
Structure and mechanism of the T-box riboswitches

Jinwei Zhang and
National Heart, Lung, and Blood Institute

Adrian R. Ferré-D'Amaré
National Heart, Lung, and Blood Institute

Adrian R. Ferré-D'Amaré: adrian.ferre@nih.gov

Abstract

In most Gram-positive bacteria, including many clinically devastating pathogens from genera such 

as Bacillus, Clostridium, Listeria and Staphylococcus, T-box riboswitches sense and regulate 

intracellular availability of amino acids through a multipartite mRNA-tRNA interaction. The T-

box mRNA leaders respond to nutrient starvation by specifically binding cognate tRNAs and 

sensing whether the bound tRNA is aminoacylated, as a proxy for amino acid availability. Based 

on this readout, T-boxes direct a transcriptional or translational switch to control the expression of 

downstream genes involved in various aspects of amino acid metabolism: biosynthesis, transport, 

aminoacylation, transamidation, etc. Two decades after its discovery, the structural and 

mechanistic underpinnings of the T-box riboswitch were recently elucidated, producing a wealth 

of insights into how two structured RNAs can recognize each other with robust affinity and 

exquisite selectivity. The T-box paradigm exemplifies how natural non-coding RNAs can interact 

not just through sequence complementarity, but can add molecular specificity by precisely 

juxtaposing RNA structural motifs, exploiting inherently flexible elements and the biophysical 

properties of post-transcriptional modifications, ultimately achieving a high degree of shape 

complementarity through mutually induced fit. The T-box also provides a proof-of-principle that 

compact RNA domains can recognize minute chemical changes (such as tRNA aminoacylation) 

on another RNA. The unveiling of the structure and mechanism of the T-box system thus expands 

our appreciation of the range of capabilities and modes of action of structured non-coding RNAs, 

and hints at the existence of networks of non-coding RNAs that communicate through both, 

structural and sequence specificity.

Introduction

Gram-positive bacteria are among the most ubiquitous microorganisms on Earth. This clade 

includes many harmless bacilli and cocci, but also a large number of clinically relevant 

pathogens from genera such as Bacillus, Clostridium, Listeria, and Streptococcus, as well as 

multi-drug resistant and extreme-drug resistant organisms such as methicilin-resistant 

Staphylococcos aureus (MRSA) and vancomycin-resistant Enterococcus (VRE).1 Thus, 

understanding the physiology and gene-regulatory circuits of Gram-positive bacteria not 

only can provide fundamental insights into the cellular and molecular mechanisms that 
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enable microorganisms to adapt continuously to survive an ever-changing environment, but 

also can inform the design and development of new antibiotics that are urgently needed to 

battle the rising pandemic of antibiotic resistance.2

Compared to their Gram-negative counterparts, Gram-positive bacteria are characterized by 

larger operon size and complexity, gene-regulatory circuits with a bias toward 

transcriptional over translational control, and the widespread use of structured RNA devices 

such as riboswitches and ribozymes.3 Indeed, riboswitches, RNA genetic actuators that 

directly sense the intracellular concentration of metabolites and second messengers and 

regulate gene expression, are most abundant in Gram-positive bacteria. 3-7 This suggests a 

need to fine-tune the transcription of multi-gene operons whose expression consumes a large 

quantity of cellular resources.

The T-box riboswitches, discovered in the Henkin laboratory in 1993, are a class of gene-

regulatory, non-coding RNA devices that are widely distributed in Gram-positive bacteria, 

in particular Firmicutes.8, 9 T-boxes sense and respond to amino acid starvation (Fig. 1). 

Rather than sensing free amino acids, as do other riboswitches10-13, T-boxes survey the 

amino acids immediately available to the translating ribosome by monitoring the 

aminoacylation levels of tRNAs.9 Since 1993, numerous studies of the T-box system have 

been undertaken using genetic, phylogenetic, biochemical, and biophysical approaches, 

producing important insights into their biological context and regulatory mechanism.14-19 

Despite these important advances, three fundamental structural and mechanistic questions 

about the T-box had remained unanswered.8 First, how can an mRNA domain such as the T-

box recognize a tRNA with high specificity and affinity outside of context of the ribosome? 

Second, how can the T-box determine the aminoacylation state of a bound tRNA? Third, 

how can an uncharged tRNA direct the outcome of a genetic switch? Here, we review 

studies reported by several groups in the past two years that have provided long-awaited 

answers to these questions.

Structural basis of specific tRNA recognition by the T-box riboswitches

T-box riboswitches are comprised of the highly conserved Stem I and antiterminator 

domains, connected by a variable linker (Fig. 2). Since 1993, genetic and phylogenetic 

analyses, in conjunction with biochemical structure probing, identified two key base-pairing 

interactions between the T-box and its cognate tRNA: one between the tRNA anticodon and 

the “specifier” trinucleotide in a loop near the base of the Stem I domain, the other between 

the single-stranded NCCA 3′ terminus of tRNA and the “antiterminator bulge” in the T-box 

antiterminator domain (Fig. 2).20, 21 However, it has remained unknown if additional 

contacts are formed between the T-box and the tRNA that confer structural selectivity beside 

this limited sequence complementarity. Recently, the first crystal structures of T-box 

riboswitch Stem I domains in complex with cognate tRNA have been determined, providing 

insight on the structural basis of this extra-ribosomal mRNA-tRNA interaction.22-24 The two 

reported structures share key commonalities and diverge in several informative aspects. 

