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Abstract

Amino acid availability in Gram-positive bacteria is monitored by T-box riboswitches. T-boxes 

directly bind tRNAs, assess their aminoacylation state, and regulate the transcription or translation 

of downstream genes to maintain nutritional homeostasis. Here, we report co-crystal and cryo-EM 

structures of Geobacillus kaustophilus and Bacillus subtilis T-box-tRNA complexes detailing their 
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multivalent, exquisitely selective interactions. The T-box forms a U-shaped molecular vise that 

clamps the tRNA, captures its 3’-end using an elaborate “discriminator” structure, and interrogates 

its aminoacylation state using a steric filter fashioned from a wobble base pair. In the absence of 

aminoacylation, T-boxes clutch tRNAs and form a continuously stacked central spine, permitting 

transcriptional readthrough or translation initiation. A modelled aminoacyl disrupts tRNA-T-box 

stacking, severing the central spine and blocking gene expression. Our data establish a universal 

mechanism of amino acid sensing on tRNAs and gene regulation by T-box riboswitches, and 

exemplify how higher-order RNA-RNA interactions achieve multivalency and specificity.

Introduction

Amino acids are among the most ubiquitous and essential nutrients for all known cellular 

life. Diverse mechanisms of amino acid sensing and regulation have evolved to appropriately 

supply the translation machinery and other cellular processes such as cell wall synthesis1. 

Free amino acids can be sensed by direct binding to protein sensors including Sestrins2, 

CASTORs3, TRAP4, etc, or RNA sensors exemplified by the glycine, lysine and glutamine 

riboswitches5,6. Alternatively, amino acids can also be sensed in conjugated forms, 

especially in the form of aminoacyl-tRNAs which are the immediate substrates of protein 

synthesis. Sensing amino acids on the tRNAs can take advantage of the well-established 

coupling specificities between tRNAs and their aminoacyl-tRNA synthetases (aaRSes)7–9. A 

number of cellular proteinaceous systems sense aminoacylation on tRNAs to detect nutrient 

limitation, such as translating ribosomes10 and ribosome-associated ppGpp synthase RelA in 

bacteria11,12 and eIF2α kinase GCN2 in eukaryotes13. Interestingly, mRNA elements have 

also been proposed to sense aminoacylation on tRNAs, such as the T-box riboswitches 

widespread in Gram-positive bacteria. However, direct sensing of tRNA aminoacylation by 

another RNA without any proteins, including the transcribing RNA polymerase (RNAP), has 

not been demonstrated14.

More than a thousand T-box riboswitches have been identified and in most key human 

pathogens including Bacillus, Clostridium, Staphylococci, etc15–18. They control essential 

genes in amino-acid biosynthesis, transport and tRNA aminoacylation, etc15,16,19. T-boxes 

are attractive antimicrobial targets that exhibit drastically reduced antibiotic resistance20, 

presumably because their universal core structure allows the same compounds to target 

simultaneously multiple T-boxes and thus manifold metabolic pathways. T-boxes share a 

phylogenetically conserved architecture of two or three domains (Fig. 1a). An obligate 5’ 

Stem I domain initially selects a cognate tRNA through base-pairing interactions to the 

tRNA anticodon and platform-stacking interactions to the tRNA elbow21–23 (Fig. 1a, dashed 

lines). An intervening Stem II domain of unknown structure and function plays important 

yet uncharacterized roles in most T-boxes15,16. Curiously, the Stem II domain is absent from 

the most-studied glycine-specific glyQ T-boxes. Next, a 3’ antiterminator or antisequestrator 

domain supposedly probes the docked tRNA 3’-end to sense aminoacylation, and directs 

RNA conformational switching that governs transcription attenuation24,25 or translation 

initiation14,26,27. However, the nature of the T-box mRNA-tRNA interactions especially 

those involving the tRNA 3’-end is poorly understood due to lack of high-resolution 

structural information. Two recent low-resolution studies employing small-angle X-ray 
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scattering (SAXS) led to divergent structural models and do not provide insights into the 

mechanism of amino acid sensing28,29. The sensory and regulatory functions of the T-boxes 

are anchored by a presumed ability to sense aminoacylation on a tRNA directly. This 

complex function is generally accomplished on the ribosome by large, specialized protein 

sensors such as RelA11,12 and Gcn213. Recently, a new class of T-box riboswitches have 

been identified in Actinobacteria that regulate the initiation of translation instead of 

transcription termination27. These translational T-boxes harbor a more divergent Stem I 

domain and a very similar 3’ amino acid-responsive domain that either sequesters or exposes 

the Shine-Dalgarno sequence to control translation initiation26,27. The conserved secondary 

structure of the “anti-sequestrator” domain is nearly identical to that of the transcriptional 

antiterminator, suggesting a unified mechanism of amino acid sensing and conformational 

switching27.

To investigate how the T-box riboswitches sense and respond to tRNA aminoacylation, we 

first define a minimal T-box region that selectively binds an uncharged tRNA, which we 

term the “T-box discriminator”. We then elucidate how the T-box discriminator, merely 66 

nucleotides (nts) in size, directly senses tRNA aminoacylation by solving its 2.66 Å 

cocrystal structure bound to an uncharged tRNA. Furthermore, we also determine a 4.9 Å 

cryo-EM structure of a full-length T-box riboswitch-tRNA complex, which reveals how the 

U-shaped T-box mRNA acts as a molecular vise to clamp its cognate uncharged tRNA to 

construct a stable antitermination complex. Together, our structural and functional analyses 

define a universal mechanism of amino acid sensing and gene regulation that operates in all 

known T-box riboswitches.

Results

A compact T-box “discriminator” domain directly senses tRNA aminoacylation

The T-box Stem I initially docks a cognate tRNA through contacts to its anticodon and 

elbow and sets the stage for the T-box 3’ region to interact with the tRNA 3’-end22. Located 

3’ to Stem I is a single-stranded linker, a highly variable Stem III of unknown function, and 

an antiterminator domain consisting of two helices (A1 and A2) flanking a 7-nt bulge (Fig. 

1a & Extended Data 1)15,16. Surprisingly, the antiterminator alone, long assumed to be 

sufficient for tRNA 3’-end binding and aminoacylation sensing, did not appreciably bind 

tRNAs despite exhaustive trials (Extended Data 2). This suggested that additional T-box 

sequences required for tRNA binding may be missing. Located immediately upstream of the 

antiterminator is a Stem III hairpin that is ubiquitously present in all known T-boxes but the 

length and sequence of its stem and loop are highly variable (Extended Data 1). Stem III was 

proposed to be a part of the flexible linker, to provide a RNAP pause site30, or to stack 

underneath helix A1 to stabilize the antiterminator31. When we folded the variable Stem III 

and removed it from the sequence alignment, we discovered that the sequences that flank 

Stem III are actually highly conserved, implying functional importance. Both flanks of Stem 

III are purine-rich and conform to a motif of 5’-RRRxG-Stem III-AA-3’, where “x” denotes 

any nt (Fig. 1b–c; Extended Data 1). Remarkably, appending Stem III and its flanking 

sequences to the binding-incompetent antiterminator conferred robust tRNA binding 

(Extended Data 2). We further show that the conserved purines are required for tRNA 
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binding, as their deletions or substitutions with uridines abolished tRNA binding. Crucially, 

this binding is selective for uncharged tRNA, as both binding and transcription readthrough 

inversely correlated with the molecular volume of the tRNA 3’-end, supporting a proposed 

steric occlusion mechanism (Extended Data 2)14. Using isothermal titration calorimetry 

(ITC), we further showed that the mere addition of a phosphate group (approximately the 

same size as glycine) to the tRNA 3’-end completely abolished binding (Fig. 1d). We 

conclude that Stem III and its flanking purines collaborate with the adjacent antiterminator 

to form a single functional unit that selectively binds uncharged tRNAs and discriminates 

against charged tRNAs, and thus name the region the “T-box discriminator”.

Overall structure of the T-box discriminator-tRNA complex

Next, we elucidated how the T-box discriminator, merely 66 nts in size, senses tRNA 

aminoacylation without proteins. We cocrystallized the Geobacillus kaustophilus glyQ T-box 

discriminator in complex with its cognate uncharged tRNAGly and solved the structure at 

2.66 Å resolution (Extended Data 3; Table 1; Supplementary Movie 1). The discriminator 

consists of three RNA helices (Stem III, helix A1 and helix A2) and three single-stranded 

regions (both flanks of Stem III and the T-box bulge; Fig. 1e–f). The combined stability of 

helices A1 and A2 dictates the transcriptional outcome, because the 3’ strands of both 

helices also form the 5’ strand of the terminator hairpin. This arrangement is similar to most 

small molecule-binding riboswitches, wherein the stability of a proximal “P1” helix 

determines the genetic outcome32–35. The difference is that with conventional riboswitches, 

small-molecule metabolites directly bind and modulate P1 stability, while in T-boxes it is the 

binding of a macromolecule — a tRNA — that controls the stability of the antiterminator. 

