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Abstract

Lettuce is an in vitro-evolved DNA that binds and activates conditional fluorophores derived from 

green fluorescent protein (GFP). To extend to DNA previous structural studies of fluorogenic 

RNAs as well as GFP and other fluorescent proteins, we have characterized Lettuce-fluorophore 

complexes by X-ray crystallography and cryo-electron microscopy. These reveal that the 53-

nucleotide DNA adopts a four-way junction fold in which four DNA stems associate coaxially 

to form its fluorophore binding site at a G-quadruplex. This fold is stabilized by stacking, 

extensive nucleobase hydrogen bonding –including by unusual diagonally stacked bases that 

bridge successive tiers of the main coaxial stack of the DNA– and coordination of monovalent and 

divalent cations. Lettuce demonstrates how DNA can form elaborate three-dimensional structures 

without employing RNA-like tertiary interactions, and suggests that new principles of nucleic acid 

organization will be forthcoming from the analysis of complex DNAs.

Introduction

DNA exists primarily as a double helix, in which two complementary strands hybridize, 

making the overall B-form helical geometry largely independent from nucleotide 

sequence1–3. Functional DNA molecules, whose sophisticated biochemical or biophysical 

activities arise from their specific nucleotide sequences, have been isolated through in 
vitro selection4–6. Analogous to their RNA counterparts (including aptamers, ribozymes, 

and riboswitches), it is thought that the non-helical elements of functional DNAs adopt 

non-canonical three-dimensional (3D) folds that endow them with unique biochemical 

properties. However, and in contrast to the rapidly growing body of structures of 

functional RNAs determined by X-ray crystallography, NMR spectroscopy, or cryo-electron 

microscopy (cryo-EM)7–12, only limited information is available on the atomistic basis of 

functional DNA activity.
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Lettuce is the first reported DNA mimic of green fluorescent protein (GFP)13. This formally 

single-stranded DNA (ssDNA) induces fluorescence of conditional fluorophores such as 

DFHBI-1T (1), DFHO (2) and DFAME (3)14,15 (Fig. 1a,b), which are small molecules 

derived from the intrinsic fluorophore of GFP. Numerous fluorescent turn-on aptamer 

RNAs have been characterized, and such RNA mimics of GFP have been widely used as 

molecular tags in applications ranging from live imaging of cellular RNAs to small-molecule 

sensors16–24. Structure determination of fluorogenic RNAs has revealed complex, diverse 

3D structures that allow those aptamers to recognize their fluorophores and constrain their 

photoexcited states to produce fluorescence16. To elucidate how DNA can also function as 

an analog of GFP, we determined the co-crystal structure of Lettuce bound to DFHBI-1T at 

2.5-Å resolution (Methods, Extended Data Fig. 1, Extended Data Table 1).

Overall structure of the fluorogenic DNA

The functional core of the 53-nucleotide (nt) Lettuce DNA adopts a convoluted 3D structure. 

It is flanked on either end by B-form duplexes (paired elements P1 and P2, the latter capped 

by a trinucleotide loop) (Fig. 1c–e). The two formally ssDNA strands connecting these 

duplexes on either side fold back on themselves to form two stem-loops (with non-canonical 

base pairs in their stems), P1.1 and P1.2. This 4-way junction, cloverleaf-like secondary 

structure folds into a single ~66 Å-long coaxial stack, instead of the L- or T-shaped 

folds commonly adopted by RNA 4-way junctions. To achieve this, P1.1 packs against the 

broadened minor groove at the base of P2, while P1.2 packs against the major groove that 

follows P1. In both sides, this results in close apposition of four DNA strands. At the center 

of Lettuce, these come together into an antiparallel G-quadruplex25,26, comprised of two 

canonical G-quartets (Q1 and Q2). The B-form duplexes P1 and P2, their quadruplexes with 

P1.1 and P1.2, and the G-quadruplex stack coaxially. A single molecule of DFHBI-1T binds 

between Q2 and P1.1. The presence of a G-quadruplex in Lettuce is consistent with previous 

biochemical characterization13. Circular dichroism (CD) spectra of fluorophore-bound and 

-free Lettuce imply the presence of a G-quadruplex in both (Extended Data Fig. 1h). 

Single-particle cryo-EM analysis of the ligand-free DNA yielded a Coulomb potential map 

that indicates the DNA is monomeric and largely folded before binding the fluorophore (Fig. 

1f, Methods, Extended Data Fig. 2, Extended Data Table 2). Size-exclusion chromatography 

coupled to multi-angle light scattering confirmed that the monomeric aptamer predominates 

in solution (Extended Data Fig. 1h).

Structure of the fluorophore-binding site

The fluorophore-binding site of Lettuce is formed by the G-quartet Q2, the four DNA 

strands adjacent to it, C20 from P1.2, and a monovalent cation (Fig. 1e; Fig. 2a,b). 

