UCC- 
3 

′ , Hokkaido System Science Co., Ltd., desalting grade) was 
concentrated to 780 μM. RNA and protein were mixed 

at a ratio of ∼1:1 (final concentration: 390 and 375 μM,
respectively), and the mixture was incubated at 4 

◦C for 2 h. 

Crystallization, data collection, structure 

determination, and refinement 

Crystallizations were performed by the sitting-drop vapor 
diffusion method at 4 

◦C. Sitting drops contained 250 nl of 
samples mixed with 250 nl of reservoir solution. Crystals of 
LS12 alone were obtained in a reservoir solution (1600 mM 

sodium citrate tribasic). Crystals of CS1–LS4 were complex 

obtained in reservoir solution [4% (v / v) Tacsimate T M pH 

4.0 and 12% (w / v) polyethylene glycol 3350]. Crystals of 
CS2–LS12 were complex obtained in reservoir solution (40% 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
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EG300, 100 mM sodium cacodylate / hydrochloric acid, pH
.5, 200 mM calcium acetate). Prior to data collection, crys-
als of CS1–LS4 were transferred to a cryoprotectant solu-
ion containing 20% glycerol and flash cooled to −180 

◦C,
hile crystals of CS2–LS12 and LS12 alone were picked up

rom crystal trays and flash cooled to −180 

◦C, as all crys-
als were grown in cryoprotectant condition. X-ray diffrac-
ion data were collected at beamline BL45XU at Spring-8
Hyogo, Japan) and 100 K with a wavelength of 1.000 Å.
hese data were processed using the ZOO system [ 45 , 46 ].
hases were determined by molecular replacement using the
rogram Phaser [ 47 ] and search models of the previously
etermined Archaeoglobus fulgidus L7Ae (PDB ID: 4BW0).
odel building was carried out using the program Coot [ 48 ].

he program Phenix.refine [ 49 ] was used for refinement. The
tructures displayed good geometry when analyzed by Mol-
robity [ 50 ]. X-ray data collection statistics and refinement
tatistics are shown in Supplementary Table S1 . 

reparation of protein ligands for riboswitch assay 

S4 and LS12 genes were subcloned into pET-His-SUMO vec-
or. LS4 and LS12 mutants were generated by inverse poly-
erase chain reaction (PCR) using a high-fidelity DNA poly-
erase (Q5 High-Fidelity 2 × Master Mix, New England Bi-
labs). The DNA sequences were verified by Sanger sequenc-
ng. The bacterial expression vectors were transformed into
. coli BL21 (DE3) cells (Champion 

TM 21, SMOBiO Technol-
gy). Transformants were pre-cultured overnight at 37 

◦C in 2
l of LB medium (Miller) supplemented with 100 mg ml −1

mpicillin and transferred to 200 ml fresh Lysogeny Broth
LB) medium supplemented with 50 mg ml −1 ampicillin. Af-
er 5 h culture at 37 

◦C, IPTG was added at a final concentra-
ion of 0.5 mM, and the cells were further cultured at 20 

◦C
or 20 h. The cells were harvested by centrifugation at 5000

g for 5 min at 4 

◦C and suspended in 20 ml ice-cold His-
ag purification buffer A (50 mM Tris–HCl, pH 8.0, 500 mM
aCl, 1 mM 2-mercaptoethanol, and 10 mM imidazole-HCl).
fter cell disruption by ultrasonication, Triton X-100 [0.5%

v / v)], MgCl 2 (5 mM), and TURBO 

TM DNase (10 units, Am-
ion) were added to the crude cell extracts and incubated
or 30 min at room temperature. The cell extracts were cen-
rifuged at 10 000 × g for 10 min at 4 

◦C to remove cell de-
ris. Soluble proteins were loaded onto TALON metal affin-
ty resin (2 ml, Clontech) in an Empty Gravity Flow Col-
mn (Bio-Rad) and washed with 12 ml His-tag purification
uffer A. His-tagged proteins were eluted by 8 ml His-tag
lution buffer (50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 1
M 2-mercaptoethanol, and 200 mM imidazole-HCl). The

luents were desalted and concentrated using an ultrafiltra-
ion device (Amicon Ultra 0.5 ml filter, 10 kMWCO, Merck-

illipore) and buffer-exchanged into a low-salt buffer (20
M Tris–HCl, pH 8.0, 100 mM NaCl, and 1 mM dithio-

hreitol). The proteins were further purified with a cation-
xchange column (Mono S 4.6 / 100PE, GE Healthcare) using
KTA pure 25 (GE Healthcare) with mobile phase A (50 mM
ris–HCl, pH 8.0, 100 mM NaCl, and 1 mM dithiothreitol)
nd mobile phase B (50 mM Tris–HCl, pH 8.0, 1 M NaCl,
nd 1 mM dithiothreitol): a linear gradient of 0%–100% mo-
ile phase B was used. The purified proteins were again de-
alted and concentrated using an ultrafiltration device (Ami-
on Ultra 0.5 ml filter, 3 kMWCO or 10 kMWCO, Merck-

illipore) and buffer-exchanged into protein storage buffer
(10 mM Tris–HCl, pH 8.0, 200 mM NaCl, 1 mM dithiothre-
itol, and 5% (v / v) glycerol). The purities of the proteins were
confirmed by absorption measurement and by sodium do-
decyl sulfate–polyacrylamide gel electrophoresis (SuperSep 

TM

Ace 15%, Wako-Fujifilm) followed by Coomassie blue stain-
ing (AE-1340 EzStain A Qua, ATT O). The concentrations of
the recombinant proteins were determined using the standard
curve generated from the band intensities of serially diluted
bovine serum albumin. The protein sequences are shown in
Supplementary Table S2 . 

Plasmid DNA construction and preparation of 
template DNAs for CFPS 

Riboswitch sequences ( Supplementary Table S4 ) were in-
serted into just under the T7 promoter and the upstream
of the enhanced green fluorescent protein (EGFP) gene in
pIVEX2.3-EGFP [ 40 ]. At first, pIVEX2.3-CS1-ON1-EGFP
and pIVEX2.3-CS2-ON1-EGFP vectors were generated, and
then other riboswitch variants were generated by using
Q5 site-directed mutagenesis kit (New England Biolabs).
Hlg2 and LukF genes [ 51 ] were subcloned into pIVEX2.3-
CS1M2b-3c-ON8 and pIVEX2.3-CS2-3c vectors, respec-
tively. The plasmid DNA sequences were verified by Sanger
sequencing. 

Template DNAs ( Supplementary Table S3 ) for the CFPS
were prepared by 25 cycles of PCR using a high-fidelity DNA
polymerase (KOD Plus Neo, TOYOBO). The used primer
sets are shown in Supplementary Table S3 . The PCR prod-
ucts were purified with the NucleoSpin Gel and PCR Clean-
up kit (MA CHEREY-NA GEL) and eluted with ultrapure wa-
ter. DNA concentrations were determined by absorbance at
260 nm. 

In vitro transcription-coupled translation from DNA 

template 

The reconstituted CFPS system (PURE frex 

® 1.0) was pur-
chased from Gene Frontier. The CFPS reactions (10 μl) were
carried out as described previously [ 40 ]. We mixed the follow-
ing reagents in a 0.2 ml PCR tube: 1.5 μl ultrapure water, 5 μl
solution I, 0.5 μl solution II, 0.5 μl solution III, 0.5 μl Alexa
Fluor TM 647 hydrazide (1 μM), 1 μl protein ligand (10 ×),
and 1 μl template DNA (50 ng μl −1 ). The tubes were incu-
bated for 3 h at 37 

◦C in a thermal cycler (T100, Bio-Rad),
and then equal volumes (10 μl) of PBS-T [D-PBS(-) supple-
mented with 0.1% (v / v) polyoxyethylene(20) sorbitan mono-
laurate (Tween-20)] were added. Eighteen microliters of the
mixture was transferred to a 384-well black plate, and fluo-
rescence (490 nm excitation, 520 nm emission for EGFP; 650
nm excitation, 680 nm emission for Alexa Fluor TM 647) was
measured by a microplate reader (Synergy H1, BioTek). Back-
ground fluorescence was subtracted from the EGFP and Alexa
Fluor TM 647 fluorescence values. EGFP fluorescence was nor-
malized by Alexa Fluor TM 647 fluorescence to account for
well-to-well variations. Relative fluorescence values were cal-
culated from the EGFP expression level without riboswitch
as a standard. The ON / OFF ratio was calculated from the
EGFP / Alexa Fluor TM 647 value with protein ligand, divided
by the value without protein ligand. Bar graphs and data plots
were generated using GraphPad Prism software 10 (GraphPad
Software), and nonlinear curve fitting was carried out using

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
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the following equation. 