Our cocrystal structure revealed Watson-Crick base pairing between the tRNA 3’-UCCA 

terminus and the 5’-AGGU tetranucleotide of the T-box bulge (Fig. 1b, 1e, & 1f), consistent 

with previous covariation, genetic and biochemical analyses15,16,24. Crucially, this 

intermolecular helix stacks coaxially with both the tRNA acceptor stem and helix A1 of the 

antiterminator (Fig. 1f, parallel lines connected to orthogonal lines denote stacking), thus 

allowing the tRNA to stabilize the antiterminator driving transcription readthrough. This 

functionally critical tRNA-antiterminator stacking is further supported by the nearly 

complete fluorescence quenching of a 2-aminopurine positioned at the tRNA 3’-end and of a 

pyrrolocytosine located on helix A1 on the T-box side14. Helix A2 of the discriminator is 

positioned at an ~80° angle from the tRNA-helix A1 RNA stack, such that its terminal base 

pair abuts the tRNA 3’-OH and is primarily responsible for sensing tRNA aminoacylation 

(Fig. 1f, red base pair). Finally, the base of Stem III is attached to the proximal region (as 

opposed to the distal, loop region) of helix A2, such that its flanking conserved purines 

closely track the extended minor groove and make key stabilizing interactions (Fig. 1e).

A tandem adenosine-minor groove “latch” reinforces the tRNA-discriminator interface

The 5’-end of the T-box discriminator features two conserved adenosines (A128-A129) and 

track the minor groove of the tRNA-antiterminator duplex (Fig. 2a–d). Both adenosines 

make hydrogen bonds across the groove thus stabilizing the duplex (Fig. 2b–c). A128 and 

A129 are not only covalently linked but also stack with each other (Fig. 2a). As each 

adenosine interacts with one side of the tRNA-T-box stacking interface, the A128-A129 

stacking interaction acts as a latch or staple to reinforce the functionally crucial stacking 
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(Fig. 2d). Thus, this pair of adenosines provide both lateral and axial stabilizations to the 

tRNA-mRNA interface. Furthermore, A129 packs its nucleobase against the ribose of G161 

to lend additional stability (Fig. 2a, red line). A similar nucleobase-ribose packing 

interaction was observed between a cytosine in Stem I (C64) and tRNA U20 near the 

elbow22. Substituting either A128 or A129 with a uridine drastically reduced tRNA-

mediated readthrough (Fig. 2h; Extended Data 4). In stark contrast, replacing four 

immediately preceding adenosines (A124–127) not involved in interactions with uridines 

had no effect (Fig. 2h). Tandem, stacked adenosines are frequently observed to laterally 

stabilize RNA helices and heteroduplexes across their minor grooves36. One prominent 

example is the highly conserved ribosomal A1492-A1493 dinucleotide in the A site, which 

in conjunction with G530 latch the codon-anticodon duplex and trigger 30S closure to 

ensure decoding fidelity (Extended Data 5)37,38. The unusual placement of the A128-A129 

latch across an important tRNA-mRNA interface locally bolsters RNA-RNA interactions to 

rheostat gene expression (Fig. 2d).

A long-range pseudo-helix dictates the T-box response

Immediately 3’ to the tandem A-minor latch, the RNA backbone bends to pair U131 with 

C166 of the T-box bulge, forming an unusual cis pyrimidine-pyrimidine pair. G130 

intercalates between A164 and the U131-C166 pair and pushes out C165, forming a long-

range, parallel-stranded pseudo-helix (Fig. 2e–g). To cap this 3-layered pseudo-helix, A164 

flips its nucleobase inward in a rare (~ 4% occurrence in functional RNAs39), energetically 

unfavorable syn conformation, whereas the regular anti conformation would disengage it 

from the pseudo-helix (Fig. 2f). To offset the energetic penalty of the unusual syn 
conformation (~ 1.2 kcal mol−1 at 35°C)40, numerous hydrogen bonds and stacking with 

G130 hold the spring-loaded A164 in place (Fig. 2e–f). This in turn allows the A164-C165 

dinucleotide to act as a lateral latch (Fig. 2d) to stabilize the tRNA-T-box duplex via 5 

hydrogen bonds to its minor groove (Fig. 2f). Thus, the inward flipping of A164 nucleobase 

and outward flipping of C165 allow the dinucleotide to make extensive nucleobase-specific 

contacts across the groove for stabilization. This explains the strict sequence conservation of 

the T-box bulge15,16 and highlights the frequent use of compact syn nucleotides in critical 

functional centers of diverse RNAs39.

Because the pseudo-helix stacks against helix A2 at its base (with the G167•U185 pair; Fig. 

2e & 2g), the stability of the pseudo-helix impacts that of its neighboring helix A2, which in 

turn controls the level of transcription readthrough. As a result, the purine content of the 

pseudo-helix (i.e. the number of purines within the region, which stack more stably than 

pyrimidines due to their larger, bicyclic nucleobases) strongly modulates the T-box response. 

This effect is so dominant that it overrides the effect of tRNA stabilization. Specifically, 

replacing A164 or G130 with a uridine abrogated tRNA-mediated readthrough, while 

substituting C165 or C166 with a guanosine rendered the T-box constitutively active (Fig. 

2h; Extended Data 4). The latter likely resulted from over-stabilization of helix A2 from 

excessive stacking between the purines in the pseudo-helix, obviating the need for tRNA 

stabilization (Fig. 2g). Thus, the pseudo-helix is a key regulatory element through which 

external signals such as regulatory proteins, metabolites, or antibiotics could bind and dictate 
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the T-box response, consistent with the strong modulatory effects of ribosome inhibitors on 

T-boxes41–43.

Structural basis of tRNA aminoacylation sensing by a mRNA

Direct sensing of tRNA aminoacylation is the central function of the T-box discriminator. 

Our cocrystal structure reveals that the compact RNA domain accomplishes this by 

capturing and burying the tRNA 3’-end deep inside the discriminator core and juxtaposing it 

with a steric barrier intolerant of an aminoacyl group (Fig. 3; Extended Data 6).

The tRNA 3’-end (tA76) is paired with U160, stacks against tC75 on the tRNA side and 

C186 of helix A1 on the T-box side, and further engages 2 hydrogen bonds via its 2’-OH and 

phosphate oxygen (Fig. 2b and 3a). These interactions collectively bury 500 Å2 of solvent-

accessible interface (Extended Data 6) and position the tRNA 3’-OH merely 3.2 Å from a 

G167•U185 wobble pair located at the base of helix A2 (Fig. 3a–b). This base pair acts as 

the primary steric barrier against 3’-aminoacyl tRNAs. Binding by a 3’-aminoacyl-tRNA 

would place its universal amino moiety in direct steric clash with the nucleobase of U185 

(Fig. 3b). Interestingly, the G•U wobble shifts U185 outward into the major groove, ~2 Å 

closer to the tRNA 3’-OH than a Watson-Crick pair (Extended Data 7), potentially 

amplifying the steric conflict. As a result, the T-box discriminator has constructed a steric 

pocket even more encompassing and restrictive than the ribosome-RelA complex11,12, which 

positions the β5 strand of its TGS domain ~ 5 Å away from the tRNA 3’-OH to exert similar 

steric selection (Extended Data 7). Unlike the ribosome which only receives 3’-aminoacyl-

tRNAs pre-selected by EF-Tu44, the T-box functions independently of EF-Tu14 and 

encounters both 2’- and 3’-aminoacyl tRNAs that undergo rapid regioisomerization (~5 s
−1)45. Reassuringly, a 2’-aminoacyl group would clash with the tandem A-minor latch or the 

pseudo-helix, both of which are essential for antiterminator stabilization (Fig. 3c–d). Indeed, 

interface analysis revealed that both the 2’- and 3’-OH of tA76 are completely buried by the 

discriminator (Extended Data 6). Thus, a singular discriminator structure tightly clutches 

tA76 and sterically rejects both 2’- and 3’-aminoacyl tRNAs. We conclude that steric 

sensing of tRNA aminoacylation is a conserved mechanism to detect nutrient limitation and 

can be effectively implemented by either a protein or RNA device.