Solution NMR analysis of a minimized complex consisting of the T-box specifier region and 

a tRNA anticodon stem-loop produced a structural model that is consistent with the co-

crystal structures.25 Together, these studies indicate that the T-box riboswitches recognize 
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their cognate tRNAs by closely tracking their three-dimensional architecture, recognizing 

defining tRNA features such as the anticodon and the elbow, accommodating and exploiting 

post-transcriptional tRNA modifications, and achieving a high degree of shape 

complementarity via mutually induced fit.24 The following sections explain how the various 

global and local structural features of the T-box Stem I-tRNA interaction contribute to 

attaining binding affinity and selectivity, thereby enabling tRNA-mediated metabolic 

surveillance and transcriptional response.

Global shape complementarity through flexible hinges and mutually 

induced fit

Higher order RNA structures are built by stitching together thermodynamically stable 

helices and structural motifs using a relatively modest set of tertiary and quaternary 

interaction strategies such as coaxial helical stacking, kissing loops, pseudoknots, tetraloop-

tetraloop receptor interactions, A-minor interactions, etc.26-29 Among these, coaxial stacking 

is ubiquitous and to a large extent dictates the overall architecture of many complex RNAs.

The recent co-crystal structures of the T-box Stem I-tRNA complexes from Oceanobacillus 

iheyensis and Geobacillus kaustophilus revealed that T-boxes recognize their cognate 

tRNAs using a linear arrangement of discrete structural modules linked together by 

malleable hinges (Fig. 3).22-24, 30 This structurally flexible, segmented architecture gives the 

T-box the ability to recognize the bendable tRNA. All elongator tRNAs share a structural 

hinge near the t26•t44 pair (throughout, tRNA residue numbers are preceded by “t”), about 

which the anticodon stem loop and the rest of the tRNA can pivot by as much as 70° during 

the transit of tRNA through the ribosome (Fig. 3).31 Importantly, this motion changes the 

distance and orientation between two prominent structural features of the tRNA —the 

anticodon and the “elbow”, the latter characterized by the flat surface of the conserved 

tertiary base pair (tG19•tC56) linking the tRNA D- and T-loops.32, 33 In order to 

simultaneously engage both, the tRNA anticodon and elbow, the T-box has a hinged Stem I 

architecture that complements that of tRNA, and uses two discrete structural motifs for 

recognition (Fig. 3b). The flexibility of the Stem I hinge is evident in high crystallographic 

B-factors, and sequence and structural variation among even closely related species. The 

hinge of the O. iheyensis glyQS T-box is more compact than that from the G. kaustophilus 

GlyQ T-box. The latter features a C-loop motif.

In addition to the hinge between the distal and specifier regions, the T-box Stem I contains a 

second hinge formed by a kink-turn (K-turn) or “GA” motif. Originally recognized because 

of its recurrence in ribosomal RNA, the K-turn is a ubiquitous, dimorphic RNA structural 

motif that can create a sharp, 120° bend in the RNA helical trajectory. 34-38 Canonical K-

turns, such as those frequently found in the proximal region of the T-box Stem I, feature a 

trinucleotide bulge at the sharp bend between a 5′ Watson-Crick helix and a 3′ helix 

characterized by tandem sheared A•G and G•A pairs (thus the “GA motif”). Comparing the 

NMR structure of the Stem I proximal region in isolation to the co-crystal structure of the 

complete Stem I bound to tRNA reveals major differences in Stem I trajectories.24, 39, 40 The 

K-turn has an extended conformation in the NMR structure whereas the co-crystal structure 

shows it in a canonical, kinked conformation. This conformation, further stabilized by the 
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bound YbxF protein (a member of the L7Ae-family of K-turn binding proteins41-44) 

dramatically shortens the distance between the 3′ terminus of Stem I and acceptor end of the 

tRNA, and may help bring the antiterminator domain of the T-box closer to the site of 

aminoacylation on the tRNA, thereby facilitating sensing of tRNA charge state and genetic 

switching.24 The functional importance of the YbxF protein or its close paralog YlxQ to the 

T-box regulatory system remains unclear.8

Decoding the tRNA anticodon: structural specificity augments sequence 

specificity

As predicted from genetic experiments, the tRNA anticodon is recognized by the T-box 

“specifier” trinucleotide using three canonical Watson-Crick base pairs (Fig. 4a-b). Previous 

phylogenetic and structural probing analyses proposed a possible fourth base pair between 

the conserved tRNA tU33 and T-box A90 residues.16 The co-crystal structures as well as the 

NMR and calorimetric analyses establish that a fourth base pair does not occur. Instead, A90 

stacks underneath the 3 bp codon-anticodon duplex and provides stabilization energy (Fig. 

4a-b). Substitutions of A90 with all other nucleosides reveal a clear preference for a purine 

at this position, as the A90U substitution abolishes tRNA binding, and A90C causes a 4-fold 

drop in binding affinity, whereas A90G produced no defect.24 While purines are known to 

be superior to pyrimidines in base-stacking interactions, the large difference between uridine 

and cytidine is not immediately understood. Reciprocally, a conserved tRNA purine, t37, 

stacks atop the codon-anticodon duplex, thus completing a geometry where the codon-

anticodon duplex is reinforced on both flanks by stacked purines. This geometry is 

remarkably similar to that used for tRNA decoding in the ribosomal P site (Fig. 4c). 