Y = Y min + 

Y max − Y min 

1 + 

(
E C 50 

X 

)h 

Y min : minimum fluorescence signal 
Y min : maximum fluorescence signal 
EC 50 : half maximal effective concentration of ligand 

X: molar concentration of ligand 

h: Hill coefficient 

Hemolysis assay 

Heparin-treated rabbit red blood cells (RBCs) were purchased
from Nacalai Tesque. The RBCs (20 ml) were once centrifuged
at 2000 × g for 10 min at 4 

◦C, and then the supernatant was
removed. The precipitated RBCs were resuspended in 25 ml
of D-PBS(-). The buffer exchange was repeated twice. Finally,
RBCs were resuspended in 20 ml D-PBS(-), stored at 4 

◦C, and
used within one month. 

Hemolysin was synthesized by the CFPS(PURE frex 

® 1.0)
in a 10 μl scale: ultrapure water (2.5 μl), solution I (5 μl), so-
lution II (0.5 μl), solution III (0.5 μl), 50 μM LS4 (0.5 μl),
50 μM LS12 (0.5 μl), and 100 nM template DNA (0.5 μl).
The tubes were incubated for 3 h at 37 

◦C. Hemolysis assay
was carried out in a 0.2 ml PCR tube: RBC (95 μl), CPFS
products (5 μl). To prepare the positive hemolysis control,
polyoxyethylene(10) octylphenyl ether (Triton 

TM X-100) was
added to the RBCs at a final concentration of 1% (v / v). The
tubes were incubated at 37 

◦C for 10 min. After centrifugation
at 8000 × g for 5 min at 4 

◦C, the supernatants were sub-
jected to absorption measurement using a NanoDrop photo-
spectrometer (Thermo Fisher Scientific). Absorbance at 541
nm was used for the evaluation of hemolysis. The bar graph
was generated using GraphPad Prism software 10 (GraphPad
Software). 

Statistical analysis 

Prism software (GraphPad Software) was used for the statisti-
cal analyses. The analytical information (standard deviation,
n values, and analytical methods) are shown in figure legends.

Results and discussion 

Structural determination of CS1–LS4 and CS2–LS12
complexes 

We determined the crystal structures of LS4 and LS12 in
complex with the cognate RNA aptamer, CS1 and CS2, re-
spectively (Fig. 1 A). The structures revealed that both LS4
and LS12 proteins possess nearly identical structures to the
parental protein, A. fulgidus L7Ae [LS4: root mean square de-
viation (RMSD) value of 0.39 Å over 108 C α atoms, LS12:
RMSD value of 0.44 Å over 106 C α atoms] (Fig. 1 B). Fur-
thermore, CS1 and CS2 RNAs adopt a k-turn-like confor-
mation characterized by a helix–internal loop–helix structure
and a pronounced kink along the helical axis at the internal
loop (Fig. 1 C). The nucleotidenumbering follows a systematic
nomenclature for k-turn nucleotides [ 52 ]. In the standard k-
turn, a three-nucleotide bulge (L1–L3) is present, with the L3
base oriented toward the solvent (flipped out) and making no
contact with the k-turn RNA. The strand containing the L1–
L3 bulge is designated the “bulge” side, while the opposite
strand is termed the “nonbulge” side. Each crystal structure
contained two independent crystallographic complexes within 

an asymmetric unit ( Supplementary Fig. S2 ). 
Comparison of our structures of the complexes with the 

parental L7Ae-canonical k-turn (Kt-7) complex revealed their 
similarities and differences ( Supplementary Fig. S3 ). The L7Ae 
protein makes interactions highly selective for the k-turn 

structure through nonspecific backbone interactions, specific 
interactions by Asn33 and Glu34 residues with the base por- 
tions of guanine (1b and 2n) in the conserved G •A pairs in k- 
turn, and interactions by a loop (residues 88–92) with the L1 

and L2 bases [ 53 ]. The nonspecific backbone interactions are 
also observed in our structures of the complexes. Although the 
34th residue of L7Ae and the conserved G •A pair in the k-turn 

were randomized in PD-SELEX, the G •A pairs were main- 
tained in CS1 and CS2 RNAs and the selected 34th residues 
(Arg34 of LS4 and Ser34 of LS12) retained their specific in- 
teractions with the G nucleobase ( Supplementary Figs S3 and 

S4 ). Since the G •A pairs are conserved in k-turn RNAs, the 
loss of this non-Watson–Crick base pairing influences the k- 
turn-like structure of CS1 and CS2. Therefore, the recogni- 
tion of their G nucleobases is a structural basis for the k-turn- 
like RNA structures bound by LS4 and LS12. In contrast, the 
loop (residues 88–92) is another region randomized in PD- 
SELEX, resulting in major differences between parental L7Ae- 
RNA and PD-SELEX-evolved pairs. This difference could be 
the structural reason why LS4 and LS12 bind specifically to 

the cognate RNA aptamers CS1 and CS2, respectively. 
In the CS1–LS4 complex, the CS1 RNA contains five nu- 

cleotides on both the bulge and nonbulge sides of the internal 
loop (Fig. 1 C, CS1), by having one nucleotide fewer on the 
bulge side and two nucleotides more on the nonbulge side,
which differs from typical k-turn RNAs. Consequently, the 
L2 nucleotide is absent on the bulge side, while L n 1 and L n 2 

on the nonbulge side form a larger loop compared to Kt-7 

[ 53 ] and CS2 RNAs. The A(L n 2) base is oriented toward the 
solvent. Notably, a unique feature of this complex is the for- 
mation of non-Watson–Crick base pairs between G(L1) and 

G(L n 1), which is not observed in the other k-turn RNAs (Fig.
1 C, CS1). The structure of the complex revealed that LS4 

captures this distinctive G(L1)–G(L n 1) base pair through the 
Trp89 residue (Fig. 2 A, upper panel; Supplementary Fig. S4 ),
which was introduced through PD-SELEX [ 33 ]. Trp89 aligns 
parallel to the G(L1)–G(L n 1) base pair, forming a stacking in- 
teraction. The loop (substituted residues 88–92) in the LS4,
including Trp89, has a different conformation than the loops 
in the L7Ae and LS12 (Fig. 1 B). Therefore, interaction with 

the distinctive G(L1)–G(Ln1) base pair by the PD-SELEX- 
identified Trp89 residue is the molecular basis underlying the 
highly specific recognition of CS1 RNA by the LS4 protein. 