Two monovalent cations (Tl+ in the crystals used for de novo structure determination 

by the single-wavelength anomalous dispersion method, K+ in the native crystals used 

for refinement, Methods, Extended Data Fig. 3a–c, Extended Data Table 1) bind at the 

4-fold axis of the quadruplex. One is octahedrally coordinated between Q1 and Q2, as 

is typical for G-quadruplexes27. The second coordinates the carbonyl oxygens of the 

guanines of Q2, the N1 imino nitrogen of A11, and the phenolate oxygen of the bound 

DFHB1–1T (additional ligands are presumed to be waters). Consistent with the direct 

cation-fluorophore coordination, the fluorescence spectrum of Lettuce-DFHBI-1T exhibits 
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an 8 nm bathochromic shift in the presence of Tl+, compared to the spectrum in K+ 

(Extended Data Fig. 3d). The phenolate of the fluorophore also hydrogen bonds to the 

N6 amine of A11, and the phenyl ring is sandwiched between G18 and the C17•G26 

base pair. The two fluorine substituents of the phenyl ring may also participate in weakly 

polar interactions28,29 with the N6 of A11 and the N2 of G44. The imidazolone ring of 

the fluorophore makes no hydrogen bonds with the DNA, although it may be sterically 

restrained by the deoxyribose of G26. The trifluoromethyl substituent of the imidazolone is 

in van der Waals contact with the base of C20. The A11 base is unpaired but appears to 

be held in place by K+ coordination and sandwiching between Q2 and the T12•C17•G26 

base triple. Most unusual is the conformation of G44 whose base lies at an angle of ~ 55° 

relative to the base of G26 (and most of the coaxially stacked nucleotides of Lettuce). This 

unique arrangement allows a G44-G26 hydrogen bond, while at the same time bringing the 

N2 of G44 in proximity (3 Å) to a fluorine of the fluorophore. A43 is also at the same 

unusual angle (as it stacks on the base of G44), allowing it to simultaneously pack against 

the T12•C17•G26 and G13•G16•C27 base triples (Fig. 2a,b and 3a,b). Overall, a number of 

atypical interactions form the Lettuce fluorophore binding site.

We further examined the role of Lettuce binding-site nucleotides in fluorophore recognition 

by determining co-crystal structures of Lettuce-DFHO and Lettuce-DFAME complexes 

(Extended Data Fig. 3e–f, Extended Data Table 1, Methods), and through site-directed 

mutagenesis. Most of the interactions between the fluorophores and the DNA are conserved 

between the three structures (Fig. 2a–d). The main differences are in interactions of the 

divergent exocyclic substituents of the imidazolones of the three fluorophores. Thus, the 

DFHO oxime hydrogen bonds with N2 of G26, while the methylacrylate of DFAME 

coordinates a Mg2+ ion. Mutations of A11, C17, and G26, as well as deletion of C20 

largely abolished fluorescence, consistent with their importance (Fig. 2e). The importance 

of close packing of the DNA is underlined by the deleterious effect of replacing C17, 

C18, G25 and G26 with the corresponding ribonucleotides. Unexpectedly, the C20T mutant 

activated DFHBI-1T fluorescence nearly as well as wild-type, slightly increased activation 

of DFAME, and nearly doubled activation of DFHO (Fig. 2f). The importance of residue 

20 in conferring fluorophore selectivity is further underscored by the C20G mutant, which 

activates DFAME poorly, and is 35-fold more selective for DFHO vs. DFHBI-1T.

To better understand the structural basis of the selectivity switches induced by mutations 

of residue 20, we determined the co-crystal structures of Lettuce C20G bound to DFHO, 

Lettuce C20T bound to DFHBI-1T, Lettuce C20T bound to DFHO, and Lettuce C20T bound 

to DFAME (Fig. 2g–j, Extended Data Table 1, Extended Data Fig. 4, Methods). The DFHO 

complex structures reveal that the imidazolone ring of the fluorophore has flipped from the 

Z to the E isomer, bringing the oxime of its exocyclic substituent into hydrogen bonding 

distance of O6 of G20 and N2 of G25 in the C20G mutant, and of O4 and N3 of T20 in the 

C20T mutant. Since other fluorophore-DNA interactions are conserved between our eight 

co-crystal structures, we conclude that direct interactions with the nucleobase at position 20, 

and not second-order effects, are responsible for the divergent fluorophore preferences of 

the mutants. These results suggest that further structure-guided engineering of the Lettuce 

scaffold or of the fluorophores could produce improved selectivities.
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Stabilization of the overall DNA fold

The compact fold of Lettuce appears to be stabilized by extensive stacking (all nucleobases 

in its core stack on others), numerous non-Watson-Crick base pairs, triples and quadruples, 

and divalent cation coordination in P1.1 and P1.2 (in addition to the K+ ions in the 

G-quadruplex) (Fig. 3a–d). Examination of Lettuce fluorescence as a function of Mg2+ 

concentration (in the presence of physiologic K+) showed that the DNA is inactive in 

the absence of the divalent, and exhibits half-maximal activity (K1/2) at ~1.4 mM Mg2+ 

(Extended Data Fig. 5a). Lettuce is also active when Mg2+ is replaced with Ca2+ or Mn2+ 

(Extended Data Fig. 5b), indicating that the divalent cation requirement is primarily to 

shield negative charge (Extended Data Fig. 5c–f). Consistent with this30, our co-crystal 

structures of Lettuce all share two crystallographically ordered, partially inner-sphere-

coordinated, DNA-bound divalent cations at locations where multiple DNA strands are in 

close apposition (where the electrostatic potential would be most negative): near the sharp 

backbone turns of P1.1 (Fig. 3a) and P1.2 (Fig. 3d). At both backbone turns, a dense 

network of hydrogen-bond interactions stitches nucleobases together, and these are further 

buttressed by hydrogen-bonding to pronouncedly inclined nucleobases (A43 and G44 in 

P1.1; A21, G22 and T23 in P1.2) that bridge nucleotides in adjacent tiers. Notably absent 

from this DNA fold are long-range backbone-base and backbone-backbone tertiary contacts 

(both common in folded RNAs), except when mediated through bound cations.