The G167•U185 wobble pair which acts as the steric filter occurs in 58% of 390 analyzed 

transcription-regulating T-boxes. Other naturally occurring configurations include A-U 

(25%), G-C (17%) and essentially no others. Curiously, all of the 39 translation-regulating 

T-boxes in Actinobacteria contain exclusively the G•U wobble pair26,27. The clear 

preference for wobble pairs may stem from their unique geometric and energetic 

characteristics. The G•U wobble pair underwinds the helix by 14°, significantly enhancing 

nucleobase overlap and stacking with the penultimate C-G pair, reminiscent of the tRNA T-

stem loop G49•U65 wobble pair (Extended Data 8)46,47. Despite the clear G•U preference, 

Watson-Crick pairs adequately support uncharged tRNA-mediated readthrough and rejection 

of tRNAs that carry a 3’-phosphate or an extra cytosine in vitro (Ex1C; Fig. 3e)14. In vivo 
substitutions with Watson-Crick pairs, however, led to 2–3 fold reduction in downstream 

gene expression, corroborating the enhanced stacking stability from the G•U wobble pair 

(Extended Data 4)48. Notably, the reversed U•G wobble pair caused a significant defect (Fig. 
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3e). Since a U-A pair is near fully functional (Fig. 3e), the large defect from U•G is likely 

attributable to the reversed geometric effects of the wobble. We also tested the possibility of 

forming A+•C wobble pair, which is isosteric with the G•U wobble pair. The A-C 

configuration is as defective as other mismatches, suggesting that neighboring interactions 

and solute conditions do not sufficiently promote adenosine protonation to form the A+•C 

wobble pair in this context (Fig. 3e). Taken together, the extraordinary use of a strategically 

positioned G•U wobble base pair as both a steric filter and a geometric optimizer expands 

the functional repertoire of wobble pairs.

Unexpected structural role of T-box Stem III and flanking purines

Immediately adjacent to the central G167•U185 pair are two nearly invariant G-C/C-G pairs 

(Extended Data 1). Perplexingly, their substitution with isosteric C-G/G-C pairs produced a 

dramatic 57-fold reduction of gene expression in vivo48. Our structure revealed that the pairs 

provide a sequence-specific docking site for the base of Stem III via three consecutive sets 

of purine-minor groove interactions from G133 and A153 and attendant nucleobase-ribose 

packing interactions (Fig. 4a–e). Consequently, substitutions of G133 or A153 strongly 

impacted transcription readthrough (Fig. 4f). Thus, instead of the previously proposed 

coaxial stacking with the base of helix A128, the terminal pair of Stem III and its flanking 

purines form an extended latch along the minor groove, and act to fasten and stiffen the 

entire discriminator (Figs. 1e & 4a–b). Comparison with an NMR structure of an isolated 

antiterminator (discriminator without Stem III and its flanking purines)49 revealed that 

drastic rearrangements are required to bind tRNA: the extensively stacked nucleotides in the 

free T-box bulge must unstack and unravel to accommodate the tRNA 3’-end (Fig. 4g). 

Taken together, the compact T-box discriminator captures the universal tRNA 3’-NCCA end 

employing a cooperative network of energetically coupled contacts that include 4 

intermolecular base pairs, 2 instances of intermolecular coaxial stacking, 6 sets of purine-

minor groove interactions, and 3 sugar-nucleobase packing interactions (Fig. 1b & 1e). 

These multimodal RNA-RNA contacts create a stiff, snug pocket that fashions a steric 

barrier from a wobble pair to select for uncharged tRNAs.

A full-length T-box mRNA forms a molecular clamp vise

Our cocrystal structure reveals the detailed interactions between the tRNA 3’ region and the 

discriminator, yet it remains unknown how Stem I and discriminator domains coordinate 

their binding to opposite flanks of tRNAs in a complete T-box. Multiple conflicting 

structural models have been proposed based on SAXS envelopes28,29 and modeling14,50,51. 

Among these, it was proposed that the Stem I must release the tRNA elbow contact in order 

for the antiterminator to bind the tRNA 3’-end29.

Electron cryo-microscopy (cryo-EM) single particle analysis (SPA) is now routinely used to 

resolve large protein and protein-stabilized ribonucleoprotein structures at near-atomic 

resolutions. However, despite enhanced contrast compared to proteins, imaging protein-free 

structured RNAs to resolutions that provide biochemical insights (better than 4–5 Å) 

remains a significant technical challenge. This is likely due to RNA’s inherent structural 

flexibility, frequent conformational heterogeneity and the relatively small sizes of most 

known RNA domains. These challenges are exemplified by a recent cryo-EM analysis of a 
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30 kDa HIV-1 dimerization initiation site (DIS) RNA at 9 Å resolution, in which both low 

signal-to-noise ratio (SNR) and RNA flexibility or dynamics hampered further resolution 

improvement52.

In order to distinguish among competing T-box structural models and extend the 

applicability of SPA to medium-sized RNA-only structures, we subjected a full-length 

Bacillus subtilis glyQS T-box complexed with its cognate uncharged tRNAGly to cryo-EM 

SPA. The RNA complexes embedded in vitrified thin ice were unambiguously recognized 

with identified top and side views (Fig. 5a). 2D class averages revealed salient high-

resolution features and the final reconstruction achieved 4.9 Å overall resolution despite its 

unusually small size and flexible structure (78 kDa; Fig. 5b–c; Extended Data 9; Table 2). 

The central tRNA encased by the peripheral T-box was better resolved to ~4.0 Å according 

to the local resolution map (Extended Data 10), in which we started to see resolved density 

of the ribose and phosphate backbone (Fig. 5d). The discriminator-tRNA and Stem I-tRNA 

cocrystal structures were rigidly fitted into the cryo-EM map, resulting in a full-length T-

box-tRNA model (Fig. 5d & Supplementary Movie 2). The model was flexibly fitted and 

optimized to the cryo-EM map, with RMSDs of 2.1 Å and 1.9 Å to each crystal structure. 

The resulting cryo-EM model captured all three principal tRNA-mRNA contacts observed in 

two cocrystal structures, suggesting that all three contacts are engaged concurrently in the 

full complex in the readthrough configuration (Fig. 5d & Supplementary Movie 2).

The full-length B. subtilis cryo-EM structure revealed a Stem I trajectory distinct from and 

intermediate between those of the Stem I-tRNA cocrystal structures from O. ihenyensis22 

and G. kaustophilus23(Fig. 6a). To adapt to structural divergences among the three Stem I’s, 

the same tRNAGly flexes about its t26•t44 hinge up to 22° to maintain nearly identical 

contacts to its anticodon and elbow (Fig. 5d). When the Stem I distal interdigitated T-loops 

are superimposed, the tRNA elbow to which the T-loops bind overlay among the three 

structures (Fig. 6b), suggesting remarkable conservation of the interface across three species 

despite the lack of base-pairing interactions21,22,53. Indeed, mutation or deletion of the 

interdigitated T-loops was reported to slow tRNA binding and to drastically reduce complex 

stability31,51. Thus, the tripartite T-box interactions with the tRNA anticodon, elbow, and 3’-

end persist concurrently in the same complex. We did not observe the previously proposed 

90° pivoting motion that would disengage the Stem I distal region from the tRNA elbow29, 

which may occur in transient intermediates not detectable in our analysis. On the 3’ side, 

while the tRNA and discriminator each superimpose well with the cryo-EM structure 

(RMSDs of 1.5 and 1.6 Å, respectively), the tRNA body is rotated 8° between the cocrystal 

and cryo-EM structures, enabled by apparent flexibility of the tRNA acceptor stem (Fig. 6c). 

To confirm the overall architectures of both T-box complexes in solution, we performed 

SAXS analysis of both complexes and observed scattering profiles highly congruent with the 

cocrystal and cryo-EM structures (χ2 ~ 1.7 and 0.7, respectively; Fig. 6f–g).

The simultaneous binding of Stem I and discriminator regions to both flanks of tRNA create 

a molecular vise that clamps the top half of the uncharged tRNA (Figs. 6d–e). Remarkably, 

contiguous coaxial stacking traverses 3 intermolecular interfaces, forming a central spine of 

31–32 layers of stacked pairs (Figs. 6d–e). This spine provides the requisite stability — in 

conjunction with the kinetic advantage of being transcribed first — that preclude the 
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formation of a transcription terminator or Shine-Dalgarno sequestrator. In amino acid 

abundance, the presence of an esterified amino acid on the tRNA 3’-end interrupts the 

tRNA-helix A1 stacking, which severs the central spine and prevents the aminoacyl-tRNA 

from stabilizing the antiterminator. Without tRNA stabilization, the thermodynamically 

more stable terminator or sequestrator forms and shuts off downstream amino acid genes, 

completing a negative feedback loop.