Curiously, in place of the conserved A/G90 purine, the ribosomal P site uses an invariant 

rC1400 residue (ribosomal RNAs numbers are preceded by an “r”) to stack underneath the 

codon-anticodon duplex.45, 46 The ribosome uses a combination of mRNA and ribosomal 

RNA to achieve the same geometry that the T-box attains using a single mRNA segment. In 

both instances, effective decoding of the tRNA anticodon is accomplished by supplementing 

the limited sequence specificity from three base pairs with additional structural specificity 

from the flanking stacked purines (Fig. 4d). Such a strategy not only supplies 

thermodynamic stability, but may also grant necessary specificity against non-tRNA 

structures that may fortuitously contain the same anticodon trinucleotide sequence.

Accommodation of tRNA anticodon posttranscriptional modifications

In addition to recognizing both structural and sequence features of the tRNA anticodon, the 

T-box system also has to accommodate idiosyncratic tRNA chemical features in the form of 

post-transcriptional modifications.47, 48 In particular, the tRNA t37 nucleobase is frequently 

modified into bulky hypermodified bases such as wybutosine, cyclic N6-threonyl-

carbamoyladenosine (ct6A), 2-methylthio-N6-Isopentenyladenosine (ms2i6A), etc.49, 50 To 

make room for these bulky modifications that could occur at either the Hoogsteen, Watson-

Crick, or sugar edge, the T-box Stem I backbone bends away from the t37 nucleobase, 

forming an overwound loop E motif (also known as the bulged-G motif or S turn; Fig. 5). 

The specific geometry of the loop E motif creates a pocket that would accommodate even 

the largest known tRNA anticodon loop post-transcriptional modifications. Since all 
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reported T-box co-crystal structures have been determined employing unmodified tRNA, the 

extent to which posttranscriptional tRNA modifications contribute to the affinity and 

specificity of T-box-tRNA interaction remains to be clarified. In addition, in light of the 

recent discovery of widespread mRNA posttranscriptional modifications, it is conceivable 

that the T-box RNA itself might be chemically modified to provide added affinity or tRNA 

selectivity.

Dual- and multi-specificity T-boxes that respond to more than one tRNA

Despite a high degree of sequence and structural conservation of the codon-anticodon 

duplex and the loop E motif, a number of T-boxes contain additional nucleotides inserted in 

between these two structural modules, leading to architectural diversification and functional 

elaboration in tRNA anticodon decoding (Fig. 5d). Recently, a T-box from Clostridium 

acetobutylicum was shown to respond to not one, but two tRNAs (bearing different 

anticodon sequences) by exploiting a guanosine inserted between the loop E motif (which 

ends with a GAA triplet) and the AAC codon.51 This T-box can present two codons 

depending on the reading frame: GAA for glutamate and AAC for asparagine, thus 

conferring dual specificity for tRNAGlu or tRNAAsn and allowing this single T-box to 

monitor starvation for two amino acids. Intriguingly, and consistent with the metabolic 

connections between glutamate and asparagine biosynthetic pathways, this T-box controls 

the expression of four genes that comprise the tRNA-dependent transamidation pathway, 

which catalyzes the initial misacylation (with Glu or Asp) and subsequent transamidation to 

produce Gln-tRNAGln or Asn-tRNAAsn.51 This study further demonstrated that the specifier 

loop tolerates shifts of the reading frame of the codon sequence and proposed that many 

other T-boxes could potentially respond to more than two tRNA species through a longer 

specifier loop and the resulting codon ambiguity.

Comparison of the sequences of three glycine-responsive T-boxes from Bacillus subtilis, G. 

kaustophilus, and O. iheyensis shows that the spacer (“n”, Fig. 5d) between the loop E motif 

and the codon varies between 0 and 2 (Table 1). This suggests that O. iheyensis glyQS T-box 

(n = 0) is most likely a single-tRNA riboswitch while the other two T-boxes can potentially 

respond to other tRNAs such as tRNAArg and tRNAThr. In the case of G. kaustophilus T-

box, the insertion of a 2-nucleotide spacer (Fig. 5a, red nucleotides) effectively shifts the 

entire top half of the Stem I, including the loop E motif, more distal by ∼10 Å (Fig. 5b and 

5c). Interestingly, this structural shift did not impact a separate interaction between the 

tRNA elbow and the distal loops of the Stem I because the structural shift above the 

anticodon-codon duplex is compensated by the tRNA assuming a more bent structure in the 

G. kaustophilus complex (Fig. 3d-f).

It remains unknown how codon ambiguity and binding of more than one tRNA is 

structurally accommodated by such T-boxes. It is noteworthy that such codon slippage 

changes the identities of the stacking nucleotides on both flanks of the codon-anticodon 

duplex. Sequence and structural constraints, such as the finding that at least the nucleotide 

stacking underneath the duplex cannot be a uridine in the O. iheyensis glyQS T-box (A90U 

abolishes tRNA binding 24), may restrict the extent to which codon slippage and alternative 

tRNA pairing can occur. In addition, as both spacer nucleotides in G. kaustophilus T-box 
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(A85 and C86) make a single hydrogen bond to the tRNA (Fig. 5f), using the spacer 

nucleotides as alternative codons will break these interactions and might also create new 

contacts. It remains unknown how such interface remodelling impacts the affinity and 

selectivity of anticodon decoding. Importantly, it remains uncertain whether the dual- or 

multi-specificity T-boxes actually respond to limitations of more than one amino acid in 

vivo, as might be predicted from the in vitro and in silico studies. Nonetheless, it is a 

fascinating development that T-boxes can utilize codon ambiguity and reading-frame 

slippage to link and coordinate two or more related amino acid metabolic pathways. 