We tested the functional importance of tertiary interactions in the Lettuce core, as well 

as the possibility of optimizing its function, by site-directed mutagenesis (Fig. 3e). In the 

wild-type, A14 closes the apex of the P1.1 turn by pairing through its Hoogsteen face to 

T29, which is at the base of P2 (Fig. 3a). Mutagenesis shows that inverting this pair to a T•A 

pair improves activity by 25%. However, strengthening the pair by converting it to either 

a C•G or G•C pair is detrimental. This differs from the T15•T28 pair at the center of the 

P1.1 turn, which improves activity when converted to a C•G or G•C pair. A43 and A44 are 

generally intolerant of mutation or deletion, underscoring the functional importance of these 

two nucleotides with unusual conformation. Similarly, the inclined G22 of P1.2 is sensitive 

to mutation. A7, G8 and G47, which participate in the network of hydrogen bonding in P1.2 

are also sensitive to mutation.

Structure-guided optimization of a fluorogenic DNA

Initial experiments aimed at minimizing Lettuce showed that the DNA could be split by 

separating the strands of P1 and P213. Those experiments suggested that stability of the 

two paired elements is important for activity. By progressively shortening P2, we found 

that at least three base pairs are needed for optimal function (Fig. 3f). To shorten P1 while 

maintaining stability, we circularly permuted the DNA, such that its 5’ and 3’ termini are 

located in P2, and P1 is closed by a loop (Fig. 3g). This rearrangement allowed us to delete 

P1 entirely, shortening the DNA to 39 nt (Fig. 3h), while retaining 85% of activity. We then 

improved activity by including the A14T,T29A and T15G,T28C mutations that enhanced 

fluorescence of wild-type (Fig. 3e), and shortened P2 to 4 nt, thereby producing “Bibb 

Lettuce” a fluorescent DNA tag ~30% smaller (37 nt) and brighter than the parental Lettuce 

(Fig. 3i).
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A fluorescent reporter for R-loop formation

A number of biological processes, including recombination, repair, replication, and 

transcription31–33 transiently produce ssDNA, often as R-loops (a DNA duplex where 

one strand is displaced locally by a complementary RNA, resulting in extrusion a ssDNA 

segment; ref. 34,35). To test if Lettuce can report on formation of R-loops, we synthesized 

a 151-bp duplex DNA encoding Bibb Lettuce on one strand. When annealed with a 100-nt 

RNA, an R-loop should form (Fig. 4a). We find that in this context, Lettuce fluoresces 

~30% as brightly much as when in isolation, but at least 15 times more brightly than the 

free fluorophore (DFHBI-1T; Fig. 4b). Non-denaturing polyacrylamide gel (PAGE) analysis 

shows that although R-loop formation under these conditions is not very efficient (Fig. 4d; 

R-loop was confirmed by RNase H and RNase A treatment, Extended Data Fig. 6a), its 

formation can be detected by soaking the gel in DFHO and illuminating at 488 nm (Fig. 4d). 

Thus, extrusion of a single strand of DNA bearing Lettuce from a duplex can be monitored 

directly through fluorescence.

Principles of non-helical DNA architecture

Our co-crystal structures of fluorophore-bound Lettuce provide the first atomic-level 

information on how a third category of biomolecule can activate a conditional fluorophore 

(Fig. 4e). Comparison of the fluorophore-binding sites of green fluorescent protein36,37, 

the RNA aptamer Spinach in complex with DFHBI38,39 and Lettuce shows how the 

distinct chemical characteristics of the three biopolymers have responded to similar selective 

pressure. GFP employs a combination of aromatic, non-polar and polar amino acid side-

chains to surround its fluorophore, and make hydrogen bonds with every polar atom in 

it. Even though the maximally fluorescent species of the fluorophore is the phenolate40, 

GFP does not use a cation to bind the phenolic oxygen. Two aromatic side chains, Phe64 

and Tyr145 are at angles of ~45° to the plane of the fluorophore, rather than stacking 

face-to-face (Fig. 4f). The all-RNA binding site of Spinach also hydrogen bonds to all 

available polar atoms of the fluorophore, but unlike the protein, stacks face-to-face with 

the heterocycles of the small molecule, sandwiching it between a G-quartet and a base 

triple. Spinach employs ribose 2’-OH groups as well as nucleobase polar groups to construct 

a dense network of direct and water-mediated hydrogen bonds around the fluorophore. 

Notably, the binding site of the RNA is organized in three distinct stacked layers, with the 

fluorophore and the functionally essential38 unpaired residue G31 comprising the middle 

layer (Fig. 4g). When compared to GFP and Spinach, Lettuce is noteworthy in only 

hydrogen bonding to the phenolate oxygen of the fluorophore (Fig. 4h). Uniquely among 

the three fluorescent macromolecules, it employs a buried monovalent cation to coordinate 

directly to this anionic functional group. The Lettuce binding site also is organized in three 

layers, with the fluorophore•A11 layer sandwiched between a G-quartet and a base triple. 