Discussion

Together, our cocrystal, cryo-EM, SAXS, and mutational analyses delineate how the T-box 

mRNA envelopes a cognate uncharged tRNA through sequential, tripartite interactions to 

construct a remarkably stable complex (koff ~ 0.0002 s−1)51 to permit conditional gene 

expression (Fig. 7). Our analyses distinguish among a number of proposed structural 

models14,28,29,50,51 and establish how a mRNA encapsulates a tRNA, sterically probes its 

aminoacylation status, and switches conformations based on this readout. Contoured by 

subtle bends (e.g., Stem I C-loop50,53), sharp kinks (e.g., Stem I K-turn54,55) and flexible 

joints (e.g., inter-domain linker), the U-shaped T-box scaffold employs a linear arrangement 

of strategically positioned RNA-interaction modules (e.g. specifier loop, interdigitated T-

loops, T-box bulge) to capture tRNA with nanomolar affinity and digital specificity (as they 

decipher the anticodon). By covalently linking a steric filter (G167•U185 wobble) with a 

conditional stacking conductor (C186::tA76), the 66-nt discriminator achieves tunable gene 

expression control conditional upon tRNA aminoacylation. This universal, parsimonious 

design enables Gram-positive bacteria to rapidly respond to fluctuating nutrient availability 

in their environment and constitutes an attractive drug target to curb widespread antibiotic 

resistance20,41,42. Further, the discovery and visualization of highly defined T-box-tRNA 

complex structures and interfaces permit rational design and targeting by small molecule 

antibiotics.

The T-box paradigm provides general insights into how individually weak interactions 

coordinately construct stable RNA-RNA complexes through multivalency while maintaining 

required selectivity. Most tRNAs share the same discriminator base (mostly A or G in B. 
subtilis) and thus a nearly identical 3’-NCCA end. However, the T-box discriminator cannot 

allow non-cognate tRNAs to interact and interfere with specific tRNA aminoacylation 

sensing. Our measured 2.0 μM Kd is appropriately weak and comparable to that of the 

anticodon-specifier interaction alone22. Stem I distal T-loops cannot interact with the tRNA 

elbow without the prior engagement of the anticodon-specifier contact22. Thus the requisite 

total binding affinity to overcome the terminator or sequestrator is distributed among 3 weak 

contacts. This distributive mode of tRNA-mRNA interaction is advantageous as it effectively 

rejects any local non-cognate interactions and requires a global fit of the intended tRNA 

substrate into the T-box’s U-shaped concave (Fig. 6e). Among the 3 principal tRNA-T-box 

contacts, only 7 base pairs are utilized. This limited sequence complementarity is augmented 

by extensive structure-specific interactions consisting of two components: 1) three stacking 

interactions that align and assemble the central stacking spine traversing the entire length of 

the complex, and 2) six sets of purine-minor groove interactions and three sugar-nucleobase 

packing contacts, both of which are tertiary contacts that the discriminator employs to 

reinforce the tRNA 3’-end-T-box discriminator interaction.
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Multivalent tRNA binding by the modular T-box mRNA may further extend to the enigmatic 

Stem II domain absent from the glyQ T-boxes under study but present in most non-glycyl T-

boxes15,16. Secondary structure analyses indicated an elongated Stem II hairpin followed by 

a potential pseudoknot in this region. This structurally complex domain is proposed to make 

additional tRNA contacts near its elbow region based on a cross-linking analysis26,27. 

However, detailed structural analysis is required to clarify the structure and function of the 

Stem II domain.

Similar distributive binding mechanisms and extensive utilization of stacking and tertiary 

contacts to supplement limited sequence complementary likely also operate in several types 

of RNA and ribonucleoprotein condensates or granules, including those containing 

pathogenic repeat expansion RNAs56–58. In these systems, limited sequence 

complementarity (e.g. between short CAG or CUG near-palindromic repeats) first seeds 

local RNA-RNA interactions. Subsequently, mutlivalency drives their self-assembly into 

RNA networks or foci58. Similarly, the type of multivalent interactions employing intra and 

intermolecular stacking and extensive tertiary contacts found in the T-box-tRNA complexes 

may also drive the assembly of long noncoding RNA domains or viral RNA genomes59.

Methods

Conservation analysis of the T-box discriminator region

T-box sequences were retrieved from the Rfam database62.The search motif used to localize 

the T-box discriminator in each sequence was 5’-UGGNANC-3’, where N denotes any 

nucleotide (Extended Data 1). Sequences of 49 residues were aligned, and duplicates were 

removed. All remaining sequences (N = 709) were folded with RNAfold63 while forcing the 

three residues upstream and the three residues downstream of the 5’-UGGNANC-3’ motif to 

base pair with downstream residues, and prohibiting the residues within the T-box motif and 

the last 8 residues of the sequences from base pairing. Only the lowest free-energy folds that 

satisfy these requirements were selected (N = 390). Because the length of helix A2 is not 

conserved, sequence alignment had to be established separately on either side of helix A2. 

Aligned sequences were used to generate sequence logos with Weblogo (Extended Data 

1)64. To determine a coherent conservation pattern on the 5’ side of highly variable Stem III, 

only sequences with the highly conserved adenosine doublet (AA) in nt 152–153 (6 residues 

upstream of the 5’-UGGNANC-3’ motif) were selected from the Rfam database. The size of 

these sequences was limited to 38 nucleotides to limit folding artifacts with the upstream 

segment. Duplicates were then removed. The remaining sequences (N = 373) were folded 

with RNAfold while enforcing base pairing to 4 residues upstream of the adenosine doublet. 

After the first round of folding, additional constraints were applied to select folded 

sequences in order to prevent alternate folds from occurring on the 5’ side of the sequence. 

Sequences that did not meet these requirements were discarded. To determine the base 

conservation pattern, all folded sequences were subsequently aligned to the 5’ strand of 

Stem III (whose stem length ranges from 3 to about 20 base pairs). Because the overall 

conservation pattern shows that the functionally important G130 is not always a guanosine 

(upper panel, Extended Data 1), the conservation pattern was split for the sequences bearing 
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a G at that position (middle panel, Extended Data 1; N = 205 sequences) and for the 

sequences that do not have a G (lower panel, Extended Data 1; N = 46 sequences).

RNA preparations

B. subtilis tRNAGly used for in vitro termination-readthrough assays was transcribed in vitro 
by T7 RNA polymerase by “GMP priming”, where a 20 mM GMP and 2 mM GTP mixture 

was used to install predominantly (~91%) 5’-monophosphate14,65. The RNAs were purified 

by electrophoresis on 10% polyacrylamide (29:1 acrylamide: bisacrylamide), 8 M Urea TBE 

(Tris-Borate-EDTA) gels, electroeluted, washed once with 1 M KCl, desalted by 

ultrafiltration, and stored at −80°C before use. tRNA variants carrying 3’-azido and 3’-N-

pentenoyl-glycine modifications were prepared using the Klenow fragment and 

flexizyme14,66. The 3’-phosphate tRNA was generated by in vitro transcription with T7 

RNA polymerase followed by cleavage by a transacting Varkud satellite ribozyme67. The 

cleaved RNA was treated with 10 mM HCl at room temperature for 30 minutes to open the 

2’, 3’-cyclic phosphate to yield a 3’-phosphate68. The HCl-treated tRNA was washed three 

times with diethyl pyrocarbonate (DEPC)-treated H2O and stored at −80°C before use.

To prepare the T-box discriminator-tRNA complex for co-crystallization and SAXS analysis, 

wild-type (crystal 1–9; Table 1) or A156C::U189G mutant (crystal 10–11; stabilized helix 

A1) Geobacillus kaustophilus glyQ T-box discriminator RNA (residues 126–191) was co-

transcribed with excess Bacillus subtilis (or G. kaustophilus, identical sequences) 

tRNAGly
GCC in vitro by T7 RNA polymerase using PCR products as templates as 

described22. The complex was isolated from excess tRNAs by size exclusion 

chromatography in a buffer consisting of 10 mM Tris-HCl (pH 7.4), 100 mM KCl and 20 

mM MgCl2. Fractions containing the complex was pooled and concentrated to 8 mg/mL.