In the CS2–LS12 complex, the CS2 RNA exhibits a base- 
pair network and a structure that highly resembles canoni- 
cal k-turn RNA such as Kt-7 [ 53 ] (Fig. 1 C). The structure 
of the complex suggested that LS12 restricts the base type 
at L1 position of the CS2 RNA. The PD-SELEX-identified 

Arg88 residue form hydrophilic interactions with the C(L1) 
and A(L2) base portions. In addition, the Arg88 residue seems 
to make cation- π interaction with G(-1n) base portion (Fig. 2 A 

and 2 B, lower panel; Supplementary Fig. S4 ). These interac- 
tion networks fix the position of the Arg88 guanidino group.
Therefore, the L1 position is restricted to pyrimidine bases, be- 
cause a purine at the L1 position would cause steric hindrance 
with Arg88. Additionally, the substituted Tyr90 residue es- 
tablishes a hydrophilic interaction with the phosphate moi- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
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Figure 1. Characteristics and o v erall str uct ures of the CS1–L S4 complex and the CS2–L S12 comple x. ( A ) T he o v erall str uct ures of the CS1–LS4 complex 
(left, PDB ID: 9L6X) and the CS2–LS12 complex (right, PDB ID: 9L6Y). The models of the complexes are shown as cartoon representations. ( B ) 
Comparison between A. fulgidus L7Ae, lab-coevolved LS4, and LS12 proteins. Superimposition of o v erall str uct ures of the L7A e (light orange), L S4 
(green), and LS12 (cyan) (left), close-up views of the region randomized in PD-SELEX (middle), and the sequences selected by PD-SELEX (right). The 
PD-SELEX-identified residues are colored in magenta. ( C ) Comparison of typical k-turn ( Haloarcula marismortui Kt-7, PDB ID: 4BW0) [ 53 ], CS1, and CS2 
RNAs. The overall str uct ures (left) and the interaction network of each RNAs’ internal loop (right) are shown as cartoon representations and secondary 
sequence str uct ures. T he internal loop is colored in blue, and the LS4-specific loop regions are sho wn in red. In the secondary sequence str uct ures, 
Watson–Crick base pairs and non-Watson–Crick base pairs are shown as solid and dashed lines, respectively. Bases with their edges facing each other 
are shown as open circles. The circled nucleotides are oriented toward the solvent. 
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ty of the A(L2) nucleotide (Fig. 2 A and 2 B, lower panel); an
nteraction was introduced by the PD-SELEX, as the corre-
ponding residue in the L7Ae is valine. Notably, we discov-
red that LS12 forms a homodimer in an RNA-free state, a
haracteristic not observed in LS4 or previously reported for
7Ae. Mutations of Lys37 and Glu40 in the L7Ae to Leu37
nd Ser40 in LS12 enable the formation of dimer interfaces
 Supplementary Fig. S5 A). This homodimeric configuration
terically inhibits the RNA aptamer binding, since the second
olecule would clash with the location of the k-turn RNA

tem helix ( Supplementary Fig. S5 C). In the structure of the
S2–LS12 complex, this homodimer formation is eliminated
pon target CS2 RNA binding. Consequently, the homodimer
ormation might interfere with binding to low-affinity nontar-
et k-turn RNAs. The molecular basis of LS12’s high speci-
ficity appears to be based on two key mechanisms: (i) pyrimi-
dine restriction at the L1 position and (ii) binding interference
for low-affinity RNA by homodimerization in the RNA-free
state. Our structures of the complexes provide compelling in-
sights into the co-evolution of LS proteins and RNA aptamers
through PD-SELEX (Fig. 2 C). 

Protein-responsive cell-free riboswitches 

To utilize the orthogonal RNA–RBP pairs for cell-free sys-
tem, we next designed protein-responsive riboswitches by
utilizing the CS1 and CS2 aptamers: the RNA aptamer se-
quence (CS1 or CS2) for protein ligand (LS4 or LS12) was
inserted immediately downstream of the T7 promoter, and
a leader sequence which is partially complementary to the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
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Figure 2. RNA–protein interactions of the CS1–LS4 complex and the CS2–LS12 complex. ( A ) Close-up view of the RNA-binding mode specific to LS4 or 
L S12. L S4 and L S12 proteins are sho wn in green and cy an, respectiv ely. T he PD-SELEX-identified residues and their recogniz ed bases are sho wn as 
stick representations. Yellow and blue dashed lines indicate side-chain-RNA base interactions and base-pairing interactions, respectively. Electron 
density maps for the CS1–LS4 and CS2–LS12 interactions are shown in Supplementary Fig. S4 . ( B ) Schematic representation of the interactions 
between the LS4 and LS12 and their cognate RNA. The RNA interactions by side chain of amino-acid residues were only displayed. Red solid and green 
dashed double lines indicate h y drophilic and stacking interactions, respectively. The substituted amino acids are shown in purple. ( C ) Target RNA 

selection strategies of LS4 and LS12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aptamer (i.e. anti-aptamer) was inserted further downstream
of the ribosome-binding site (RBS) ( Supplementary Fig. S6 ).
In this design, in the absence of the cognate protein ligand,
the RBS is masked by the 3 

′ tail of the aptamer and the
following few bases, thus ribosomal translation is impeded.
When the cognate ligand is present, the aptamer domain in
the 5 

′ UTR of the mRNA forms a complex with the lig-
and, and the open conformation of the RBS allows ribosomal
translation of the downstream gene (Fig. 3 A). First, we op-
timized the strength of the complementary sequence against
the RBS and examined the performances of the riboswitches
by using the PURE system in the presence (10 μM) or ab-
sence of the cognate protein ligand. We used EGFP as a re-
porter gene and tested LS4 protein-responsive riboswitch vari-
ants (Fig. 3 B, ON1 to ON8). Among the eight tested vari-
ants, CS1-ON3 and CS1-ON8 riboswitches exhibited mod-
erate ON / OFF ratios of 23 and 26, respectively. Second, we
optimized the stem length of the CS1 aptamer by adding
or removing a single nucleotide at the 5 

′ end of the CS1-
ON3 and CS1-ON8 riboswitches (Fig. 3 B, CS1-3c-ON3, CS1-
5c-ON3, CS1-3c-ON8, and CS1-5c-ON8). The basal expres-
sion level of the CS1-3c-ON8 riboswitch-regulated EGFP re- 
porter was ∼0.5% compared to that of the control without 
riboswitch, but the expression was upregulated 319-fold by 
the cognate protein ligand LS4, which corresponds to 160% 

of the control (Fig. 3 B). The reason for the higher expression 

level compared to the control is presumably due to the inser- 
tion of the leader sequence (anti-CS1), which is translated as 
an N-terminal-tag ( Supplementary Table S4 ). Next, we tested 

LS12 protein-responsive riboswitch variants (Fig. 3 C, ON1 

to ON8) and found that the CS2-ON3 and CS2-ON8 vari- 
ants were promising (ON / OFF ratios = 46 and 26, respec- 
tively). Using the same strategy, we designed and tested CS2- 
ON3 and CS2-ON8 variants with a different stem length and 

found that CS2-3c-ON8 riboswitch exhibits a high ON / OFF 

ratio of 499 (Fig. 3 C). The basal expression level of the CS2- 
3c-ON8 riboswitch was 0.7% compared to that of the con- 
trol without riboswitch, and the maximum expression level 
was 330% of the control. The high ON / OFF ratios of the 
CS1-3c-ON8 and CS2-3c-ON8 riboswitches were also ob- 
served in real-time measurements of EGFP reporter expression 

( Supplementary Fig. S7 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
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Figure 3. De v elopment of protein-responsiv e cell-free riboswitc hes. ( A ) Sc hematic illustration of translational riboswitc h. The riboswitc h sequences are 
shown in Supplementary Fig. S6 and Supplementary Table S4 . The str uct ure of EGFP (PDB ID: 2Y0G) [ 81 ] was generated using Mol* Viewer [ 82 ]. 
Screenings of ( B ) LS4- and ( C ) LS12-responsive riboswitch variants. The bar graphs show the mean of three independent experiments ( n = 3) with error 
bars representing the geometric standard deviation. Relative expression levels (%) of reporter protein (EGFP) are calculated by normalization with no 
riboswitch control in the absence of protein ligand. Numbers (red) abo v e the bars indicate the ON / OFF ratio. 
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Next, to test the hypothesis that the RNA-binding sur-
ace residues of the LS4 and LS12 proteins are involved
n the recognition of the cognate RNA aptamer, we car-
ied out riboswitch activity-based protein mutant analyses
 Supplementary Fig. S8 ). LS4 W89A mutant exhibited sig-
ificantly reduced EGFP reporter expression ( ∼9% induc-
ion over the wild type), whereas other tested mutants, R34A
nd P90A, had no impact on the reporter expression levels,
uggesting that the W89 residue strongly contributes to the
nteraction with the CS1 aptamer. On the other hand, the
ested LS12 R88A and Y90A mutants exhibited significantly
educed reporter expression ( ∼14% and 6% inductions, re-
pectively, over the wild type), suggesting that both residues
re involved in the CS2 aptamer binding. Overall, these re-
ults are consistent with the structural analyses (Fig. 2 ). 
Our cell-free riboswitch design is based on a kinetic trap
mechanism [ 54–56 ]. Riboswitches are co-transcriptionally
folded from the 5 