Structurally speaking, this finding also provides an interesting parallel to tRNASufJ–

mediated suppression of ribosomal frameshifting, during which an elongated tRNASufJ 

anticodon loop causes recoding through tRNA distortion.52

Recognition of the tRNA elbow: convergent use of interdigitated T-loops

While it is clear that codon-anticodon pairing is the chief tRNA specificity determinant for 

T-boxes, switching the codon (or specifier trinucleotide) does not always result in the 

switching of tRNA and amino acid specificity and the recoded T-boxes do not achieve 100% 

efficiency.8 This is presumably due to structural and chemical differences among different 

tRNAs. This and several other lines of evidence pointed early on to the existence of 

additional tRNA-T-box contacts beyond the genetically predicted base-pairing interactions 

to the tRNA anticodon and single-stranded 3′-NCCA terminus.53 Strong phylogenetic 

conservation of the two distal loops of T-box Stem I has long been recognized but their 

structure and function remained elusive (Fig. 2a). The recognition of the conservation 

pattern as conforming to two T-loops (a recurring pentanucleotide RNA loop that bends the 

backbone by 180° and leaves a stacking gap between its fourth and fifth nucleotide, thus 

poised for intercalation from an external nucleobase 54, 55, Fig. 6) and its striking sequence 

similarity to the ribosome L1 stalk, allowed Lehmann et al. to boldly propose a structural 

model in which the two non-adjacent T-loops interdigitate with each other to form a “head” 

domain that produces flat, stackable platforms on both faces, in a manner analogous to the 

RNAse P ribozyme and the ribosome L1 stalk.56 By computing the frequency of 

occurrences of purines, which are strongly preferred over pyrimidines for stacking 

interactions, Lehmann et al., correctly identified which platform is used to recognize tRNA 

elbow.56

The co-crystal structures of the T-box Stem I-tRNA complex revealed the precise structural 

basis of tRNA elbow recognition by the T-box distal element (Fig. 6a-b).22, 24 Overall, the 

structures of the two crystallized T-box complexes are similar but also diverge in several 

important features. Interdigitation of the two distal T-loops in a head-to-tail arrangement 

allows them to fill each other's stacking gaps, forming a central core consisting of two 

stacked base triples, which are further reinforced by two base pairs on each flank (Fig. 6c-d). 

This heavily stacked structure enables the presentation of a purine-rich base triple against 

the tertiary base pair (tG19•tC56) formed between the tRNA D- and T-loops (Fig. 6e-g). 

Curiously, tRNA tU20 from the highly conserved D-loop assumes very different locations in 

the O. iheyensis and G. kaustophilus T-box structures. In the O. iheyensis structure, the 

nucleobase of an extrahelically flipped tU20 is seen packed against the ribose of T-box C64 

(Fig. 6e). In the G. kaustophilus structure, the similarly extrahelically flipped tU20 is 
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appreciably closer to tG19 and makes a single hydrogen bond to the latter nucleobase, thus 

forming a base triple with the tG19•tC56 pair that stacks with the T-box surface base triple 

(C43•G62•G55; Fig. 6f). In either case, extrahelical flipping of tU20 of the D-loop is 

necessary for it to expand the RNA-RNA interface. Previous biophysical analyses suggest 

that tU20 flipping is stimulated by its canonical post-transcriptional modification to 

dihydrouridine (the highly conserved modification after which the D-loop is named).57

The precise position of the T-box base-triple relative to the tRNA tG19•tC56 pair and its 

base composition are both variable, providing considerable flexibility and sequence diversity 

while maintaining the essential structural configuration (Fig. 6g). Extensive mutagenesis and 

calorimetry suggest that purines are strongly preferred in the T-box base triple 

(C44•G63•A56) but Watson-Crick pairing between C44 and G63 is not required.24 For 

instance, C44A and even C44A∷G63A substitutions are both well tolerated, producing a 

mere 2-3 fold reduction in affinity. This suggests that the presentation of the base triple is 

largely dictated by the overall domain structure and backbone trajectory directed by the 

dual-T-loop core, rather than being determined by the chemical compatibility of the three 

nucleobases to form a triple. This finding further exemplifies how unique RNA structural 

features can sometimes override sequence specificity, making sequence-based structural 

prediction more challenging. In contrast, substitutions that destabilize the T-loop 

architecture reduce binding by more than three orders of magnitude, or outright abolish 

tRNA binding. Consistent with the bioinformatic analyses and the structures, destabilizing 

T-loop 1, which directly contacts the tRNA elbow, is much more detrimental to binding than 

equivalent substitutions that disrupt T-loop 2.24

Elucidation of the T-box riboswitch structure and identification of the interdigitated T-loops 

motif as an essential recognition determinant for the tRNA elbow revealed interesting 

parallels with two other large RNA machines whose functions depend on their recognition 

of overall tRNA architecture. The universal ribozyme RNase P, responsible for 

endonucleolytic maturation of pre-tRNA 5′ ends, measures the distance from the pre-tRNA 

elbow to determine the appropriate site of pre-tRNA cleavage, using essentially the same 

structure, formed in this case by the interdigitation of two T-loops from the J11/12-J12/J11 

internal loops of the RNase P RNA.58 During translation, the ribosome L1 stalk, a mobile 

RNA structure, engages the E-site tRNA elbow using a similar pair of interdigitated T-loops 

to escort and facilitate tRNA release from the ribosome.59, 60 As there are currently no 

known evolutionary connections between the ribosome, the RNase P, and the T-box 

riboswitches, the recurring use of the interdigitated T-loops in these three instances to 

recognize the tRNA elbow appears to be a product of convergent evolution. Alternatively, it 

is conceivable that T-boxes might have evolved from a fragment of the primordial ribosomal 