To prepare the full-length T-box riboswitch-tRNA complex for cryo-EM and SAXS 

analyses, B. subtilis glyQ T-box RNA (residues 14–182) and B. subtilis tRNAGly
GCC were 

co-transcribed in vitro by T7 RNA polymerase using PCR products as templates69. The 

RNA complex was purified first using anion exchange chromatography on a Mono Q 

column, followed by size-exclusion chromatography on a Superdex 200 Increase column in 

a buffer consisting of 10 mM Tris-HCl (pH 7.4), 100 mM KCl and 20 mM MgCl2. Peak 

fractions containing the T-box-tRNA complex were pooled and concentrated to 8 mg/mL.

Electrophoretic mobility shift assay (EMSA)

G. kaustophilus glyQ T-box discriminator RNA (residues 126–191) was transcribed in vitro 
by T7 RNA polymerase at 37 °C for 3 hours. This native transcription product (0.5 μL) was 

mixed with 2 μM purified tRNA in 10 μL of binding buffer that contains 25 mM Tris-HCl 

(pH 7.4), 100 mM KCl and 20 mM MgCl2, incubated at room temperature for 30 minutes, 

and electrophoretically separated on a 10% native polyacrylamide gel in Tris-HEPES-EDTA 

(pH 8.0) buffer supplemented with 10 mM MgCl2. The gels were stained with Ethidium 

Bromide or Gel Red and imaged with a Typhoon Trio system.
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Isothermal Titration Calorimetry (ITC)

ITC was performed essentially as described 22. To suppress oligomerization, tRNAGly was 

heated to 90ºC in water for 3 min and snap-cooled to 4ºC over 2 min immediately prior to 

use. RNA samples for ITC experiments were equilibrated in a buffer comprised of 100 mM 

KCl, 25 mM Tris-HCl pH 7.4, 10 mM MgCl2 by ultrafiltration. ITC experiments were 

performed in triplicates at 20°C with 25 μM T-box discriminator RNA in the cell and 250 

μM uncharged or 3’-phosphate tRNAGly in the syringe, using a MicroCal iTC200 

microcalorimeter (GE). Data processing was carried out using unbiased integration software 

NITPIC70 followed by SEDPHAT71. The titration shown in Fig. 1d was performed 3 times 

using biologically independent samples. For binding by uncharged tRNAGly, Kd = 2.0 ± 0.6 

μM, ΔH = −11.7 ± 0.9 kcal mol−1, -TΔS = 15.1 ± 0.8 kcal mol−1. These values are mean and 

the errors are s.d., n = 3 biologically independent samples. The average binding-incompetent 

fraction is ~ 10%. For three independent titrations using 3’-phosphate tRNAGly, the curves 

cannot be reliably fit, with an estimated Kd > 50 uM and negligible ΔH (Fig. 1d).

In vitro transcription termination-readthrough assay using a fluorescent reporter

Transcription termination-readthrough assay was performed essentially as described with 

modifications14,25,72. A hairpin molecular beacon was designed to specifically hybridize to 

the B. subtilis glyQ downstream readthrough transcript to measure T-box-controlled gene 

expression (Fig. 1a)72. It is of the sequence 5’-Cy5-CGCAccuccacuuuucuuucauaaTGCG-

Dabcyl-3’ (Trilink) where upper- and lower-case letters denote deoxy-ribonucleotides and 

2’-O-methyl ribonucleotides, respectively72. The 2’-O-methyl modifications were used to 

enhance hybridization with the target transcript. Multi-round transcription termination-

readthrough assays were performed in a Transcription Buffer composed of 20 mM Tris-Cl 

pH 7.4, 40 mM KCl, 6 mM MgCl2, 1 mM DTT and 5 mM spermidine. Each 36 μL reaction 

also contains 10 nM PCR-derived linear DNA template, 0.05 U/μL E. coli RNA Polymerase 

holoenzyme (New England BioLabs), 50 nM molecular beacon, and 250 nM snap-cooled 

tRNA when specified. Reactions were initiated by addition of nucleoside triphosphates 

(NTPs) to provide 400 μM ATP, 10 μM UTP, 10 μM CTP, and 10 μM GTP, and were 

allowed to proceed at 37 °C for 3 hours while fluorescence intensity is monitored every 2 

min on a TECAN Infinite 200 Pro microplate reader. An excitation wavelength of 620 nm 

(bandwidth 20 nm) and emission wavelength of 670nm (bandwidth 25 nm), and a gain 

setting of 110 were used. The fluorescence intensity increase between 34 and 180 min is 

nearly linear (Extended Data 4) and linear regression was used to obtain the rate of transcript 

production in the presence or absence of various tRNAs. In the presence of robust 

readthrough transcription, the Square of Pearson Product-Moment Correlation Coefficient 

(R2) is typically > 0.9. In the absence of NTPs, the slope is close to zero and R2 < 0.05, 

suggesting minimal transcription-independent interference of the fluorescence signal (i.e. 

nonspecific molecular beacon interaction with the DNA template or RNA polymerase) in the 

selected time window (Extended Data 4). After fluorescence measurements, selected 

reactions were analyzed on a 10% Urea-PAGE and visualized with SYBR Gold to validate 

fluorescence-based measurements (Extended Data 4). Due to hydrolytic instability of the 3’-

aminoacyl tRNA, slightly alkaline conditions (pH 7.4 or higher) in transcription readthrough 

assays which exacerbates tRNA deacylation, and extended incubation time (3 hours or 

longer), it was not practical to use 3’-aminoacyl tRNA. Instead, a 3’-phosphate tRNA was 
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used as a stable mimic of 3’-aminoacyl tRNA, as the 3’-phosphate is comparable in size to 

3’-glycyl and tRNAs bearing the two modifications were found to elicit nearly identical 

transcriptional responses14. We also used another negative control tRNA termed the Ex1C 

tRNA14,73, in which an extra cytosine was appended to the tRNA 3’-CCA end. This tRNA 

strongly inhibits readthrough as tC77 competes with C186 for pairing with G159, 

destabilizing helix A1 and preventing tRNA-helix A1 stacking.

Cocrystallization and diffraction data collection

For crystallization, the purified G. kaustophilus glyQ T-box discriminator-tRNA complex 

was supplemented with 1 mM spermine, and mixed 1:1 with a reservoir solution consisting 

of 0.1 M Morpheus Buffer System 2 pH 7.5 (Sodium HEPES; MOPS (acid)), 0.09 M 

Halogens (NaF; NaBr; NaI), 10% w/v PEG 20000, and 20% v/v PEG 500 monomethyl ether 

(MME) and crystallized at 21°C by the hanging-drop vapor diffusion method. Rectangular 

prism-shaped crystals grew in 2–7 days to maximum dimensions of 300 × 300 × 50 μm3. 

The crystals were cryo-protected in an artificial mother liquor containing 30% v/v PEG 

500MME before vitrification in liquid nitrogen. For de novo phasing with Ir(III), crystals 

were soaked in 10 mM Tris-HCl (pH 7.4), 100 mM KCl and 20 mM MgCl2, 0.09 M 

Halogens, 0.1 M Morpheus Buffer System 2 pH 7.5 (Sodium HEPES; MOPS (acid)), 10% 

w/v PEG 20000 and 20% v/v PEG 500MME, 1 mM Spermine and 20 mM Ir(III) 

Hexammine for 20 hours before vitrification in liquid nitrogen. Single-wavelength 

anomalous dispersion (SAD) data were collected near the Iridium L1 edge (0.9218 Å) at the 

SER-CAT beamline ID-22 at the Advanced Photon Source (APS). Cocrystals exhibit the 

symmetry of space group C2221. Unit cell dimensions are in Table 1.

Crystal structure determination and refinement

Initial Single-wavelength Anomalous Dispersion (SAD) phasing using individual datasets 

from cocrystals of wild-type G. kaustophilus glyQ T-box discriminator-tRNA complexes did 

not correctly identify the Ir substructure. A total of 11 Ir-SAD datasets with diffraction limits 

extending to 4–5 Å were analyzed by hierarchical agglomerative program BLEND74. A 

cluster of 9 datasets with high isomorphism, as evidenced by a Linear Cell Variation (LCV) 

value of 0.96% (or 1.5 Å), were merged to produce a high-redundancy (multiplicity 56.8) 

dataset at 4.6 Å. Initial Ir substructure (17 sites) was identified by Phenix.Autosol75, 

producing an initial electron density map (mean overall figure of merit is 0.53) into which a 

partial tRNA was first located. After most visible tRNA and T-box residues were built, the 

partial model was located in a high-resolution Ir-SAD dataset collected from cocrystals of 

the A156C::U189G mutant discriminator-tRNA complex (2.66 Å) using PHASER76, which 

allowed identification and completion of the Ir substructure. The A156C::U189G 

substitution replaced a non-conserved A-U pair in helix A1 with an C-G pair, which resulted 

in altered unit cell parameters and extended the diffraction limit from 3.4 Å to 2.66 Å (Table 

1). Model building was performed in Coot77, as guided by iteratively generated MR-SAD 

maps using an evolving model, corrected by ERRASER78, and refined using 

Phenix.Refine75. The refined structure without Ir atoms was located in a native 2.84 Å 

dataset using PHASER (Translational Function Z (TFZ) score = 36.9; Log-likelihood Gain 

(LLG) = 2681) and was also refined. The Ir-containing (Model Complex) and Native 
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structures are nearly identical, with a r.m.s.d of 0.2 Å. Refinement statistics are summarized 

in Table 1.

