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ABSTRACT

In Staphylococcus aureus, a T-box riboswitch exists upstream of the glyS gene to regulate transcription of the sole glycyl-tRNA
synthetase, which aminoacylates five tRNAGly isoacceptors bearing GCC or UCC anticodons. Subsequently, the glycylated
tRNAs serve as substrates for decoding glycine codons during translation, and also as glycine donors for exoribosomal synthesis
of pentaglycine peptides during cell wall formation. Probing of the predicted T-box structure revealed a long stem I, lacking
features previously described for similar T-boxes. Moreover, the antiterminator stem includes a 42-nt long intervening sequence,
which is staphylococci-specific. Finally, the terminator conformation adopts a rigid two-stem structure, where the intervening
sequence forms the first stem followed by the second stem, which includes the more conserved residues. Interestingly, all five
tRNAGly isoacceptors interact with S. aureus glyS T-box with different binding affinities and they all induce transcription
readthrough at different levels. The ability of both GCC and UCC anticodons to interact with the specifier loop indicates
ambiguity during the specifier triplet reading, similar to the unconventional reading of glycine codons during protein synthesis.
The S. aureus glyS T-box structure is consistent with the recent crystallographic and NMR studies, despite apparent differences,
and highlights the phylogenetic variability of T-boxes when studied in a genome-dependent context. Our data suggest that the S.
aureus glyS T-box exhibits differential tRNA selectivity, which possibly contributes toward the regulation and synchronization of
ribosomal and exoribosomal peptide synthesis, two essential but metabolically unrelated pathways.
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INTRODUCTION

Riboswitches are important bacterial regulatory RNAs that
modulate either transcription elongation or translation initi-
ation in bacteria (Winkler and Breaker 2005). Ιn order to act
as modulators of gene expression, riboswitches exhibit a cer-
tain plasticity that depends on several factors. The majority of
riboswitches bind rather small molecule ligands, such as ami-
no acids (aa) or nucleotides (nt), through characteristic con-
served motifs of their aptamer domain (Breaker 2011; Mellin
and Cossart 2015). The aptamer domain in turn transmits
the conformational changes induced by ligand binding to
the expression platform, thus affecting gene expression
(Deigan and Ferré-D’Amaré 2011). Due to its central role
in bacterial metabolism, riboswitches are considered as a
novel class of molecular targets for the development of spe-

cific antibacterial drugs (Blount and Breaker 2006; Breaker
2012; Jentzsch and Hines 2012).
T-box riboswitches represent a special class of riboswitches

that modulate gene expression through binding of tRNAs.
They control transcription of downstream genes that either
encode proteins involved in biosynthesis and transport of aa
or aminoacyl-tRNA synthetases (aaRSs) which supply ribo-
somal protein synthesis with the aminoacylated tRNAs
(aa-tRNAs) substrates (Henkin 2008, 2014). Although their
main regulatorymechanism is transcriptional attenuation, re-
cently it was shown that the ileS T-box in Actinobacteria acts
via sequestration of the Shine–Dalgarno sequence, thus mod-
ulating ribosome binding and translation initiation (Sher-
wood et al. 2015).
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The stabilization of the T-box:tRNA complex depends on
contacts between two distinct but variably distant domains
that are important for the correct orientation of the tRNA
(Vitreschak et al. 2008; Gutiérrez-Preciado et al. 2009). The
first domain of a T-box (stem I) contains the specifier loop
(SL) that varies in size and contains a codon-like nucleo-
tide triplet. The SL is responsible for recognition of the
bound tRNA through “scanning” of its anticodon sequence
by Watson–Crick base-pairing with the tRNA anticodon
(Grigg et al. 2013; Zhang and Ferré-D’Amaré 2013). At the
beginning of the stem I duplex, a kink turn (or K-turn)
is formed. This motif is a common structural feature for
many functional RNA molecules (Winkler et al. 2001;
Schroeder et al. 2010; Wang and Nikonowicz 2011). Upon
binding of uncharged cognate tRNA, the T-box adopts a
characteristic conformation (termed antiterminator) that al-
lows transcription elongation of the downstream gene by
RNA polymerase. Since their discovery, the few characterized
T-boxes were considered of single-specificity for the tRNA
ligand mainly because of the existence of a single codon-
like triplet in the specifier loop (Grundy and Henkin 1993;
Green et al. 2010). However, it was shown recently in
Clostridium acetobutylicum that T-box riboswitches of dual
specificity also exist in a genome-dependent context (Saad
et al. 2012).Moreover,T-boxesdisplayingSLswith relaxed co-
don specificity are more widespread than previously thought.
It has been proposed that the specificity of the T-box for tRNA
recognition depends both on the number of the nucleotides
forming the SL and most importantly, on the downstream
genes, which can be organized in operons and may control
more than one metabolic pathway (Saad et al. 2013).
The second essential domain that contains the conserved