RNA, given the striking structural resemblances in how the two RNA machines decode the 

tRNA antidodon and recognize the tRNA elbow structure. It is unknown whether there are 

other naturally occurring structured RNAs that also interact with tRNAs besides these three, 

and if so whether they too use interdigitated T-loops to recognize the tRNA elbow. For 

instance, a ribozyme that carries out tRNA aminoacylation may have existed, as in vitro 

selected ribozymes such as the flexizyme can aminoacylate the tRNA 3′ end using 

chemically activated amino acids.61, 62 Such a ribozyme would have been a key component 
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of a protein synthesis pathway made entirely of RNA, where ribozymes would have 

catalyzed amino acid activation, tRNA aminoacylation, and peptidyl transfer.63

Mechanisms for tRNA aminoacylation readout and genetic switching by the 

T-box

The recent co-crystal structures and NMR model have elucidated how T-box riboswitch 

Stem I domains recognize their cognate tRNAs with both sequence and structural 

specificity. However, the crystal structures do not contain the antiterminator domain, and 

thus do not address how the tRNA 3′ end, and in particular, the tRNA aminoacylation status, 

is recognized by the T-box, and further how this readout is used to dictate the genetic 

outcome of the switch (Fig. 1). In fact, until 2014, it was not even established whether the T-

box riboswitch is capable of directly sensing ther tRNA aminoacylation state without the aid 

of protein factors such as EF-Tu.

Evaluation of tRNA aminoacylation status by the T-box

EF-Tu is among the most abundant proteins in the bacterial cell and exhibits extraordinarily 

high selectivity and affinity (KD ∼ 10-10 M) toward charged (aminoacylated) tRNAs.64 It 

follows that most charged tRNAs would be associated with EF-Tu in vivo, and that the 

tRNA pools encountered by T-box riboswitches could be either uncharged free tRNAs, or 

charged and EF-Tu-bound tRNAs. Thus it may be possible for the T-box to lack an inherent 

ability to sense tRNA charging state directly, and to use EF-Tu as a proxy to distinguish 

charged from uncharged tRNAs.23 The true selectivity of the T-box riboswitch, (or T-box 

ribonucleoprotein switch if it requires EF-Tu to function) has remained unresolved due to 

several technical challenges. This has not been assayed in vivo because EF-Tu is essential 

for life. In vitro, it was demonstrated early on that uncharged cognate tRNA strongly 

promotes readthrough transcription of the T-box terminator region into the coding 

region.18, 65 However, it has remained unknown how the T-box would respond to 

aminoacylated tRNA, as such experiments require a homogeneous preparation of 

aminoacylated tRNA that is essentially free of contaminating uncharged tRNAs. tRNA 

aminoacylation reactions using cognate aminoacyl-tRNA synthetases, like many enzymatic 

reactions, do not go to completion, producing a mixture of charged and uncharged tRNAs. 

Further, it has remained difficult to separate the two forms of tRNAs, in particular, those 

tRNAs charged with small amino acids (such as glycine) from their uncharged congeners. A 

third technical difficulty lies in the hydrolytic instability of the aminoacyl bond under even 

slightly alkaline conditions.17, 66 Due to these difficulties, the effect of charged tRNA has 

been generally approximated using a tRNA variant that carries an extra cytosine 

(tRNAEX1C) on its 3′ terminus, which indeed is unable to induce transcription 

readthrough.17, 67 However, tRNAEX1C does not truly mimic aminoacylated tRNA because 

the extra 3′ cytosine (a) is six times as large as an esterified glycine, (b) occupies a different 

spatial location than the esterified amino acid due to its ability to stack on the nucleobase of 

the now penultimate adenosine, and (c) directly base pairs with a near-invariant guanosine 

(G154) at the trailing edge of the antiterminator helix A1 (Fig. 7a) and might thus strand-

invade helix A1 and actively destabilize the antiterminator structure. Formation of this 

additional intermolecular C-G pair was confirmed by calorimetric measurements and 
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explains why tRNAEX1C is particularly ineffective in inducing transcription read through, 

compared to other tRNAs that carry 3′ extra nucleosides that do not pair with G154.67

A definitive analysis of the true tRNA selectivity of the T-box requires homogeneous 

aminoacylated tRNAs, which are traditionally prepared by aminoacylation using cognate 

aminoacyl-tRNA synthetases, followed by isolation of aminoacylated tRNAs exploiting a 

specific interaction between the 3′ terminal ribose cis-diol and immobilized boronate68, or 

taking advantage of the selectivity for aminoacylated tRNAs of the activated EF-Tu•GTP 

complex.69 However, neither method is efficient or scalable. Both are subject to on-column 

tRNA deacylation and other issues such as the very low (∼5%) efficiency of EF-Tu 

activation70 using a GTP-GDP regeneration and exchange system. To provide a robust, 

flexible, and scalable alternative, a new method was developed to produce preparative 

quantities of aminoacylated tRNAs combining ribozyme-mediated tRNA aminoacylation71 

(thus conferring superior flexibility in both tRNA and the amino acid to be charged) and a 

reversible chemical protection approach.72 First, tRNA was aminoacylated using flexizyme, 

a 46-nt in vitro selected ribozyme capable of aminoacylating virtually any single-stranded 

RNA 3′ terminus with any natural amino acid, many unnatural amino acids, D-amino acids, 

or even hydroxy acids.62 The resulting mixture of charged and uncharged tRNA was 

immediately reacted with N-pentenoyl succinimide, which appends a pentenoyl protecting 

group to the α-amine of the 3′-esterified amino acid. The pentenoyl group not only stabilizes 

the aminoacyl bond against hydrolysis, but also serves as hydrophobic purification handle, 

permitting isolation of N-protected charged tRNAs using reversed-phase high-performance 

liquid chromatography (RP-HPLC).66, 73 Immediately before use, treatment with aqueous 

iodine under very mild conditions readily regenerates highly purified aminoacylated tRNAs 

(>95%).