Cryo-EM sample preparation

A total of 3 μl of B. subtilis full-length T-box riboswitch-tRNA complex sample (30 μM) 

was applied onto glow-discharged (30 s) 200-mesh R2/1 Quantifoil Cu grids. The grids were 

blotted for 3 s in 100% humidity with no blotting offset and rapidly frozen in liquid ethane 

using a Vitrobot Mark IV (FEI).

Cryo-EM single particle data acquisition and data processing

The aforementioned frozen grids were loaded in a Titan Krios (FEI) operated at 300 kV, 

with condenser lens aperture 70 μm, spot size 7, parallel beam with illumine area of 0.85 μm 

in diameter. Microscope magnification was at 165,000× (corresponding to a calibrated 

sampling of 0.82 Å per physical pixel). Movie stacks were collected automatically using 

EPU software on a K2 direct electron device equipped with a Quantum energy filter 

operated at 20 eV (Gatan), operating in counting mode at a recording rate of 5 raw frames 

per second and a total exposure time of 5 seconds, yielding 25 frames per stack, and a total 

dose of 38 e−/Å2. A total of 5,600 movie stacks were collected with defocus values ranging 

from −0.4 – −3.5 μm. These movie stacks were motion corrected using Motioncor2. After 

CTF determination by CTFFIND4, 5,287 micrographs were subjected to EMAN2.2 for 

neural network particle picking79, with a threshold setting of 0.1 used to maximize inclusion 

of good particles. Under such threshold, a considerable number of particles from noise were 

included in the particle extraction, which is sorted out in the latter 2D classification steps. A 

total of 1,962,681 particles were extracted in Relion 2 with the box size as 224 pixels80. 

After three rounds of 2D classifications, the best classes by visual examination were 

subjected to EMAN2.2 to build the initial model. A total of 389,305 particles was subjected 

to 3D classification. Two classes representing intact T-box-tRNA complexes, totaling 

189,361 particles, were subjected to auto refinement in Relion 2. A measured B-factor of 

−353 Å2 was used for sharpening to yield the final sharpened map at 4.9 Å resolution 

estimated by the 0.143 criterion of FSC curve. The 4.9 Å Gauss low-pass filter was applied 

to the final 3D map displayed in UCSF Chimera81.

Cryo-EM model building and refinement

Crystal structures of O. iheyensis T-box stem I-tRNA and G. kaustophilus discriminator-

tRNA were first rigidly fitted into the 4.9 Å cryo-EM density using the Chimera Fit in Map 

tool1. The nucleobases of docked residues were changed into the sequence of B. subtilis 
glyQS T-box, manually adjusted and rebuilt with Coot as needed. The two fitted models 

were then combined by eliminating one of the common tRNA to create the full-length T-

box-tRNA model. Hydrogen atoms were added to this complete model and the model was 

refined in Phenix.real_space_refine82 using a nonbound weight parameter of 1000 with other 

parameters remained as default to minimize clashes. The resulting model–map correlation 

coefficient (CCmask) is 0.72. Cryo-EM data collection and processing, and model 

refinement statistics are summarized in Table 2.
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Small-angle X-ray scattering (SAXS) data collection and analysis

G. kaustophilus glyQ T-box discriminator-tRNA complex and B. subtilis full-length T-box 

riboswitch-tRNA complex were purified from potential aggregates by size exclusion 

chromatography on a Superdex 200 Increase column in a buffer consisting of 10 mM Tris-

HCl (pH 7.4), 100 mM KCl and 20 mM MgCl2 before SAXS measurements. SAXS data 

collection, processing and analyses were performed as previously described 83,84 using an 

in-house program package NCI-SAXS and the ATSAS 61 package by Svergun and co-

workers (http://www.embl-hamburg.de/biosaxs/). X-ray scattering measurements were 

performed at room temperature at the beamline 12-ID-B of the Advanced Photon Source of 

the Argonne National Laboratory, adjusted to achieve scattering q values of 0.006 < q < 0.90 

Å−1, where q = (4π/λ)sinθ, and 2θ is the scattering angle. Concentration series 

measurements for the same sample were carried out to remove the scattering contribution 

due to interparticle interactions and to extrapolate the data to infinite dilution. Thirty two-

dimensional (2D) images were recorded for each buffer or sample solution using a flow cell, 

with the exposure time of 0.5–1 seconds to minimize radiation damage and to yield optimal 

signal-to-noise ratio. No radiation damage was observed as confirmed by the absence of 

systematic signal changes in sequentially collected X-ray scattering images. The 2D images 

were reduced to one-dimensional scattering profiles using the Matlab software package at 

the beamlines. Scattering profiles of the RNAs were calculated by subtracting the 

background buffer contribution from the sample-buffer profile. The solution X-ray scattering 

curves (Fig. 6f–g) were back-calculated for the co-crystal and cryo-EM structures using 

CRYSOL61 with default parameters. The difference between the back-calculated curve and 

the experimental data after q = 0.2 Å−1 can result from the RNA flexibility in solution, and 

imperfect simulations of the solvation layer and ion cloud around the RNA.

In vivo T-box-lacZ gene expression assay

The in vivo assay was performed essentially as described18,42. A pRB382 plasmid that 

carries a transcriptional fusion between the G. kaustophilus glyQ T-box 5’ untranslated 

region and lacZ and a pBAD18 plasmid that conditionally express B. subtilis tRNAGly were 

co-transformed into E. coli M5154 competent cells (ΔlacZ; Extended Data 4). Cells were 

cultured in the presence of L-arabinose to induce tRNAGly expression, under glycine 

starvation (- glycine) and replete (+ glycine) conditions. β-galactosidase activities of wild-

type and mutant T-boxes under glycine-replete and glycine-starvation conditions were 

normalized to that of the wild-type T-box-containing strain grown in minimal media 

supplemented with glycine (Extended Data 4). The values and error bars represent mean and 

s.d., n = 3 biologically independent samples.

Reporting Summary

Further information on experimental design is available in the Nature Research Reporting 

Summary linked to this article.

Data availability

Atomic coordinates and structure factor amplitudes for the T-box discriminator in complex 

with tRNAGly have been deposited at the Protein Data Bank (PDB) under accession code 
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6PMO. Cryo-EM structure of the full-length T-box-tRNA complex and map have been 

deposited to Electron Microscopy Data Bank EMD-20416 and PDB 6POM. All other data is 

available upon reasonable request.

Extended Data
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Extended Data 1. Secondary structures and conservation analyses of glycyl T-box riboswitches.
a, b, Secondary structures of G. Kaustophilus glyQ and B. subtilis glyQS T-box riboswitch. 