′ side and trapped into the OFF structure.
However, in the presence of a cognate ligand, the 5 

′ aptamer
domain is stabilized by the ligand, and the riboswitch struc-
ture is trapped into the ON structure. Since we added the DNA
template and the protein ligand to the CFPS system at the
start of the reaction (see Materials and Methods), the pro-
tein ligand can quickly bind to the aptamer domain during
transcription before the riboswitch is trapped into the OFF
structure. To confirm the mechanism, we tested the switch-
ing activity of CS1-3c-ON8 and CS2-3c-ON8 riboswitches
from mRNA templates ( Supplementary Fig. S9 A). The in-
duction levels (ON / OFF ratios) were 8 and 2, respectively.
Thus, we found that the riboswitches hardly respond to the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
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Figure 4. Dose-dependent responses and cross-reactivities of ( A ) CS1-3c-ON8, ( B ) CS1M2b-3c-ON8, and ( C ) CS2-3c-ON8 riboswitches against the 
protein ligands. The plots are the mean of two independent experiments ( n = 2) with error bars representing the standard deviation. The solid lines 
indicate a nonlinear curve fitting. The sequence of CS1M2b riboswitch is shown in Supplementary Table S4 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ligand once the riboswitch is trapped into the OFF struc-
ture ( Supplementary Fig. S9 B). The CS1-3c-ON8 and CS2-
3c-ON8 riboswitches exhibited significantly enhanced perfor-
mances based on the ON / OFF ratios compared to the re-
ported cell-free riboswitches [ 12 , 36 , 39–42 , 54 , 57–59 ]. Previ-
ously, we developed cell-free riboswitches which respond to a
small molecule (histamine, ASP2905, and theophylline) based
on the same riboswitch design strategy [ 36 , 40 ]. However, the
ON / OFF ratios never exceeded 40. We speculate that not only
fine-tuning of the riboswitch structures but also fast associa-
tions ( k on values, CS1–LS4: 2.00 × 10 

7 M 

−1 s −1 , CS2–LS12:
4.96 × 10 

7 M 

−1 s −1 ) and slow dissociations ( k off values, CS1–
LS4: 1.36 × 10 

–4 s −1 , CS2–LS12: 3.26 × 10 

–4 s −1 ) [ 33 ] of the
RNA aptamers may have contributed to more stable kinetic
trapping of the riboswitches, resulting in the high observed
ON / OFF ratios. However, a more systematic study would be
necessary in the future to reveal the impact of the binding ki-
netics on the riboswitch performance. 

Next, we tested the dose-dependent response of the CS1-
3c-ON8 riboswitch by the LS4 protein ligand, and the me-
dian effect concentration (EC 50 ) was estimated to be 0.8 μM
(Fig. 4 A). We also tested the cross-reactivity of the LS12 pro-
tein against the CS1-3c-ON8 riboswitch and observed that the
EGFP reporter expression was induced at 0.1–10 μM range
(Fig. 4 A). In our previous study, we found that LS12 protein
binds to CS1 RNA aptamer with a K D 

of 28 nM. Although
the interaction between the LS12 protein and CS1 aptamer is
∼4000-fold weaker than that of the CS1–LS4 [ 33 ], the cross-
reactivity is not zero in the presence of high concentrations
of LS12 protein. To suppress the cross-reactivity of LS12 pro-
tein and improve the orthogonality of the riboswitches, we
decided to utilize CS1M2b aptamer, which contains a single
point mutation in the internal loop (Fig. 4 B). Our previous
surface resonance plasmon analyses showed that CS1M2b ap-
tamer exhibits decreased binding affinity for both LS4 and
LS12 proteins ( K D 

values, LS4: 87 pM, LS12: 110 nM) [ 33 ].
As expected, the cross-reactivity of LS12 was significantly sup-
pressed at least within the tested protein concentrations, al-
though the maximum reporter expression level by the LS4
protein ligand decreased to 149-fold (Fig. 4 B). Next, we tested
the CS2-3c-ON8 riboswitch and found that the EGFP reporter
expression was dose-dependently induced by the LS12 protein
ligand (EC 50 = 0.6 μM), and no cross-reactivity with the LS4
protein was observed (Fig. 4 C). 
AND logic gate to control γHL expression 

We demonstrated the functions of the CS1M2b-3c-ON8 and 

CS2-3c-ON8 riboswitches with the EGFP reporter gene. To 

demonstrate the robustness of the orthogonal riboswitches,
we next carried out the gene expression control of Staphylo- 
coccus aureus Hlg2 and LukF genes [ 60 ]. The Hlg2 and LukF 

are components of γHL, which is an octameric nano pore- 
forming toxin [ 51 ]. We here aimed to design two-input trans- 
lational AND gate and cloned the Hlg2 and LukF genes into 

downstream of the CS1M2b-3c-ON8 and CS2-3c-ON8 ri- 
boswitches, respectively (Fig. 5 , Gene 1 and 2). The AND logic 
circuit can output the γHL when both inputs, LS4 and LS12 

are present. We expressed the riboswitch-regulated genes us- 
ing the PURE system and then mixed the products with rab- 
bit RBCs that can sensitively detect the γHL activity [ 60 ].
No hemolysis was observed when the protein ligands were 
absent, suggesting that the riboswitch regulations were very 
tight (Fig. 5 , Entry 1 and 2). This is consistent with the re- 
sult that no Hlg2 and LukF expressions were observed by 
Western blot analysis ( Supplementary Fig. S10 , Entry 1 and 

2). Marked hemolysis was observed when two protein ligands 
were present (Fig. 5 , Entry 5). However, in the presence of only 
one protein ligand, the observed hemolysis was minimal and 

comparable to that of the no protein ligand control (Entry 
2–4), suggesting that each protein ligand specifically activates 
the cognate riboswitch. Neither protein ligand alone (Entry 
6) nor a single Hlg2 / LukF expression (Entry 7–8 and 10–11) 
induced the hemolysis. We have confirmed that the hemolysis 
was induced by Hlg2 / LukF mix which was pre-expressed sep- 
arately (Entry 9 and 12), by α-hemolysin ( αHL) expression 

(Entry 13) and Triton-X100 detergent treatment (Entry 14).
We next applied the AND circuit to artificial cells encapsulat- 
ing a high concentration of calcein ( Supplementary Fig. S11 ).
Here, we prepared large unilamellar vesicles (LUVs), which 

are composed of DOPC / cholesterol 1:1 by extruder method 

[ 61 ]. It is known that the high concentration of calcein inside 
liposomes is self-quenched, and the fluorescence is recovered 

by calcein release through nanopore formation [ 62 , 63 ]. As 
expected, the calcein fluorescence significantly increased only 
when both protein ligands were present in the PURE system 