However, the DNA augments this with nucleobases that are not parallel to the planes, 

including the unusual 55°-inclined A43 and G44, and the functionally important extrahelical 

C20. The more diverse use of nucleobases by the DNA when compared to the RNA likely 

reflects the unavailability of the ribose 2’-OH to participate in hydrogen bond networks and 

tertiary interactions abundant in structured RNAs such as ribose zippers41 and A-minor42 

motifs.
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Our crystallographic and cryo-EM analysis of lettuce extends previous structural studies of 

smaller DNA aptamers, as well as DNA-RNA complexes, to a functional, all-DNA molecule 

that is large enough to assemble a binding site by spatially juxtaposing residues separated by 

as many as 35 nt. Convergence into spatial proximity of multiple residues distant in linear 

sequence [i.e., with high contact order43] is the key structural problem that biopolymers 

need to solve in assembling active sites44. Smaller DNA aptamers use nucleotides from 

the two strands of their often non-canonical duplex stems to assemble their binding sites 

(Extended Data Fig. 6b–f). In contrast, by virtue of its larger size, Lettuce can recruit 

nucleotides from four separate strands to construct its fluorophore-binding site. Lettuce has 

evolved to take advantage of specific properties of DNA. Thus, an RNA comprised of the 

Lettuce sequence is inactive (Extended Data Fig. 6g). Moreover, analysis of pucker angles 

shows that the majority of Lettuce nucleotides adopt the C2’-endo conformations that is 

characteristic of DNA. Only seven core deoxyriboses adopt the C3’-endo furanose puckers 

typical of RNA (or the rare O4’-endo form). This is a near-mirror of the distribution of 

pucker angles in the RNA aptamer45 iSpinach (Extended Data Fig. 6h–k, Extended Data 
Table S2). When extended to the structures of the RNA complexes of deoxyribozymes 

9DB1 and Dz3646,47, this analysis shows that in those molecules, the majority of DNA 

residues are also in the C2’-endo conformation characteristic of deoxyribonucleotides (when 

their extensive DNA-RNA heteroduplexes, which are constrained to the C3’-endo pucker 

by the RNA strand, are excluded). Overall, our structural analysis of Lettuce indicates that 

functional DNAs employ structural strategies different from those of functional RNAs, and 

suggests that new principles of nucleic acid 3D organization will be forthcoming from the 

analysis of complex DNA molecules.

MATERIALS AND METHODS

Fluorophores

(Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-1-(2,2,2-trifluoroethyl)-1H-

imidazol-5(4H)-one) (DFHBI, 1), (Z)-4-(3,5-Difluoro-4-hydroxybenzylidene)-1-

methyl-5-oxo-4,5-dihydro-1H-imidazole-2-carbaldehyde oxime (DFHO, 2), 

and 3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-acrylate methyl (DFAME, 

3) were synthesized as previously described14,15,49 and used without further purification.

DNA preparation

DNA constructs used in this study are listed in Extended Data Table 4. DNAs 

were purchased from Integrated DNA Technologies (IDT). For crystallographic studies, 

DNAs were purified by denaturing gel electrophoresis (10% polyacrylamide, 29:1 

acrylamide:bisacrylamide; 1× TBE, 8 M urea). After ultraviolet shadowing and excision 

from gels, DNAs were recovered by electroelution, washed with 1 M KCl, exchanged into 

H2O, concentrated by centrifugal ultrafiltration (Amicon Ultra, 10 kDa molecular weight 

cut-off, EMD Millipore), and stored at −20 °C. Prior to use, 10× buffer was added to 

samples to reach final concentration 20 mM MOPS–KOH pH 7.0, 150 mM KCl, 1 mM 

MgCl2, and 10 μM EDTA (20 mM MOPS–Ba(OH)2 pH 7.0, 100 mM Tl Acetate, 1 mM 

MgCl2, and 10 μM EDTA for the thallium folded dataset). Samples were heated to 95 °C for 

3 min then allowed to cool at 21 °C for 10 minutes.
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RNA preparation

RNA constructs used in this study are listed in Extended Data Table 4. Hybrid deoxyribose 

and ribose constructs were purchased from IDT. RNAs were transcribed from PCR 

templates with T7 RNA polymerase, and purified by denaturing gel electrophoresis (10% 

polyacrylamide, 29:1 acrylamide:bisacrylamide; 1× TBE, 8 M urea). After ultraviolet 

shadowing and excision from gels, RNAs were recovered by electroelution, washed with 

1 M KCl, exchanged into H2O, concentrated by centrifugal ultrafiltration (Amicon Ultra, 

10 kDa molecular weight cut-off, EMD Millipore), and stored at −20 °C. Prior to use, 10× 

buffer was added to samples to reach final concentration 20 mM MOPS–KOH pH 7.0, 150 

mM KCl, and 10 μM EDTA. Samples were heated to 85 °C for 3 min then allowed to cool at 

21 °C for 10 minutes.