Using highly purfied aminoacylated tRNA obtained using the new method, it became clear 

that the T-box riboswitches, exemplified by the B. subtilis glyQS T-box, strongly reject 

tRNAs charged with even the smallest amino acid, glycine, to the fullest extent, i.e., glycyl-

tRNAGly, was unable to induce any transcription readthrough.66 Further, using a panel of 

tRNA variants carrying a range of 3′ chemical groups that vary in molecular volume, it was 

demonstrated that as the van der Waals volume of its 3′ substituent increases, tRNA is 

progressively less able to induce transcription read through. In other words, the size of the 

tRNA 3′ group is an excellent inverse predictor of its ability to stabilize the antiterminator 

conformation of the T-box riboswitch. Thus the T-box gauges the molecular volume of 

tRNA 3′ substituents and the aminoacylated tRNA is rejected by structural destabilization 

due to steric hindrance. Importantly, a 3′-esterified glycine already elicits the full effect, and 

making the substituent larger does not further reduce transcription readthrough.66 This 

means that the T-box steric sieve has a threshold size that is of the order of that of glycine, 

the smallest amino acid. This allows a common antiterminator architecture to function in all 

the T-boxes that sense and respond to any of the amino acids. Consistent with this, 

phylogenetic analyses show that the antiterminator sequence and secondary structure do not 

vary based on the amino acid specificity of the T-box of which they are part.20, 21 Moreover, 

switching the Stem I specifier sequence allows at least partial switching of the tRNA and 

amino acid specificity of a T-box.
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Mechanism of uncharged tRNA-directed genetic switching

A central mechanistic mystery of the T-box system is how an uncharged tRNA molecule can 

dictate the outcome of a transcriptional switch. Is the genetically predicted base-pairing 

interaction between the tRNA 3′ NCCA terminus and a 7-nt bulge that separates the two 

antiterminator helices14, 15, 74 (helices A1 and A2, Fig. 7a) sufficient to stabilize the 

antiterminator conformation against the formation of a much more stable terminator (ΔΔG ∼ 

16.5 kcal mol-1)? Quantitative analyses of both the fluorescence intensity and lifetimes of 

fluorescent nucleoside analogues (2-aminopurine and pyrrolo-cytosine) strategically placed 

at the tRNA-T-box interface, complemented by calorimetric analyses, reveal that the tRNA 

3′ NCCA terminus not only base pairs to the antiterminator bulge, but also forms an 

intermolecular coaxial stack with helix A1, thereby stabilizing it against terminator 

formation (Fig. 7a).66 Thus, the two conserved elements of the T-box, the Stem I and 

antiterminator domains, sandwich the top half of the uncharged tRNA (coaxially stacked 

acceptor stem and T-stem), assembling into a long (a remarkable 29 layers) coaxial stack 

that comprises two instances of intermolecular stacking, and in doing so, stabilize the 

otherwise unstable antiterminator (in particular, helix A1, Fig. 7a). The collective 

thermodynamic contributions from these multi-partite T-box-tRNA base-pairing and 

stacking interactions, in conjunction with the kinetic advantage of being transcribed and 

folding first, allow the antiterminator conformation to be populated and to persist over the 

terminator, overcoming the otherwise very unfavorable difference in thermodynamic 

stability. The T-box thus leverages the structural stability of tRNA to direct the co-

transcriptional folding pathways of the antiterminator/terminator region to ultimately gain 

control of the genetic switch. All of this regulation is coupled to the direct sensing of small 

chemical changes to the tRNA, in this case aminoacylation, using steric hindrance by the 

amino acid itself (Fig. 7b), in a compact and versatile design consisting of just over thirty 

nucleotides.

Conclusion

Recent genetic, structural, and mechanistic analyses have produced a wealth of insight into 

the multi-faceted T-box gene-regulatory system, which is also a paradigm for high-affinity, 

high-specificity interactions between two natural non-coding RNAs. The modular nature of 

the T-box RNA allows the initial docking of tRNAs with its Stem I domain, irrespective of 

their aminoacylation status.17 This interaction is selective for both sequence and structural 

features of the anticodon region of the tRNA and the receptor specifier (codon) region of the 

T-box Stem I. This interaction appears to be the first committed contact that occurs between 

the two structured RNAs because disruption of the codon-anticodon pairing completely 

abolishes binding whereas disruption of other interactions (such as the tRNA elbow-distal 