( Supplementary Fig. S11 , Entry 2–4). We demonstrated that 
our cell-free riboswitches can control EGFP as well as Hlg2 

and LukF. Taken together, the riboswitches are robust enough 

to regulate various genes. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
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Figure 5. Design and construction of 2-input AND gate controlled by the two protein ligands, LS4 and LS12. The AND gate outputs γHL composed of 
Hlg2 and LukF. The hemolysis assay was carried out using rabbit RBCs, and the hemolysis was evaluated by absorption measurement at 541 nm. Bar 
graphs show the mean of three independent experiments ( n = 3), and error bars represent the standard deviation. Statistical analyses were performed 
b y one-w a y analy sis of v ariance (one-w a y ANO V A) with Dunnett’s multiple comparison test. **** P < .0 0 01. NS: not significant. P rotein e xpressions are 
shown in Supplementary Fig. S10 . Gene 1: CS1M2b-3c-ON8 riboswitch-regulated Hlg2, Gene 2: CS2-3c-ON8 riboswitch-regulated LukF, Gene 3: 
unregulated Hlg2, Gene 4: unregulated LukF, Gene 5: unregulated α-hemolysin. Entry 14: 1% (v / v) Triton X-100 treatment was used as a positive control 
f or hemoly sis. T he dotted line square indicates that Hlg2 and LukF w ere synthesiz ed separately b y the PURE sy stem and then mix ed. T he str uct ure of 
γHL (PDB ID: 3B07) [ 51 ] was generated using Mol* Viewer [ 82 ]. 
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onclusions and future perspectives 

n summary, we have elucidated the molecular recognition
echanisms of the CS1–LS4 and CS2–LS12 pairs by the X-

ay crystal structure and protein mutant analyses (Figs 1 - 2 ;
upplementary Fig. S8 ). The lab-coevolved LS4 and LS12 pro-
eins are structurally similar to the parental protein L7Ae,
nd the cognate RNA aptamers CS1 and CS2 form k-turn-
ike structures. In particular, G •A and A •G base pairs, char-
cteristic of k-turn [ 1 , 3 ], are indeed present in the CS1 [ 33 ],
owever internal loop composed of both sides of five nu-
leotides (left / right = 5 / 5) has never been found in the natu-
al k-turn structures so far [ 52 , 64 ]. We revealed that unique
(L1)–G(L n 1) base pair in the CS1 is stabilized by the Trp89

esidue of LS4, giving rise to the specific CS1–LS4 interac-
ion. On the other hand, the specific CS2–LS12 interaction is
nsured by multi-point base recognitions and LS12 homod-
 

imer formation in an RNA-free state. We expect that our
lab-coevolved RNA–RBP pairs will be useful for the devel-
opment of a variety of molecular devices, not only for cell-
free synthetic biology [ 65–67 ] but also for mammalian syn-
thetic biology [ 68–70 ]. Also, we have successfully designed
and developed the protein-responsive ON switches that func-
tion in the CFPS system (Fig. 3 ). Recently, several mammalian
riboswitches with triple-digit ON / OFF ratios have been re-
ported [ 71–75 ], but cell-free riboswitches with such ON / OFF
ratios have not been reported. It should be noted that a small
molecule-responsive riboswitch with an ON / OFF ratio of 90,
which functions in an eukaryotic CFPS system (wheat germ
extract), was recently reported [ 54 ]. Remarkably, our protein-
responsive cell-free riboswitches, CS1-3c-ON8 and CS2-3c-
ON8, exhibited greater ON / OFF ratios of 319 and 499, re-
spectively (Fig. 3 ). To our knowledge, this is the first case
that cell-free riboswitches with ON / OFF ratios > 100 have

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data


10 F ukunag a et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

been successfully developed ( Supplementary Fig. S12 ). Be-
cause protein-responsive riboswitches are activated by a ge-
netically encodable protein ligand, thus our riboswitches and
protein ligand genes can be incorporated into multilayered
gene circuits [ 38 , 76 , 77 ] such as cascade circuits. Also, we
have demonstrated that the orthogonal protein-responsive ri-
boswitches can be used to control the content release of RBCs
and LUVs by modulating the expression of γHL subunits (Fig.
5 ; Supplementary Fig. S11 ). Researchers have utilized αHL
nanopore for the functional control of artificial cells encap-
sulating the CFPS system [ 36 , 38 , 62 , 78–80 ]. However, there
has never been an example of using the two-component γHL
nanopore in the CFPS system, highlighting the first attempt.
This demonstration of the application of γHL to the CFPS
system opens a new dimension in the field of cell-free synthetic
biology and related fields. 

A c kno wledg ements 

We thank Mayumi Suzuki (OIST) and Nao Miyahira (OIST)
for Sanger sequencing. The Hlg2 and LukF genes were a kind
gift from Yoshikazu Tanaka (Tohoku University). The syn-
chrotron radiation experiments were performed at SPring-8
(proposal nos. 2022B2549 and 2023A2549), and we thank
the staff members of the beamline BL45XU facilities at SPring-
8 for their help with data collection. 

Author contributions : Conceptualization and project ad-
ministration: K.F . and Y .K.; Funding acquisition: K.F ., T.M.,
and Y .Y .; Investigation: K.F ., T .T ., M.N., T .O., and R.K.;
Methodology and validation: K.F., T .T ., M.N., and T .O.; Re-
sources: T.M., Y .Y ., and Y .K.; Supervision: K.F ., T.M., Y .Y .,
and Y.K.; Data curation, formal analysis, visualization, and
writing - original draft: K.F. and T .T .; Writing - review & edit-
ing: K.F., T .T ., T .M., Y .Y ., and Y .K. 

Supplementary data 

Supplementary data is available at NAR online. 

Conflict of interest 

None declared. 

Funding 

KAKENHI [19K15701 to K.F., and 21H05228 and
22K21344 to T.M.] from the Japan Society for the Pro-
motion of Science (JSPS); fund from Tokyo Institute of
Technology [to K.F. and T.M.]; fund from Institute for
Tenure Track Promotion of University of Miyazaki [to K.F.];
Japan Association for Chemical Innovation (JACI) Prize for
Encouraging Young Researcher [to K.F.]; Human Frontier
Science Program (HFSP) Research Grant [RGP003 / 2023 to
T.M.]; OIST [to Y .Y .]. R.K. is a recipient of the JSPS Research
Fellowship for Young Scientists [DC1, 23KJ0969]. Funding
to pay the Open Access publication charges for this article
was provided by University of Miyazaki. 

Data availability 

The crystal structures of CS1–LS4, CS2–LS12, and LS12 ho-
modimer in an RNA-free state have been deposited under
PDB accession codes 9L6X, 9L6Y, and 9L6Z, respectively.
The plasmid DNAs encoding His-SUMO–LS4, His-SUMO–
LS12, CS1M2b-3c-ON8-EGFP, and CS2-3c-ON8-EGFP have 
been deposited to Addgene (ID: 228450, 228451, 228452,
and 228453). 

References 

1. Lilley DM. The structure and folding of kink turns in RNA. W ile y 
Interdiscip Rev RNA 2012; 3 :797–805. 
https:// doi.org/ 10.1002/ wrna.1136 

2. Ahmed M, Marchanka A, Carlomagno T. Structure of a 
protein-RNA complex by solid-State NMR spectroscopy. Angew 

Chem Int Ed 2020; 59 :6866–73. 
https:// doi.org/ 10.1002/ anie.201915465 

3. Klein DJ, Schmeing TM, Moore PB et al. The kink-turn: a new 

RNA secondary structure motif. EMBO J 2001; 20 :4214–21. 
https:// doi.org/ 10.1093/ emboj/ 20.15.4214 

4. Sponer J, Bussi G, Krepl M et al. RNA structural dynamics As 
captured by molecular simulations: a comprehensive overview. 
Chem Rev 2018; 118 :4177–338. 
https:// doi.org/ 10.1021/ acs.chemrev.7b00427 

5. Ban N, Nissen P, Hansen J et al. The complete atomic structure of 
the large ribosomal subunit at 2.4 A resolution. Science 
2000; 289 :905–20. https:// doi.org/ 10.1126/ science.289.5481.905 

6. Rozhdestvensky TS, Tang TH, Tchirkova IV et al. Binding of L7Ae 
protein to the K-turn of archaeal snoRNAs: a shared RNA binding 
motif for C / D and H / ACA box snoRNAs in Archaea. Nucleic 
Acids Res 2003; 31 :869–77. https:// doi.org/ 10.1093/ nar/ gkg175 

7. Fukuhara H, Kifusa M, Watanabe M et al. A fifth protein subunit 
Ph1496p elevates the optimum temperature for the ribonuclease P 
activity from Pyrococcus horikoshii OT3. Biochem Biophys Res 
Commun 2006; 343 :956–64. 
https:// doi.org/ 10.1016/ j.bbrc.2006.02.192 

8. W an F, W ang Q, T an J et al. Cryo-electron microscopy structure of 
an archaeal ribonuclease P holoenzyme. Nat Commun 
2019; 10 :2617. https:// doi.org/ 10.1038/ s41467- 019- 10496- 3 