Crystallization and diffraction data collection

Folded DNAs were mixed with equimolar fluorophore (DFHBI-1T, DFHO, or DFAME), 

then incubated at room temperature for 10 min. For crystallization by the sitting drop vapor 

diffusion method, 0.2 μl of RNA-fluorophore solution (250 μM) and 0.2 μl reservoir solution 

[0.05 M Magnesium chloride hexahydrate, 0.1 M HEPES pH 7.5, 30% (v/v) polyethylene 

glycol monoethyl ether 550) were mixed and equilibrated at 21 °C. Strongly fluorescent 

rod-shaped crystals grew to maximum dimensions of 150 × 75 × 35 μm3 over several 

days (3–10 days). Drops were equilibrated for 2 min after addition of 0.3 μl of a solution 

comprising 125 μM fluorophore, and 50% (v/v) of either polyethylene glycol monoethyl 

ether 550 or polyethylene glycol 400. Crystals were then mounted in nylon loops and 

flash-frozen by plunging in liquid nitrogen. Diffraction data (Extended Data Table 1) were 

collected at 100 K using the rotation method at beamlines 5.0.1 or 5.0.2 of the Advanced 

Light Source (ALS), or beamlines 24-ID-C or 24-ID-E of the Advanced Photon Source 

(APS), and reduced using XDS50, or xia251 with Dials52.

Crystal structure determination and refinement

The structure of the anomalous atom substructure for the thallium(I) folded dataset of 

Lettuce–DFHBI-1T (2 thallium sites) was determined by AutoSol in Phenix53, and yielded 

a mean overall figure-of-merit of 0.48 prior to density modification. Manual rebuilding in 

Coot54, interspersed with rounds of simulated annealing, energy minimization and individual 

B-factor refinement in resulting in a model with Rfree = 0.25 at 2.5-Å resolution. This model 

without ligand and P2 loop was used to solve all other datasets by molecular replacement 

using Phaser55 (Extended Data Table 1). The top solutions had a translation function Z-

score of 23.7 (Lettuce-DFHBI-1T), 26.0 (Lettuce–DFHO), 17.4 (Lettuce–DFAME), 23.1 

(LettuceC20G–DFHO), 22.4 (LettuceC20T–DFHBI-1T), 25.1 (LettuceC20T–DFHO), and 

27.5 (LettuceC20T–DFAME). Solutions were subjected to rounds of simulated annealing, 

energy minimization and B-factor refinement53 interspersed with manual rebuilding54. For 

all structures, the mean precision of atomic coordinates was estimated using Phenix53. 

Refinement statistics are summarized in Extended Data Table 1 and composite simulated 

annealing-omit maps are shown in Extended Data Fig. 1a–g. Structural figures were 

prepared with PyMOL56. Poisson-Boltzmann electrostatics calculations were performed 
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using APBS electrostatics57 plugin in PyMOL56. Puckers analyses were performed using 

Web 3DNA 2.058.

Cryo-EM grid preparation and data acquisition

Prior to vitrification, Lettuce was folded as described above, but contained 10 mM MgCl2 

in the folding buffer. Cryo grids of unliganded Lettuce were prepared using a FEI Vitrobot 

Mark IV (Thermo Fisher Scientific), which was equilibrated to 4° C and 100% humidity. A 

3 μL aliquot of folded DNA (175 μM) was applied to a freshly discharged QUANTFOIL 

holey carbon R1.2/1.3–300 mesh grid (Electron Microscopy Sciences). Grids were blotted 

for 6 seconds and vitrified by immediately plunging into frozen liquid ethane. The dataset 

was acquired on a Glacios cryo-transmission electron microscope (Thermo Fisher Scientific) 

operating at 200 kV and equipped with a Falcon 4 detector. The microscope was set to a 

nominal magnification of 150,000x, which corresponds to an image pixel size of 0.9 Å. A 

total of 3,769 movies were collected with a defocus range of (−0.8) – (−2.2) μm using the 

EPU software (Thermo Fisher Scientific). Images were recorded with an exposure time of 

8 seconds and a dose rate of 6.6 e/A2/sec. A summary of the microscope parameters during 

data collection can be found in Extended Data Table 2.

Cryo-EM image processing

Processing of the unliganded Lettuce cryo-EM dataset was performed using RELION 

v4.059 and cryoSPARC v3.2.360. The general image processing workflow can be found 

in Extended Data Fig. 2a. Briefly, image stacks were aligned to correct beam-induced 

motion using RELION’s own implementation of MotionCor261. Defocus parameters of 

the aligned images were estimated using the contrast transfer function in CTFFind-4.162. 

Prior to particle picking, aligned images possessing an estimated resolution lower than 5.0 

Å were removed. Particles were picked using a previous low-resolution reconstruction of 

unliganded Lettuce as a reference. Selected particles were extracted using a box size of 

240 pixels and subjected to several rounds of 2D classification. After obtaining the highest 

quality 2D class averages of unliganded Lettuce, the curated particles were used to train 

the Topaz particle-picking pipeline63. Repicked particles were extracted with a box size of 

240 pixels and 2D classified for several rounds. Initial models (N=3) of the curated particles 

were generated using ab-initio reconstruction and sorted using heterogenous refinement in 

cryoSPARC60. Particles corresponding to reconstructions that contain similar dimensions 

to the Lettuce–DFHBI-1T crystal structure were merged and further processed. Following 

homogenous and non-uniform refinements, the particles were polished using Bayesian 

Polishing in RELION59,64 and subjected to a final 2D classification to remove additional 

junk particles. A new initial model was generated with the polished particles using ab-initio 

reconstruction (N=2) and further sorted with heterogenous refinement. After a final round of 

homogenous and non-uniform refinement, the final map yielded an average resolution of 6.5 

Å based on the criterion of 0.143 from the calculated gold standard Fourier shell correlation 

curve (Extended Data Fig. 2d). The crystal structure of Lettuce–DFHBI-1T was manually 

fitted in the reconstructed map with ChimeraX65 and rigid body fitted using the PHENIX 

suite53.
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Fluorescence spectroscopy

Fluorescence scans were performed on a Photon Technologies International/820 

Photomultiplier Detection System or on a CLARIOstar Plus 0430 (BMG Labtech) set to 

excite and measure emission at wavelengths of interest. After preparation and brought up to 

5 or 10 mM Mg2+, constructs were folded and then mixed with at least equimolar ligand 

concentrations. DFHBI-1T was excited at 465 nm and emission measured at 495–510 nm. 