Glycine-specific T-boxes lack the Stem II and Stem IIA/B pseudoknot structures. Conserved 

nucleotides are highlighted, based on previous reports supplemented by new phylogenetic 

analysis (Fig. 1; Online Methods). Previous sequence annotations of the G. Kaustophilus 
glyQ T-box had omitted a 5’ ssRNA leader that precedes Stem I in all validated T-boxes, 

which is now restored. The probable transcription start site, 17 nts upstream of Stem I, was 

identified using prokaryotic promoter prediction algorithms. Nucleotide numbering is thus 

offset by +17 relative to previous reports. c, Sequence conservation of the T-box 

discriminator region based on G. Kaustophilus glyQ T-box. The split patterns show that the 

intercalating G130 is at the center of a 5’-AR(U/A)-3’ motif (middle). This motif is shifted 1 

nt to the left when there is no G in position 130 (bottom). In this case, a moderately 

conserved G is predominant in position 129, while two pyrimidines are present in positions 

130 and 131. Assuming that G129 is the intercalating nucleotide equivalent to G130 in the 

middle panel, one of these pyrimidines (nt 130 or 131) may adopt an extrahelical 

conformation to account for the motif shift.
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Extended Data 2. Mutational analysis of T-box discriminator-tRNA interactions.
a, Secondary structures of wild-type, mutant, and truncated T-box discriminators. Deletions 

are indicated by red boxes. b, EMSA analysis of the constructs shown in (a), showing the 

requirement of stem III and flanking purines for tRNA binding. The antiterminator 

(discriminator without Stem III and its flanking purines; Δ3 mutant) is prone to 

dimerization. c, tRNA variants used that carry various 3’ chemical modifications. Only the 

terminal tA76 is shown. d, EMSA analysis of constructs in (c), showing that binding is 

selective for uncharged tRNA. e, Quantitation of (d) and comparison with previously 

reported in vitro transcription readthrough data of the same tRNA variants. The values and 

error bars represent mean and s.d., n = 3 biologically independent samples.
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Extended Data 3. Representative X-ray crystallographic electron density maps.
a, Composite simulated anneal-omit 2|Fo|-|Fc| electron density calculated using the final 

model (1.0 s.d.) superimposed with the final refined model. b-d, Portions of the map 

showing tRNA-T-box discriminator coaxial stacking (b), encapsulation of tRNA 3’-end by 

the discriminator (c), and long-range interactions between Stem III 5’ purines and the T-box 

bulge (d). Note the density fusion as a result of nucleobase-ribose packing interactions 

between A129 and G161.
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Extended Data 4. In vitro transcription termination/readthrough assay and in vivo β-gal assay.
a, Representative raw data of in vitro transcription termination-readthrough assay using 

wild-type B. subtilis T-box riboswitch. The rates of fluorescence increase between 34 and 

180 min (segments with trendlines) report the production of readthrough transcripts. b, 
Quantitation of data in (a). Rates of fluorescence increase (slopes) were subsequently 

normalized to that of the reference in the presence of NTP but absence of tRNA (green data 

points) and reported in Fig. 2h and 3e. c, Validation of fluorescence-based readthrough assay 

in (a) and (b) with subsequent, conventional gel-based analysis of the same samples. 

Addition of the uncharged tRNA led to significantly increased transcription readthrough. d, 
Scheme of in vivo gene expression assay using the G. kaustophilus glyQ T-box riboswitch 

transcriptionally fused with lacZ. e, Relative β-gal activity of wild-type and mutant T-boxes 

under glycine-replete and glycine-starvation conditions, normalized to wild-type T-box-

containing strain grown in minimal media supplemented with glycine. The values and error 

bars represent mean and s.d., n = 3 biologically independent samples.
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Extended Data 5. Comparison of the T-box tandem A-minor latch with the A1492-A1493-G530 
latch in the ribosome A site.
a, The A128-A129 latch reinforces the functionally important tRNA (green) - helix A1 

(marine) stacking interface. A127, A128 and A129 form a continuous adenosine stack. b 
and c, The stacked A128 and A129 engage extensive hydrogen bonds with the minor 

groove, reinforce tRNA-T-box base-pairing and stacking, and “staple” the two RNAs 

together. d, In the ribosome A site, A1492 and A1493 similarly reinforce the intermolecular 

codon-anticodon duplex via tandem, stacked A-minor interactions in conjunction with G530. 

e and f, Hydrogen-bond patterns in the ribosome A site resemble those in the T-box (b and 

c).
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Extended Data 6. Intermolecular interface of the T-box discriminator-tRNA complex.
a, Solvent-accessible surface colored according to area buried from light blue or white (no 

burial) to red (>25 Å2 per atom). b, Open-book view of the binding interface. The inset 

shows the extensive burial of tRNA tA76, particularly its Watson-Crick edge (N6-N1-C2) 

and both 2’-OH and 3’-OH. c and d, Solvent-accessible surface area buried per residue for 

tRNA (c) and discriminator (d).
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Extended Data 7. Purine-minor groove interactions and comparisons of steric sieves in the T-box 
and ribosome-RelA complex.
Comparison of the G-U wobble pair and a modelled G-C pair at the base of helix A2. a, A 

modelled tRNA 3’-glycyl moiety strongly clashes with the U185 nucleobase of the G•U 

wobble pair. b, Modelled Watson-crick pair (C185, white) still clashes with the tRNA 3’-

glycyl moiety, albeit to a lesser extent than the G•U wobble pair (a). c and d, Comparison of 

the steric sieves in the T-box (c) and RelA-ribosome complex (d). Solid green lines indicate 

inter-atomic distances in Å. The RelA-ribosome complex structure is based on PDB 5IQR.
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Extended Data 8. A conserved G•U wobble pair enhances stacking with its neighboring base pair 
both in the T-box discriminator and in the tRNA T-loop.
a, Through local helix underwinding, helix A2 terminal G•U wobble pair produces 

exceptionally large nucleobase overlap areas and enhances stacking with the penultimate C-

G pair. b, Reduced nucleobase overlap areas between modelled G-C pair and the 

penultimate C-G pair. c, The G•U wobble pair is reminiscent of the conserved G49•U65 

wobble pair found in the tRNAGly T-loop in the same complex. d, For comparison, the 

penultimate C-G pair stacks with its neighboring G-C pair with less than half of the total 

overlap area. Overlap areas (in Å2) between stacked nucleobases were calculated with 

3DNA.
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Extended Data 9. Cryo-EM single particle analysis (SPA) workflow of full-length B. subtilis T-
box-tRNA complex.
a, 3D classification yielded two major classes (black boxes) that were combined for auto 

refinement. b, Final reconstruction. c, FSC curve showed 4.9 Å resolution at 0.143 cutoff. d, 
Euler angle distribution of the final reconstruction.
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Extended Data 10. Relion 3D classification and local resolution of the full-length B. subtilis T-
box-tRNA complex.
3D classification on the complex converged to three maps. Superposition of the tRNA 

density in three maps revealed motions of the T-box relative to tRNA as indicated by the 

arrows. This flexibility of the T-box RNA is the major limitation that prevented cryo-EM 

reconstruction from achieving higher resolutions. Resmap analysis shows that the tRNA was 

better resolved at ~4 Å resolution (upper right).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overall structure of the T-box discriminator-tRNA complex.
(a) glyQ T-box riboswitch-tRNAGly complex. Dotted lines denote stacking interactions 

between the tRNA elbow and the distal T-loops of stem I. The molecular beacon harboring a 

5’-Cy5 fluorophore (F) and 3’-Dabcyl quencher (Q) to measure transcription readthrough is 

rendered in black. (b) Sequence and secondary structure of the cocrystallized G. 
kaustophilus glyQ T-box discriminator and tRNAGly. Non-canonical base pairs are denoted 

by Leontis-Westhof60 symbols. Lines with embedded arrowheads denote chain connectivity. 

Green and gray dotted lines denote purine-minor groove and other hydrogen-bonding 

interactions, respectively. The tRNA (shaded) is conventionally numbered, where a ‘t’ 

precedes tRNA residue numbering. (c) Sequence logo of Stem III and its flanking regions. 

(d) Representative ITC analysis of discriminator binding by uncharged (black) and 3’-

phosphate (red) tRNAs. The error bars were statistical estimates of the uncertainties of 

individual injection heats calculated using NITPIC (Online Methods). The Kd value was 

mean and s.d., n = 3 biologically independent samples. (e and f) Front and rear views of the 

overall cocrystal structure. tA76 is highlighted in bright green. Residues that are not 

modelled are indicated as gray spheres.
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Fig. 2. The A-minor latch and pseudohelix stabilize tRNA-T-box interactions.
(a) The A128-A129 latch (yellow) reinforces tRNA (green) - helix A1 (marine) stacking 

interface. (b,c) Hydrogen-bonding patterns in (a). (d) Cartoon illustrating how the A128-

A129 axial latch and A164-C165 lateral latch reinforce the tRNA-T-box duplex. (e) A 

pseudo-helix stacks with and modulates helix A2 stability. (f) A164 and C165 interact across 

the minor groove of the T-box-tRNA duplex. (g) Cartoon diagram of the pseudo-helix 

structure (green shaded triangle). Stacking interactions are indicated by green connectors. 