9. Li B, Liu S, Zheng W et al. RIP-PEN-seq identifies a class of 
kink-turn RNAs as splicing regulators. Nat Biotechnol 
2024; 42 :119–31. https:// doi.org/ 10.1038/ s41587- 023- 01749- 0 

10. Daume M, Uhl M, Backofen R et al. RIP-Seq suggests translational 
regulation by L7Ae in archaea. mBio 2017; 8 :e00730-17. 
https:// doi.org/ 10.1128/ mBio.00730-17 

11. Huang L, Ashraf S, Lilley DMJ. The role of RNA structure in 
translational regulation by L7Ae protein in archaea. RNA 

2019; 25 :60–9. https:// doi.org/ 10.1261/ rna.068510.118 
12. Saito H, Kobayashi T, Hara T et al. Synthetic translational 

regulation by an L7Ae-kink-turn RNP switch. Nat Chem Biol 
2010; 6 :71–8. https:// doi.org/ 10.1038/ nchembio.273 

13. Kopniczky MB, Canavan C, McClymont DW et al. Cell-free 
protein synthesis as a prototyping platform for mammalian 
synthetic biology. ACS Synth Biol 2020; 9 :144–56. 
https:// doi.org/ 10.1021/ acssynbio.9b00437 

14. Li Y, Ma X, Yue Y et al. Rapid surface display of mRNA antigens 
by bacteria-derived outer membrane vesicles for a personalized 
tumor vaccine. Adv Mater 2022; 34 :e2109984. 
https:// doi.org/ 10.1002/ adma.202109984 

15. Zhitnyuk Y, Gee P, Lung MSY et al. Efficient mRNA delivery 
system utilizing chimeric VSVG-L7Ae virus-like particles. Biochem 

Biophys Res Commun 2018; 505 :1097–102. 
https:// doi.org/ 10.1016/ j.bbrc.2018.09.113 

16. Kojima R, Bojar D, Rizzi G et al. Designer exosomes produced by 
implanted cells intracerebrally deliver therapeutic cargo for 
Parkinson’s disease treatment. Nat Commun 2018; 9 :1305. 
https:// doi.org/ 10.1038/ s41467- 018- 03733- 8 

17. Auslander S, Auslander D, Muller M et al. Programmable 
single-cell mammalian biocomputers. Nature 2012; 487 :123–7. 
https:// doi.org/ 10.1038/ nature11149 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf212#supplementary-data
https://doi.org/10.1002/wrna.1136
https://doi.org/10.1002/anie.201915465
https://doi.org/10.1093/emboj/20.15.4214
https://doi.org/10.1021/acs.chemrev.7b00427
https://doi.org/10.1126/science.289.5481.905
https://doi.org/10.1093/nar/gkg175
https://doi.org/10.1016/j.bbrc.2006.02.192
https://doi.org/10.1038/s41467-019-10496-3
https://doi.org/10.1038/s41587-023-01749-0
https://doi.org/10.1128/mBio.00730-17
https://doi.org/10.1261/rna.068510.118
https://doi.org/10.1038/nchembio.273
https://doi.org/10.1021/acssynbio.9b00437
https://doi.org/10.1002/adma.202109984
https://doi.org/10.1016/j.bbrc.2018.09.113
https://doi.org/10.1038/s41467-018-03733-8
https://doi.org/10.1038/nature11149


Characterizations and applications of engineered RNPs 11 

1

1

2

2

2

2

2

2
 

2

2

2

2  

3

3

3

3

3

3

3

 

 

8. Wroblewska L, Kitada T, Endo K et al. Mammalian synthetic 
circuits with RNA binding proteins for RNA-only delivery. Nat 
Biotechnol 2015; 33 :839–41. https:// doi.org/ 10.1038/ nbt.3301 

9. Saito H, Fujita Y, Kashida S et al. Synthetic human cell fate 
regulation by protein-driven RNA switches. Nat Commun 
2011; 2 :160. https:// doi.org/ 10.1038/ ncomms1157 

0. Endo K, Hayashi K, Inoue T et al. A versatile cis-acting inverter 
module for synthetic translational switches. Nat Commun 
2013; 4 :2393. https:// doi.org/ 10.1038/ ncomms3393 

1. Auslander S, Stucheli P, Rehm C et al. A general design strategy 
for protein-responsive riboswitches in mammalian cells. Nat 
Methods 2014; 11 :1154–60. https:// doi.org/ 10.1038/ nmeth.3136 

2. Cella F, Wroblewska L, Weiss R et al. Engineering protein-protein 
devices for multilayered regulation of mRNA translation using 
orthogonal proteases in mammalian cells. Nat Commun 
2018; 9 :4392. https:// doi.org/ 10.1038/ s41467- 018- 06825- 7 

3. Wagner TE, Becraft JR, Bodner K et al. Small-molecule-based 
regulation of RNA-delivered circuits in mammalian cells. Nat 
Chem Biol 2018; 14 :1043–50. 
https:// doi.org/ 10.1038/ s41589- 018- 0146- 9 

4. Stapleton JA, Endo K, Fujita Y et al. Feedback control of protein 
expression in mammalian cells by tunable synthetic translational 
inhibition. ACS Synth Biol 2012; 1 :83–8. 
https:// doi.org/ 10.1021/ sb200005w 

5. Endo K, Stapleton JA, Hayashi K et al. Quantitative and 
simultaneous translational control of distinct mammalian mRNAs.
Nucleic Acids Res 2013; 41 :e135. 
https:// doi.org/ 10.1093/ nar/ gkt347 

6. Lin MW, Tseng YW, Shen CC et al. Synthetic switch-based 
baculovirus for transgene expression control and selective killing 
of hepatocellular carcinoma cells. Nucleic Acids Res 2018; 46 :e93. 
https:// doi.org/ 10.1093/ nar/ gky447 

7. Wang H, Xie M, Rizzi G et al. Identification of Sclareol As a 
natural neuroprotective Ca(v) 1.3-antagonist using synthetic 
Parkinson-mimetic gene circuits and computer-aided drug 
discovery. Adv Sci (Weinh) 2022; 9 :e2102855. 
https:// doi.org/ 10.1002/ advs.202102855 

8. Ohno H, Kobayashi T, Kabata R et al. Synthetic RNA–protein 
complex shaped like an equilateral triangle. Nature Nanotech 
2011; 6 :116–20. https:// doi.org/ 10.1038/ nnano.2010.268 

9. Fujita Y, Furushima R, Ohno H et al. Cell-surface receptor control
that depends on the size of a synthetic equilateral-triangular 
RNA–protein complex. Sci Rep 2014; 4 :6422. 
https:// doi.org/ 10.1038/ srep06422 

0. Shibata T, Fujita Y, Ohno H et al. Protein-driven RNA 

nanostructured devices that function in vitro and control 
mammalian cell fate. Nat Commun 2017; 8 :540. 
https:// doi.org/ 10.1038/ s41467- 017- 00459- x 

1. Huang L, Lilley DM. A quasi-cyclic RNA nano-scale molecular 
object constructed using kink turns. Nanoscale 2016; 8 :15189–95. 
https:// doi.org/ 10.1039/ C6NR05186C 

2. Omabegho T, Gurel PS, Cheng CY et al. Controllable molecular 
motors engineered from myosin and RNA. Nature Nanotech 
2018; 13 :34–40. https:// doi.org/ 10.1038/ s41565- 017- 0005- y 

3. Fukunaga K, Yokobayashi Y. Directed evolution of orthogonal 
RNA–RBP pairs through library-vs-library in vitro selection. 
Nucleic Acids Res 2022; 50 :601–16. 
https:// doi.org/ 10.1093/ nar/ gkab527 

4. Wurst W, Schuhmacher M, Gruber C et al. Creating bottom-up 
RNA transfer vehicles from synthetic protein assemblies. Research 
Square, https:// doi.org/ 10.21203/ rs.3.rs-5123765/ v1 , 14 October 
2024, preprint: not peer reviewed.