DFHO was excited at 495 nm and emission measured at 545–565 nm. DFAME was excited 

at 545 nm and emission measured at 610–630 nm. For fluorescence measurements with 

Lettuce, a shorter P1 version of the crystallized Lettuce was used (Extended Data Fig. 6g 

and Extended Data Table 4).

Circular Dichroic spectroscopy

Circular dichroism (CD) and absorbance spectra were recorded in an Applied Photophysics 

Chirascan Q100 Spectrometer. A 0.1 mm flow cell was used for the recordings. Folded 

samples containing 50 μM DNA with or without 55 μM DFHBI1-T in buffer (10 mM 

Tris-HCl pH 7.5, 75 mM KCl, 10 mM MgCl2) were analyzed at 21°C. Data were analyzed 

using Global 3 Thermal Analysis Software (Applied Photophysics).

Size-exclusion chromatography coupled to multi angle light scattering

SEC-MALS was performed on a Dawn HELEOS-II MALS with QELS DSL and an 

Optilab T-rEX differential refractive index detector (Wyatt Technology) at 0.5 ml/min over 

a SW3000 column (Tosoh Bioscience) at room temperature using buffer containing 20 mM 

HEPES pH 7.0, 150 mM KCl, 10 mM MgCl2, and 10 μM EDTA. Data were analyzed in 

Astra 7 (Wyatt Technology, CA, USA).

In vitro R-loop formation and detection

Constructs used in this experiment are listed in Extended Data Table 4. The R-loop 

generation was based on a previously reported R-loop formation and detection using the 

TCF21 promoter66. For the experiments with fluorimeter redout, 1.4 μM double stranded 

DNA (one strand containing the Lettuce aptamer) and 1 μM RNA (complementary to 

the DNA strand without Lettuce) were co-folded or folded separately according to Fig. 

4c (95 °C for 3 min then allowed to cool by turning off heat block and waiting for at 

least 30 minutes) in buffer containing 20 mM MOPS–KOH pH 7.0, 150 mM KCl, 5 mM 

MgCl2, and 10 μM EDTA, followed by the addition of 2.5 mM DFHBI-1T. Fluorescence 

recordings were performed as previously described. For non-denaturing PAGE experiments, 

15 μM double stranded DNA (one strand containing the Lettuce aptamer), 12.5 μM RNA 

(complementary to the DNA strand without Lettuce), and 12.5 μM single-stranded DNA 

without Lettuce (complementary to the RNA strand) were co-folded or folded separately 

according to Fig. 4d (95 °C for 3 min then allowed to cool by turning off the heat block 

and waiting for at least 30 minutes) in buffer containing 20 mM MOPS–KOH pH 7.0, 

150 mM KCl, 5 mM MgCl2, and 10 μM EDTA. RNA samples were doped with identical 

5′−32P phosphate radiolabeled RNA. Samples were treated with 1.25 μg of RNase H or 

5 μg of RNase A (prior to enzyme addition, samples were brought up to 400 mM NaCl 

to confer single strand RNA specificity) for 10 minutes. Samples were resolved on a 6% 
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non-denaturing PAGE with 1× TBE buffer containing 50 mM KCl and 5 mM MgCl2. A 

phosphor image screen (GE Healthcare) was exposed to the gel for 30 minutes. Next, the 

gel was soaked in buffer with excess DFHO (~ 25 μM) and gently shook for 30 minutes. 

Phosphor image screens were scanned with a GE Typhoon phosphor imager, and the gel 

bathed in buffer with DFHO was imaged using a GE Typhoon phosphor imager set at 488 

nm and 515–535 nm for excitation and emission, respectively.

Extended Data

Extended Data Fig. 1. Composite simulated annealing-omit electron density maps for Lettuce-
fluorophore complexes and the solution characterization of Lettuce.
Composite simulated annealing-omit 2|Fo| − |Fc| electron density map for the a, Lettuce-

DFHBI-1T, b, Lettuce-DFHO, c, Lettuce-DFAME, d, Lettuce(C20G)-DFHO, e, Lettuce 

(C20T)-DFHBI-1T, f, Lettuce (C20T)–DFHO, g, Lettuce (C20T)–DFAME complexes 

contoured at 1.0 σ (gray mesh), superimposed on the respective final refined models. h, 

Circular dichroism spectra of Lettuce–DFHBI1T (green) and unliganded Lettuce (gray) 

recorded at 21°C. i, Size-exclusion chromatography-multi-angle light scattering (SEC-

MALS) analysis of unliganded Lettuce. Dashed green line is absorbance at 280 nm for 

unliganded Lettuce, and red line is absorbance at 280 nm for tRNALys control. Colored 
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dots correspond to calculated molar mass (red is tRNALys control, and green is unliganded 

Lettuce). Exclusion limit (V0 ) for this column is at 4.5 mL (not shown).