Stem I interaction) preserves weak binding.24 An unexpected elaboration on the specifier-

anticodon interaction is that the structurally characterized specificity can somehow be 

reconciled with flexibility of reading frame and alternative codon selection by the single-

stranded nucleotides of the specifier loop.51 Initial engagement of the anticodon-specifier 

interaction then induces the formation of secondary contacts, in particular, the interaction 

between the flat surfaces of the tRNA elbow and the distal region of the Stem I. This latter 

interaction appears to be sequence-nonspecific and is instead primarily driven by structural 
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complementarity from juxtaposed, stackable base planes from both RNAs. As cognate tRNA 

productively docks with Stem I, its K-turn (possibly aided by L7Ae-superfamily proteins 

such as YbxF) sharply bends the trajectory of the T-box RNA toward the tRNA 3′ terminus, 

thereby setting the stage for the antiterminator domain to sense the tRNA aminoacylation 

status. The T-box antiterminator domain wraps around the tRNA 3′ terminus, making four 

bases pairs with the tRNA 3′ NCCA terminus and coaxially stacks this inter-molecular helix 

on both flanks, one side with the antiterminator helix A1 and on the other side with the rest 

of the tRNA. This structural configuration yields a strikingly long continuous helical stack 

that traverses both T-box domains as well as the entire top half of tRNA, lending crucial 

stabilization to the antiterminator to prevent the formation of the competing, strong 

terminator. The intimate interaction of the tRNA 3′ terminus with the antiterminator is 

apparently destabilized by steric hindrance from an esterified amino acid, allowing the 

stabilizing interaction to be selective for uncharged tRNAs.

Despite the insights from two decades of research on the T-box system and the recent 

elucidation of much of its structural and mechanistic underpinnings, a number of important 

questions remain. What is the precise structure of the steric sieve created by the 

antiterminator that is capable of sensing minute chemical changes to the tRNA 3′-terminus? 

What functional roles does the linker between the Stem I and antiterminator domains play? 

T-boxes with specificities other than glycine contain elaborate and structurally conserved 

Stem II and Stem II A/B pseudoknot elements in the linker. Why do glycine T-boxes not 

require such a structured linker? Do these complex linker regions contact other parts of 

tRNA to provide added affinity or specificity? What is the precise timeline of formation of 

the various T-box-tRNA contacts, and how do tRNAs release from the tight T-box grip? To 

what extent is the T-box riboswitch under kinetic or thermodynamic control? 75 To what 

extent can T-boxes bind more than one tRNA and respond to starvation of more than one 

amino acid? How do structurally divergent T-boxes function? Curious examples include the 

ileS T-boxes from Actinomyces that are truncated at the top of Stem I so that they no long 

contain the interdigitated T-loops.76 How do translationally acting T-boxes differ in 

structure and mechanism from their transcriptionally acting, better-understood counterparts? 

Further, can the T-box riboswitch be engineered to function as RNA devices to sense, track, 

or modulate the distribution and dynamics of specific tRNAs in eukaryotes from which T-

boxes are absent? Finally, are there structurally complex eukaryotic or viral RNAs such as 

long non-coding RNAs (lncRNAs) that utilize RNA-RNA recognition strategies similar to 

the T-box system to interact with cellular tRNAs or other tRNA-like elements to achieve 

cellular or viral gene regulation? With the structural and mechanistic framework established, 

we anticipate an accelerated pace in addressing these open questions and engineering 

challenges.
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Figure 1. T-box riboswitch senses and regulates intracellular amino acid availability
(a) Starvation for a particular amino acid (green circle) leads to reduced charging of its 

cognate tRNA (green). A cognate uncharged tRNA binds the T-box and stabilizes the 

otherwise unstable antiteriminator structure, allowing RNA polymerase to transcribe 

downstream genes. (b) The collective action of T-box downstream genes in (a) carries out 

amino acid biosynthesis, import, and tRNA charging, thus restoring cellular amino acid and 

tRNA charging levels (>95% charged). Charged tRNAs are rejected sterically, unable to 

stabilize the antiterminator. Thus, formation of the terminator prematurely terminates 

transcription.
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Figure 2. Two mutually exclusive secondary structures of a representative T-box riboswitch and 
its base-pairing interactions with its cognate tRNA
Unlike essentially all other T-boxes, tRNAGly-responsive T-boxes (such as the B. subtilis 

glyQS T-box depicted here and the closely related O. iheyensis glyQ T-box) do not contain 

the Stem II and Stem II A/B pseudoknot elements in the linker region. The mutually 

exclusive antiterminator and terminator conformations of the T-box riboswitch are shown in 

(a) and (b), respectively. Sequence conservation across known T-boxes is indicated in 

orange and yellow circles. Base pairing interactions between the Stem I specifier sequence 

in Stem I and the tRNA anticodon (magenta), and between the T-box antiterminator domain 

and the tRNA acceptor end (green), are indicated by colored lines and boxes. The gray box 

indicates the functionally important K-turn. The sequences of tRNAGly of B. subtilis and O. 

iheyensis are identical.
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Figure 3. Common and divergent features of the T-box Stem I-tRNA complex structures
(a) and (b) Two orthogonal views of the overall structure of the O. iheyensis glyQ T-box–

tRNAGly–B. subtilis YbxF ternary complex (PDB: 4LCK24), colored marine blue, forest 

green, and gray, respectively. The distal, specifier, and proximal regions of the Stem I are 

demarcated by the T-box hinge at T-box U30 and the K-turn. The tRNA anticodon and T-

box specifier (codon) trinucleotides are colored magenta and yellow, respectively. (c) 

Overall structure of a truncated G. kaustophilus glyQ T-box Stem I in complex with 

tRNAGly (PDB: 4MGN22), colored light orange and cyan respectively. (d-f) Structural 

superpositions of the O. iheyensis and G. kaustophilus Stem I-tRNA complex structures 

made by least-squares alignment of the tRNAs (d), the Stem I (e), or the distal region of 

Stem I (f). It is evident that the tRNAs and the Stem Is cannot be superimposed 

simultaneously, due to structural differences between them. Superimposing the distal Stem I 