5. Wu Y, Zhu L, Zhang Y et al. Multidimensional applications and 
challenges of riboswitches in biosensing and biotherapy. Small 
2024; 20 :e2304852. https:// doi.org/ 10.1002/ smll.202304852 

6. Dwidar M, Seike Y, Kobori S et al. Programmable artificial cells 
using histamine-responsive synthetic riboswitch. J Am Chem Soc 
2019; 141 :11103–14. https:// doi.org/ 10.1021/ jacs.9b03300 
37. Boyd MA, Thavarajah W, Lucks JB et al. Robust and tunable 
performance of a cell-free biosensor encapsulated in lipid vesicles. 
Sci Adv 2023; 9 :eadd6605. https:// doi.org/ 10.1126/ sciadv.add6605

38. Adamala KP, Martin-Alarcon DA, Guthrie-Honea KR et al. 
Engineering genetic circuit interactions within and between 
synthetic minimal cells. Nature Chem 2017; 9 :431–9. 
https:// doi.org/ 10.1038/ nchem.2644 

39. T abuchi T, Y okobayashi Y. Cell-free riboswitches. RSC Chem Biol
2021; 2 :1430–40. https:// doi.org/ 10.1039/ D1CB00138H 

40. Ishii Y, Fukunaga K, Cooney A et al. Switchable and orthogonal 
gene expression control inside artificial cells by synthetic 
riboswitches. Chem Commun 2024; 60 :5972–5. 
https:// doi.org/ 10.1039/ D4CC00965G 

41. T abuchi T, Y okobayashi Y. High-throughput screening of cell-free 
riboswitches by fluorescence-activated droplet sorting. Nucleic 
Acids Res 2022; 50 :3535–50. https:// doi.org/ 10.1093/ nar/ gkac152 

42. Vezeau GE, Gadila LR, Salis HM. Automated design of 
protein-binding riboswitches for sensing human biomarkers in a 
cell-free expression system. Nat Commun 2023; 14 :2416. 
https:// doi.org/ 10.1038/ s41467- 023- 38098- 0 

43. Shimizu Y, Inoue A, Tomari Y et al. Cell-free translation 
reconstituted with purified components. Nat Biotechnol 
2001; 19 :751–5. https:// doi.org/ 10.1038/ 90802 

44. Matsumoto R, Niwa T, Shimane Y et al. Regulated N-terminal 
modification of proteins synthesized using a reconstituted cell-free 
protein synthesis system. ACS Synth Biol 2023; 12 :1935–42. 
https:// doi.org/ 10.1021/ acssynbio.3c00191 

45. Hirata K, Yamashita K, Ueno G et al. ZOO: an automatic 
data-collection system for high-throughput structure analysis in 
protein microcrystallography. Acta Crystallogr D Struct Biol 
2019; 75 :138–50. https:// doi.org/ 10.1107/ S2059798318017795 

46. Yamashita K, Hirata K, Yamamoto M. KAMO: towards 
automated data processing for microcrystals. Acta Crystallogr D 

Struct Biol 2018; 74 :441–9. 
https:// doi.org/ 10.1107/ S2059798318004576 

47. McCoy AJ, Grosse-Kunstleve RW, Adams PD et al. Phaser 
crystallographic software. J Appl Crystallogr 2007; 40 :658–74. 
https:// doi.org/ 10.1107/ S0021889807021206 

48. Emsley P, Cowtan K. Coot: model-building tools for molecular 
graphics. Acta Crystallogr D Biol Crystallogr 2004; 60 :2126–32. 
https:// doi.org/ 10.1107/ S0907444904019158 

49. Adams PD, Afonine PV, Bunkoczi G et al. PHENIX: a 
comprehensive Python-based system for macromolecular structure 
solution. Acta Crystallogr D Biol Crystallogr 2010; 66 :213–21. 
https:// doi.org/ 10.1107/ S0907444909052925 

50. Chen VB, Arendall WB 3rd, Headd JJ et al. MolProbity: all-atom 

structure validation for macromolecular crystallography. Acta 
Crystallogr D Biol Crystallogr 2010; 66 :12–21. 
https:// doi.org/ 10.1107/ S0907444909042073 

51. Yamashita K, Kawai Y, Tanaka Y et al. Crystal structure of the 
octameric pore of staphylococcal gamma-hemolysin reveals the 
beta-barrel pore formation mechanism by two components. Proc 
Natl Acad Sci USA 2011; 108 :17314–9. 
https:// doi.org/ 10.1073/ pnas.1110402108 

52. Schroeder KT, McPhee SA, Ouellet J et al. A structural database 
for k-turn motifs in RNA. RNA 2010; 16 :1463–8. 
https:// doi.org/ 10.1261/ rna.2207910 

53. Huang L, Lilley DM. The molecular recognition of kink-turn 
structure by the L7Ae class of proteins. RNA 2013; 19 :1703–10. 
https:// doi.org/ 10.1261/ rna.041517.113 

54. Takahashi H, Fujikawa M, Ogawa A. Rational design of 
eukaryotic riboswitches that up-regulate IRES-mediated 
translation initiation with high switching efficiency through a 
kinetic trapping mechanism in vitro. RNA 2023; 29 :1950–9. 
https:// doi.org/ 10.1261/ rna.079778.123 

55. Watters KE, Strobel EJ, Yu AM et al. Cotranscriptional folding of 
a riboswitch at nucleotide resolution. Nat Struct Mol Biol 
2016; 23 :1124–31. https:// doi.org/ 10.1038/ nsmb.3316 

https://doi.org/10.1038/nbt.3301
https://doi.org/10.1038/ncomms1157
https://doi.org/10.1038/ncomms3393
https://doi.org/10.1038/nmeth.3136
https://doi.org/10.1038/s41467-018-06825-7
https://doi.org/10.1038/s41589-018-0146-9
https://doi.org/10.1021/sb200005w
https://doi.org/10.1093/nar/gkt347
https://doi.org/10.1093/nar/gky447
https://doi.org/10.1002/advs.202102855
https://doi.org/10.1038/nnano.2010.268
https://doi.org/10.1038/srep06422
https://doi.org/10.1038/s41467-017-00459-x
https://doi.org/10.1039/C6NR05186C
https://doi.org/10.1038/s41565-017-0005-y
https://doi.org/10.1093/nar/gkab527
https://doi.org/10.21203/rs.3.rs-5123765/v1
https://doi.org/10.1002/smll.202304852
https://doi.org/10.1021/jacs.9b03300
https://doi.org/10.1126/sciadv.add6605
https://doi.org/10.1038/nchem.2644
https://doi.org/10.1039/D1CB00138H
https://doi.org/10.1039/D4CC00965G
https://doi.org/10.1093/nar/gkac152
https://doi.org/10.1038/s41467-023-38098-0
https://doi.org/10.1038/90802
https://doi.org/10.1021/acssynbio.3c00191
https://doi.org/10.1107/S2059798318017795
https://doi.org/10.1107/S2059798318004576
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1073/pnas.1110402108
https://doi.org/10.1261/rna.2207910
https://doi.org/10.1261/rna.041517.113
https://doi.org/10.1261/rna.079778.123
https://doi.org/10.1038/nsmb.3316


12 F ukunag a et al. 

 

 

56. Mishler DM, Gallivan JP. A family of synthetic riboswitches 
adopts a kinetic trapping mechanism. Nucleic Acids Res 
2014; 42 :6753–61. https:// doi.org/ 10.1093/ nar/ gku262 

57. Harbaugh SV, Silverman AD, Chushak YG et al. Engineering a 
synthetic dopamine-responsive riboswitch for In vitro biosensing. 
ACS Synth Biol 2022; 11 :2275–83. 
https:// doi.org/ 10.1021/ acssynbio.1c00560 

58. Ogawa A, Inoue H, Itoh Y et al. Facile expansion of the variety of 
orthogonal ligand / aptamer pairs for artificial riboswitches. ACS 
Synth Biol 2023; 12 :35–42. 
https:// doi.org/ 10.1021/ acssynbio.2c00475 

59. Ogawa A, Fujikawa M, Onishi K et al. Cell-free biosensors based 
on modular eukaryotic riboswitches that function in one pot at 
ambient temperature. ACS Synth Biol 2024; 13 :2238–45. 
https:// doi.org/ 10.1021/ acssynbio.4c00341 