Extended Data Fig. 2. Single-particle cryo-EM analysis of the unliganded Lettuce aptamer.
a, Image processing workflow for unliganded Lettuce. Processing steps denoted in red and 

black represent programs used in either cryoSPARC or RELION, respectively. b, Example 

of a motion-corrected micrograph. c, Representative 2D class averages of unliganded 

Lettuce from the final 2D classification. d, Global resolution assessment by Fourier shell 

correlation curve with the 0.143 gold standard threshold. e, Distribution of orientations over 

azimuth and elevation angles for particles included in the calculation of the final map.
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Extended Data Fig. 3. Lettuce–DFHBI-1T in complex with thallium (I) and overall structures of 
Lettuce in complex with DFHO and DFAME.
a, Cartoon representation of the Lettuce–DFHBI-1T Tl+ complex. Arrows denote 5′ to 3′ 
chain direction, brown and green spheres represent Tl+ and Mg2+, respectively. The bound 

DFHBI-1T molecule is shown in ball-and-stick representation with translucent spheres. 

DNA color as in Fig. 1c. b, Orthogonal view of a. c, Density-modified SAD electron 

density map for the Lettuce–DFHBI-1T Tl+ complex contoured at 1.0 σ (blue mesh), 

superimposed on the final refined model. d, Emission spectra of Lettuce–DFHBI-1T in the 

presence of K+ (solid green line) or Tl+ (dashed green line). e, Cartoon representation of the 

Lettuce–DFHO complex. Arrows indicate 5′ to 3′ chain direction, purple and green spheres 

represent K+ and Mg2+, respectively. The bound DFHO molecule is shown in ball-and-stick 

representation with translucent spheres. DNA color as in Fig. 1c. f, Orthogonal view of 

e. g, Cartoon representation of the Lettuce–DFAME complex. Arrows indicate 5′ to 3′ 
chain direction, purple and green spheres represent K+ and Mg2+, respectively. The bound 

DFAME molecule is shown in ball-and-stick representation with translucent spheres. DNA 

color as in Fig. 1c. h, Orthogonal view of g.
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Extended Data Fig. 4. Overall structure of Lettuce C20 specificity mutants complexed with 
different fluorophores.
a, Cartoon representation of the C20G Lettuce–DFHO complex. Arrows indicate 5′ 
to 3′ chain direction, purple and green spheres represent K+ and Mg2+, respectively. 

Asterisk marks the mutated residue. The bound DFHO molecule is shown in ball-and-stick 

representation with translucent spheres. DNA color as in Fig. 1c. b, Orthogonal view of 

a. c, Cartoon representation of the C20T Lettuce–DFHO, e, –DFHBI1T, and g, –DFAME 

complexes. Arrows indicate 5′ to 3′ chain direction, purple spheres represent K+, and 

green spheres represent Mg2+. The bound fluorophore molecules are shown in ball-and-stick 

representation with translucent spheres. Asterisk marks the mutated residue. DNA color as 

in Fig. 1c. d, Orthogonal view of c. f, Orthogonal view of e. h, Orthogonal view of g.
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Extended Data Fig. 5. Divalent cation dependence of Lettuce fluorescence.
a, Fluorescence of Lettuce-DFHBI-1T as a function of Mg2+ concentration (in the presence 

of 150 mM K+). The half-maximal activity (K1/2) is at 1.4 mM Mg2+ (mean ± s.d.; n = 

3). b, Fluorescence activation of Lettuce–DFHBI-1T in 150 mM K+ alone, or supplemented 

with 10 mM Mg2+, Ca2+, or Mn2+ (mean ± s.d., n = 3). * denotes P= 0.0002 (two-sided 

t-test). No significancy (P= 0.251) between K+ + Mg2+ and K+ + Mn2+ (two-sided t-test). c, 

Electrostatic potential of Lettuce mapped on its molecular surface. Color ramp from 0 to +20 

kBT (white to red). d, Green sphere shows Mg2+ ion bound in the P1.1 loop. e, Molecular 

surface of Lettuce (same color scheme as c) showing the P1.2 loop at its center. f, Green 

sphere shows Mg2+ ion bound in the P1.2 loop.
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Extended Data Fig. 6. Structure and functions of DNA and RNA aptamers.
a, Autoradiogram of 6% native polyacrylamide gel electrophoresis demonstrating R-loop 

formation (arrow). b, Lettuce–DFHBI-1T co-crystal structure (this study). c, NMR structure 

of the AMP-binding DNA aptamer in complex with two AMP molecules [1; PDB:1AW4]. d, 

NMR structure of a DNA aptamer bound to argininamide [2; PDB:1DB6]. e, NMR structure 

of the OBA3 DNA aptamer bound to ochratoxin A [3; PDB:6J2W]. E, NMR structure of the 

OBA36 DNA aptamer bound to ochratoxin A [4; PDB:7W9N]. f, Fluorescence of wild=type 