(f) automatically superimposes the tRNA elbow region, suggesting that the interaction 

between the T-box distal region and the tRNA elbow is structurally constrained. It is also 

clear that the degree of swivelling of the tRNA anticodon stem loop relative to the rest of the 

tRNA about the t19•t44 hinge (indicated by the arrowhead) varies considerably between the 

two T-box complex structures.
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Figure 4. A conserved geometric arrangement decodes tRNA anticodon using both structural 
and sequence determinants
(a-b) Structural arrangements of tRNA anticodon (magenta) decoding by the T-box specifier 

(yellow) and neighbouring residues observed in the O. iheyensis (a, marine blue) and G. 

kaustophilus (b, light orange) T-boxes. (c) Structural arrangement that decodes the 

anticodon of the P site tRNA (PDB: 4V5D46). The tRNA, mRNA, and rRNA are shown in 

light green, yellow, and marine blue, respectively. (d) Cartoon illustration of the geometric 

arrangement responsible for tRNA anticodon decoding by the T-box riboswitch and the 

ribosome. Codon and anticodon are colored as in Fig. 3.
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Figure 5. Variability in the T-box-tRNA interface adjacent to the codon-anticodon duplex
(a) Overlay of the O. iheyensis (marine blue) and G. kaustophilus (light orange) T-box-

tRNA complex structures by superimposing the tRNA anticodon trinucleotides (magenta). 

This leads to superimposition of the T-box specifier codons (yellow) and reveals differences 

between the two structures in the region immediately distal to the codon-anticodon duplex. 

Backbone phosphates are shown in spheres and the spacer nucleotides in G. kaustophilus T-

box are shown in red. Nucleobases and riboses are omitted for clarity. (b) Compared to the 

O. iheyensis structure, the Loop E motif (or bulged-G or S-turn motif) in the G. kaustophilus 

complex is translated more distal by 10 Å. (c) Upon translation, the two loop E motifs are 

superimposable. (d) Cartoon illustration of the T-box-tRNA interaction adjacent to the 

codon-anticodon duplex. “n” denotes the variable number of nucleotides that are inserted in 

between the codon trinucleotide and the loop E motif. n = 0 and 2 for O. iheyensis (e) and G. 

kaustophilus (f) T-boxes respectively. (e) In the O. iheyensis structure, the formation of the 

loop E motif immediately adjacent to the codon trinucleotide bends the Stem I backbone 

away from tA37, thus easily accommodating bulky hypermodifications at that position 

(dotted line). (f) In contrast, in the G. kaustophilus structure, where n = 2, the two inserted 

nucleotides, A85 and C86, shown in red, each makes a single hydrogen bond to the tRNA 

tG39 and tA37. Compared to the O. iheyensis structure, the G. kaustophilus T-box is in 

closer proximity to the tRNA in the anticodon region (compare e and f), possibly offsetting 

its reduced shape complementarity and increased distance to the tRNA t26•t44 hinge region 

(compare Figs. 3b and 3c). Further, the inserted nucleotides in the specifier loop may permit 

presentation and utilization of alternative codons, thus allowing a single T-box riboswitch to 

respond to two or more tRNAs.
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Figure 6. Recognition of tRNA elbow through two interdigitated T-loops
(a-b) Recognition of tRNA elbow by the O. iheyensis (marine blue, a) and G. kaustophilus 

(light orange, b) T-box Stem I distal region, the core of which is formed by the 

interdigitation of two T-loops (shown in red and light cyan). Interfacial nucleotides are 

labelled. (c-d) Depiction of how the isolated T-loops approach each other to fill each other's 

stacking gap (dotted lines), arriving in an extensively paired (two base triples in the center; 

hydrogen bonds on each base triple are indicated by blue dashes) and heavily stacked 

structure, as shown in (d). (e-f) Detailed interaction between the T-box base triple 

(C44•G63•A56) and the tRNA tertiary base pair (tG19•tC56) seen in the O. iheyensis (e) and 

G. kaustophilus (f) structures. The position and interaction of tU20 residue, albeit 

extrahelically flipped in both instances, differ in the two structures. The nucleobase of tU20 

is seen forming a packing interaction (parallel lines) with the ribose of T-box C64 in the O. 

iheyensis structure, whereas the same residue in the G. kaustophilus structure is shifted 

closer to and forms a base triple with the tRNA tG19•tC56 pair and appears to stack against 

T-box G62. (g) Superimposition of the tRNA tG19•tC56 pairs (thin lines) of the two 

structures reveals appreciable variability in the precise location of the T-box base triples.
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Figure 7. Mechanisms of sensing tRNA aminoacylation state and genetic switching by the T-box 
riboswitch
(a) Starvation of a particular amino acid (green sphere) leads to deacylation of its carrier 

tRNA (green). The uncharged tRNA 3′ NCCA terminus base pairs with the antiterminator 

bulge, forming a 4-bp intermolecular helix. This helix further coaxially stacks against the 

helix A1 of the antiterminator, thereby forming an extended continuous helical stack (29 

layers) and stabilizing the anititerminator structure and permitting the RNA polymerase to 

proceed through into the downstream coding region. Thus, the uncharged tRNA is 

incorporated into the antiterminator assembly and dictates the outcome of the genetic switch. 

(b) When amino acids are replete, an aminoacylated tRNA 3′ terminus destabilizes the 

antiterminator structure by steric hindrance of the amino acid, causing the 

thermodynamically more stable transcription terminator (strong RNA hairpin followed by a 

track of uridines) to form. Transcription is therefore terminated and the downstream coding 

genes are shut off, completing a negative feedback loop that senses and maintains steady-

level supplies of amino acids for the ribosome in the form of aminoacylated tRNAs.
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