(h) In vitro transcription readthrough analysis of wild-type and mutant T-boxes (mean and 

s.d., n= 3 biologically independent samples). *A131U is where B. subtilis (A) and G. 
kaustophilus (U) sequences naturally diverge.
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Fig. 3. Structural basis of tRNA aminoacylation sensing by the T-box discriminator.
(a) Environment and interactions of tA76 at the tRNA 3’-end. (b) Location of a modelled 3’-

glycyl moiety (spheres) and overlap with the U185 nucleobase. (c) Location of a modelled 

2’-glycyl moiety (spheres) and overlap with the A-minor latch or pseudo-helix. (d) Cartoon 

diagram of the environment of tA76 buried inside the T-box discriminator. 2’- and 3’-

aminoacyl moieties are rejected by the G130, U131 dinucleotide (part of pseudo-helix; see 

Fig. 2e & 2g) and G167•U185 wobble pair, respectively. (e) In vitro transcription 

readthrough analysis of wild-type and mutant T-boxes at the G167•U185 wobble pair (mean 

and s.d., n= 3 biologically independent samples).
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Fig. 4. Docking of Stem III with Helix A2 reinforces and rigidifies complex structure.
(a) Stem III uses three consecutive purine-minor groove interactions and two nucleobase-

ribose packing contacts to anchor itself to helix A2. (b) Cartoon diagram illustrating the 

interactions in (a). (c-e) Hydrogen bonding patterns in (a) that involve G133 (c & d) or A153 

(e). (f) In vitro transcription readthrough analysis of T-box Stem III mutants (mean and s.d., 

n= 3 biologically independent samples). (g) tRNA binding dramatically remodels the 

discriminator. Left: NMR structure of an isolated B. subtilis tyrS T-box antiterminator 

(discriminator without Stem III; PDB 1N53)49. Arrows denote conformational transitions up 

to 28 Å induced by tRNA binding. Right: cocrystal structure of T-box discriminator with 

bound tRNA. Stem III is omitted for clarity.
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Fig. 5. 4.9 Å Cryo-EM map and structure of a full-length B. subtilis glyQS T-box-tRNAGly 

complex.
(a) Raw micrograph with top view (red boxes) and side view (yellow boxes) of the T-box-

tRNA complex particles. (b) 2D averages showing high-resolution RNA features. (c) Front 

and side views of the final cryo-EM reconstruction at 4.9 Å. (d) Cryo-EM density overlayed 

with final structural model (middle) with zoom-in views of the interface between the tRNA 

3’-end and the discriminator (upper left), tRNA D-stem with resolved ribose and phosphate 

backbone (lower left), interface between the tRNA elbow and stem I distal interdigitated T-

loops (upper right); interface between the tRNA anticodon and the T-box specifier (lower 

right).
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Fig. 6. The T-box central spine and structural comparisons.
(a) Superposition of the Stem I distal interdigitated T-loops (boxed) in the cryo-EM structure 

(marine) with those in the Stem I-tRNA cocrystal structures from O. ihenyensis (orange)22 

and G. kaustophilus (cyan)23. (b) Comparison of the Stem I-tRNA stacking interface among 

the three structures. Numbering is based on the B. subtilis cryo-EM structure (marine). (c) 

Superposition of the discriminator structures in the cocrystal (magenta) and cryo-EM 

(marine and green) structures reveals an 8° rotation of the tRNA acceptor stem. (d) 

Secondary structure diagram of the full-length B. subtilis glyQS T-box-tRNAGly complex. 
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Disordered residues are shown in grey. (e) Coaxial stacking at three tRNA-T-box interfaces 

align and assemble a ~31–32-layered central spine that stabilizes the antiterminator 

conformation. (f & g) Overlay of back-calculated SAXS scattering curves (red lines) 

computed from the co-crystal structure of T-box discriminator-tRNA complex (f) or Cryo-

EM structure of full-length T-box-tRNA complex (g) with CRYSOL61 with experimental 

scattering profiles in solution (blue circles; mean and s.d. of 30 measurements of one 

sample; Online Methods). χ2 values of the fits are indicated.
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Fig. 7. Mechanistic model of a co-transcriptionally acting T-box riboswitch.
A transcriptional T-box initially uses its Stem I to select a cognate tRNA regardless of its 3’ 

aminoacylation state, based primarily on anticodon-specifier complementarity. kon and koff 

for the cognate tRNA are derived from single-molecule fluorescence measurements19,31,51. 

The anticodon-specifier interaction engages first and is reinforced by the stacking interaction 

at the tRNA elbow (red stick). Subsequent elongation of the T-box transcript exposes Stem 

III and the 5’-half of the antiterminator, which then forms four base pairs with the 3’-NCCA 

end of the docked tRNA. Finally, the 3’ strand of the antiterminator, transcribed last, will 

attempt to anneal with its 5’ counterpart. In starvation, the annealing is successful, forming a 

32-layered, stacked central spine. This spine stabilizes the antiterminator conformer and 

allows RNAP to traverse this region to transcribe downstream genes. In amino acids 

abundance, the presence of an esterified amino acid on the tRNA blocks annealing of the 3’-

strand of the antiterminator due to a steric conflict with the G167•U185 wobble pair, leading 

to terminator formation and termination of gene expression, completing a negative feedback 

loop.
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Table 1

Data collection, phasing and refinement statistics of the T-box discriminator–tRNA complex cocrystals.

SAD Phasing Model Complex (PDB: 6PMO) Native

Data collection

Space group C2221 C2221 C2221

Cell dimensions

 a, b, c (Å) 95.01 118.41 134.09 44.85 139.91 135.99 45.05 139.55 134.97

 α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Wavelength (Å) 0.9218 1.0000 0.9793

Resolution (Å)
a 74.10 – 4.53 (5.06 – 4.53) 35.0 – 2.66 (2.75 – 2.66) 67.49 – 2.84 (2.94 – 2.84)

Rmerge (%)
a 21.3 (90) 6.2 (115) 7.6 (80)

I/σ(I)a 24.0 (12.0) 16.9 (1.4) 11.9 (1.8)

CC1/2 0.995 (0.993) 0.998 (0.698) 1.000 (0.465)

CC* 0.999 (0.998) 1.000 (0.907) 1.000 (0.797)

Completeness (%)
a 100.0 (100.0) 99.5 (97.6) 99.8 (100.0)

Redundancy
a 56.8 (58.5) 6.0 (5.9) 6.1 (6.0)

Refinement

Resolution (Å)
a 35.0 – 2.66 (2.75 – 2.66) 69.78 – 2.84 (2.94 – 2.84)

No. reflections
b 12724 (1215) 10437 (1032)

Rwork / Rfree (%)
a 22.7 (37.9) /27.2 (36.5) 25.3 (38.9) /27.1 (52.4)

No. atoms 2797 2880

 RNA 2762 2848

 Ions 17 32

 Water 18 0

Mean B-factors (Å2) 89.2 98.3

 RNA 88.9 97.5

 Mg and Ir ions 176.6 170.1

 Water 56 -

R.m.s. deviations

 Bond lengths (Å) 0.004 0.003

 Bond angles (°) 0.77 1.50

Maximum likelihood coordinate precision (Å) 0.47 0.48

a
Values in parentheses are for the highest resolution shell.

b
Values in parentheses are for the cross-validation set. The SAD phasing dataset contain merged data from 9 crystals of the wild-type T-box 

sequence. The single datasets of the Model Complex and Native crystals were from crystals of the A156C::U189G variant T-box, which exhibited 
improved diffraction limits.
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Table 2

Cryo-EM data collection, processing and model refinement statistics of the full-length B. subtilis glyQS T-

box-tRNAGly complex.

B. subtilis glyQS T-box-tRNAGly complex (EMD-20416, PDB: 6POM)

Data collection and processing

Magnification 165,000

Voltage (kV) 300

Electron exposure (e−/Å2) 38

Defocus range (μm) −0.4 – −3.5

Pixel size (Å) 0.82

Symmetry imposed C1

Initial particle images (no.) 1,962,681

Final particle images (no.) 189,361

Map resolution (Å) 4.9

 FSC threshold 0.143

Map resolution range (Å) 4.1 – 6.0

Refinement

Initial model used (PDB code) 4LCK, 4MGN, 6PMO

Model resolution (Å) 5.2

 FSC threshold 0.5

Model resolution range (Å) n/a

Map sharpening B factor (Å2) −353

Model composition

 Nonhydrogen atoms 4937

 Protein residues 0

 Ligands 0

B factors (Å2)

 Protein 0

 Ligand 0

R.m.s. deviations

 Bond lengths (Å) 0.002

 Bond angles (°) 0.808

Validation

MolProbity score 2.08

Clashscore 1.75

Poor rotamers (%) 0

Ramachandran plot

 Favored (%) 0

 Allowed (%) 0

 Disallowed (%) 0
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