Lettuce w.t. used in the crystallographic studies, Split Lettuce, Lettuce with shorter P1 

used in fluorescence studies (Extended Data Table S4), RNA comprised of the Lettuce 

sequence, and split Lettuce comprised by DNA (34 nts) and RNA (16 nts of 3’ terminus) 

in the presence of DFHBI-1T (mean ± s.d., n = 3). Asterisk denotes P= 0.002 (two-sided 

t-test). No significant difference (P= 0.407) between Lettuce w.t. and Lettuce with shorter 

P1 (two-sided t-test). g, Pucker angles of each deoxynucleotide of Lettuce–fluorophore 

complexes (mean of 8 structures). h, Pucker angles of each deoxynucleotide of the RNA-

ligating deoxyribozyme 9DB1 [5; PDB:5CKK]. Puckers of core deoxynucleotides are in 

magenta; puckers of deoxynucleotides that hybridize to the RNA product strand are in cyan. 

j, Pucker angles of each deoxynucleotide of the RNA-cleaving deoxyribozyme Dz36 [6; 

PDB: 5XM8]. Puckers of core deoxynucleotides are in orange; puckers of deoxynucleotides 

that hybridize to the RNA substrate strand are in gray. k, Pucker angles for each ribose of 

the RNA fluorogenic aptamer iSpinach in complex with DFHBI [7; PDB:5OB3]. Individual 

puckers for all four aptamers are in Extended Data Table 2. Puckers calculated using ref 8.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overall structure of the Lettuce fluorescence turn-on DNA aptamer.
a, Structures of the fluorophores DFHBI-1T (1), DFHO (2), and DFAME (3). b, 

Fluorescence of Lettuce in the presence of different fluorophores (mean ± s.d., n = 3). 

c, Cartoon representation of the Lettuce–DFHBI-1T co-crystal structure. Arrows denote 

5′-to-3′ chain direction; purple and green spheres represent K+ and Mg2+, respectively. 

Translucent spheres highlight bound DFHBI-1T molecule. Color scheme used throughout. 

d, Orthogonal view. e, Secondary structure of Lettuce. Lines with arrowheads and Leontis-

Westhof symbols48 denote connectivity and base pairs, respectively. f, Cryo-EM envelope of 

unliganded Lettuce superimposed on the Lettuce–DFHBI-1T co-crystal structure.
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Fig. 2. The Lettuce fluorophore binding site.
a, View of bound DFHBI-1T. Gray mesh depicts the |Fo| − |Fc| electron density map before 

building the fluorophore, contoured at 3.0 standard deviations above mean peak height 

(σ). Gray and orange dashed lines denote hydrogen bonds and metal ion coordination, 

respectively. Red spheres are water molecules. b, Orthogonal. c, View of bound DFHO. d, 

View of bound DFAME. Gray mesh depicts the |Fo| − |Fc| electron density before building 

the fluorophores, contoured at 3.0 (c) or 2.0 σ (d). e, Fluorescence of site-directed mutants 

of the binding site in the presence of DFHBI-1T, normalized to wild-type (mean ± s.d., n 

≥ 3). f, Fluorescence of C20 mutants of Lettuce in presence of DFHO (yellow bars), and 

DFAME (red bars), normalized to wild-type bound to each fluorophore (mean ± s.d., n ≥ 

3). g, View of the Lettuce C20G binding site with bound DFHO, h, Lettuce C20T binding 

site with bound DFHO, i, Lettuce C20T binding site with bound DFHBI-1T, and j, Lettuce 

C20T binding site with bound DFAME. Gray mesh depicts the |Fo| − |Fc| electron density 

map before building the fluorophores, contoured at 3.0 (g, h, and i) or 2.0 (j) σ.
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Fig. 3. The Lettuce core and its structure-guided minimization.
a, View of P1.1. b, Orthogonal view. c, View of P1.2 element of Lettuce. d, Orthogonal view 

of c. e, Fluorescence of site-directed mutants of P1.1 and P1.2 in the presence of DFHBI-1T, 

normalized to wild-type (mean ± s.d., n ≥ 3). Striped bar, A14T•T29, T15G•T28C mutant. 

f, Fluorescence of Lettuce constructs with shortened P1 in the presence of DFHBI-1T, 

normalized to wild-type (mean ± s.d., n ≥ 3). g, Schematic of circular permutation. h, 

Fluorescence of Lettuce constructs with permuted P1 (P1cp) in the presence of DFHBI-1T, 

normalized to wild-type (mean ± s.d., n ≥ 3). i, Fluorescence of Lettuce mutant A14T•T29, 

T15G•T28C and shortened P1cp in the presence of DFHBI-1T, normalized to wild-type 

(mean ± s.d., n ≥ 3).
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Fig. 4. Detection of R-loop formation by Lettuce, and comparison with RNA and protein 
counterparts.
a, Schematic of R-loop assay. b, Fluorescence of DFHBI-1T in the presence of buffer, 

RNA, dsDNA, dsDNA + RNA not co-annealed, dsDNA + RNA co-annealed, normalized to 

wild-type Lettuce (mean ± s.d., n ≥ 3). c, Non-denaturing PAGE. Arrow denotes R-loop. 

d, Fluorescence of same gel as in c, after soaking in DFHO. Arrow denotes R-loop. 

e, Molecular surfaces and cartoons of GFP36, Spinach38, and Lettuce, to scale. f, GFP 

chromophore site36. g, Spinach bound to DFHBI38. h, Lettuce bound to DFHBI-1T.
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