60. Ghanem N, Kanagami N, Matsui T et al. Chimeric mutants of 
staphylococcal hemolysin, which act as both one-component and 
two-component hemolysin, created by grafting the stem domain. 
FEBS J 2022; 289 :3505–20. https:// doi.org/ 10.1111/ febs.16354 

61. Gispert I, Hindley JW, Pilkington CP et al. Stimuli-responsive 
vesicles as distributed artificial organelles for bacterial activation. 
Proc Natl Acad Sci USA 2022; 119 :e2206563119. 
https:// doi.org/ 10.1073/ pnas.2206563119 

62. Hilburger CE, Jacobs ML, Lewis KR et al. Controlling secretion in
artificial cells with a membrane AND gate. ACS Synth Biol 
2019; 8 :1224–30. https:// doi.org/ 10.1021/ acssynbio.8b00435 

63. Potrich C, Bastiani H, Colin DA et al. The influence of membrane 
lipids in Staphylococcus aureus gamma-hemolysins pore 
formation. J Membrane Biol 2009; 227 :13–24. 
https:// doi.org/ 10.1007/ s00232- 008- 9140- 6 

64. Bayrak CS, Kim N, Schlick T. Using sequence signatures and 
kink-turn motifs in knowledge-based statistical potentials for 
RNA structure prediction. Nucleic Acids Res 2017; 45 :5414–22. 
https:// doi.org/ 10.1093/ nar/ gkx045 

65. Elani Y. Interfacing living and synthetic cells as an emerging 
frontier in synthetic biology. Angew Chem Int Ed 
2021; 60 :5602–11. https:// doi.org/ 10.1002/ anie.202006941 

66. Meyer C, Nakamura Y, Rasor BJ et al. Analysis of the innovation 
trend in cell-free synthetic biology. Life (Basel) 2021; 11 :551. 
https:// doi.org/ 10.3390/ life11060551 

67. Karig DK. Cell-free synthetic biology for environmental sensing 
and remediation. Curr Opin Biotechnol 2017; 45 :69–75. 
https:// doi.org/ 10.1016/ j.copbio.2017.01.010 

68. Lu Q, Hu Y, Yin Li C et al. Aptamer-array-guided protein 
assembly enhances synthetic mRNA switch performance. Angew 

Chem Int Ed 2022; 61 :e202207319. 
https:// doi.org/ 10.1002/ anie.202207319 
Received: January 16, 2025. Revised: February 28, 2025. Editorial Decision: March 3, 2025. Accepte
© The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is 
translation rights for reprints. All other permissions can be obtained through our RightsLink service v
journals.permissions@oup.com. 
69. Takahashi K, Galloway KE. RNA-based controllers for 
engineering gene and cell therapies. Curr Opin Biotechnol 
2024; 85 :103026. https:// doi.org/ 10.1016/ j.copbio.2023.103026 

70. Teixeira AP, Fussenegger M. Synthetic gene circuits for regulation 
of next-generation cell-based therapeutics. Adv Sci (Weinh) 
2024; 11 :e2309088. https:// doi.org/ 10.1002/ advs.202309088 

71. Monteys AM, Hundley AA, Ranum PT et al. Regulated control of 
gene therapies by drug-induced splicing. Nature 2021; 596 :291–5. 
https:// doi.org/ 10.1038/ s41586- 021- 03770- 2 

72. Zhong G, Wang H, He W et al. A reversible RNA on-switch that 
controls gene expression of AAV-delivered therapeutics in vivo . 
Nat Biotechnol 2020; 38 :169–75. 
https:// doi.org/ 10.1038/ s41587- 019- 0357- y 

73. Fukunaga K, Dhamodharan V, Miyahira N et al. Small-molecule 
aptamer for regulating RNA functions in mammalian cells and 
animals. J Am Chem Soc 2023; 145 :7820–8. 
https:// doi.org/ 10.1021/ jacs.2c12332 

74. Luo L, Jea JD, Wang Y et al. Control of mammalian gene 
expression by modulation of polyA signal cleavage at 5 ′ UTR. Nat 
Biotechnol 2024; 42 :1454–66. 
https:// doi.org/ 10.1038/ s41587- 023- 01989- 0 

75. Nomura Y, Kim N, Zhu B et al. Optimization of exon-skipping 
riboswitches and their applications to control mammalian cell fate.
ACS Synth Biol 2024; 13 :3246–55. 
https:// doi.org/ 10.1021/ acssynbio.4c00295 

76. Brophy JA, Voigt CA. Principles of genetic circuit design. Nat 
Methods 2014; 11 :508–20. https:// doi.org/ 10.1038/ nmeth.2926 

77. Tickman BI, Burbano DA, Chavali VP et al. Multi-layer 
CRISPRa / i circuits for dynamic genetic programs in cell-free and 
bacterial systems. Cell Syst 2022; 13 :215–229. 
https:// doi.org/ 10.1016/ j.cels.2021.10.008 

78. Monck C, Elani Y, Ceroni F. Genetically programmed synthetic 
cells for thermo-responsive protein synthesis and cargo release. 
Nat Chem Biol 2024; 20 :1380–6. 
https:// doi.org/ 10.1038/ s41589- 024- 01673- 7 

79. Nuti N, Rottmann P, Stucki A et al. A multiplexed cell-free assay 
to screen for antimicrobial peptides in double emulsion droplets. 
Angew Chem Int Ed 2022; 61 :e202114632. 
https:// doi.org/ 10.1002/ anie.202114632 

80. Chalmeau J, Monina N, Shin J et al. alpha-hemolysin pore 
formation into a supported phospholipid bilayer using cell-free 
expression. Biochim Biophys Acta 2011; 1808 :271–8. 
https:// doi.org/ 10.1016/ j.bbamem.2010.07.027 

81. Royant A, Noirclerc-Savoye M. Stabilizing role of glutamic acid 
222 in the structure of enhanced green fluorescent protein. J Struct 
Biol 2011; 174 :385–90. https:// doi.org/ 10.1016/ j.jsb.2011.02.004 

82. Sehnal D, Bittrich S, Deshpande M et al. Mol* viewer: modern 
web app for 3D visualization and analysis of large biomolecular 
structures. Nucleic Acids Res 2021; 49 :W431–7. 
https:// doi.org/ 10.1093/ nar/ gkab314 
d: March 6, 2025 

Commercial License (https: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits 
properly cited. For commercial re-use, please contact reprints@oup.com for reprints and 
ia the Permissions link on the article page on our site—for further information please contact 

https://doi.org/10.1093/nar/gku262
https://doi.org/10.1021/acssynbio.1c00560
https://doi.org/10.1021/acssynbio.2c00475
https://doi.org/10.1021/acssynbio.4c00341
https://doi.org/10.1111/febs.16354
https://doi.org/10.1073/pnas.2206563119
https://doi.org/10.1021/acssynbio.8b00435
https://doi.org/10.1007/s00232-008-9140-6
https://doi.org/10.1093/nar/gkx045
https://doi.org/10.1002/anie.202006941
https://doi.org/10.3390/life11060551
https://doi.org/10.1016/j.copbio.2017.01.010
https://doi.org/10.1002/anie.202207319
https://doi.org/10.1016/j.copbio.2023.103026
https://doi.org/10.1002/advs.202309088
https://doi.org/10.1038/s41586-021-03770-2
https://doi.org/10.1038/s41587-019-0357-y
https://doi.org/10.1021/jacs.2c12332
https://doi.org/10.1038/s41587-023-01989-0
https://doi.org/10.1021/acssynbio.4c00295
https://doi.org/10.1038/nmeth.2926
https://doi.org/10.1016/j.cels.2021.10.008
https://doi.org/10.1038/s41589-024-01673-7
https://doi.org/10.1002/anie.202114632
https://doi.org/10.1016/j.bbamem.2010.07.027
https://doi.org/10.1016/j.jsb.2011.02.004
https://doi.org/10.1093/nar/gkab314

	Graphical abstract
	Introduction
	Materials and methods
	Results and discussion
	Conclusions and future perspectives
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