T-box signature sequence is the terminator/antiterminator
stem. Due to its conservation, it is easily recognizable by
the available bioinformatics tools and plays a role in the rec-
ognition and binding of tRNA’s discriminator base and uni-
versal 3′CCA end (Vitreschak et al. 2008; Wels et al. 2008;
Chang and Nikonowicz 2013). This interaction is equally
critical for the correct positioning of tRNAs and moreover,
it is important for sensing uncharged or charged tRNAs
(Zhang and Ferré-D’Amaré 2014). Once bound to the SL,
the uncharged tRNA is available to interact through its
3′CCA to the T-box bulge (Gerdeman et al. 2003; Yousef
et al. 2005; Fauzi et al. 2009; Grigg and Ke 2013b). Given
all the structural requirements, the mRNA adopts an overall
rather simple conformation for completion of gene tran-
scription (Grundy et al. 2002b; Grigg and Ke 2013a). Stem
I and the antiterminator stem are connected through an in-
ter-stem linker of variable length and role (Rollins et al.
1997; Grundy et al. 2002a; Grundy and Henkin 2004).
Using this elegant system, bacteria (mainly gram positive)
can control their metabolic rate under various environmental
conditions (i.e., under amino acid starvation). On the other
hand, stimulation of transcription of the gene under control
is achieved only upon binding of cognate uncharged tRNAs

to the specifier loop of the T-box, or via conformational
changes which affect translational initiation (Sherwood et
al. 2015). By using the actual carriers of amino acids as li-
gands, bacteria can modulate the levels of their growth de-
pending on the availability of amino acids as essential
growth ingredients (Smith et al. 2010; Raina and Ibba 2014).
Recent structural studies, focused mainly on stem I, have

provided a more detailed illustration of the conformation
changes that occur during the interaction of the T-box with
the tRNA (Chang and Nikonowicz 2013; Grigg et al. 2013;
Grigg and Ke 2013b; Zhang and Ferré-D’Amaré 2013). In
addition, the important role of tRNA’s elbow for efficient in-
teraction also became evident (Lehmann et al. 2013). Finally,
T-boxes can sense and discriminate the volume of charged
and uncharged tRNAs in an EF-Tu-independent manner
(Zhang and Ferré-D’Amaré 2014). It must be noted that all
the above-mentioned interactions occur in the absence of
protein factors (Grigg and Ke 2013a; Zhang and Ferré-
D’Amaré 2014).
The first T-boxes were initially discovered and character-

ized, based on the observation that the mRNAs of many
aminoacyl-tRNA synthetases (aaRSs) have a very long 5′ lead-
er region, which exhibits conservation in the T-box region
(Green et al. 2010). This domain is quite flexible and it
has been proposed to facilitate interaction with tRNA via
an “induced fit” model (Zhang and Ferré-D’Amaré 2013).
Although bioinformatics tools are able to identify numerous
T-boxes, the secondary structures from only a few species
were experimentally verified (Vitreschak et al. 2008; Gutiér-
rez-Preciado et al. 2009; Chang and Nikonowicz 2013; Sun
and Rodionov 2014). Despite the recent progress (Miao
et al. 2015), it is even more difficult to reliably predict the ter-
tiary structure of T-boxes. A more detailed look at the avail-
able genomes indicates that there is an extensive variability in
T-boxes’ structural features among species thatmerits further
investigation (Vitreschak et al. 2008; Wels et al. 2008; Gutiér-
rez-Preciado et al. 2009; Sun and Rodionov 2014). Most re-
cently, the description of a riboswitch, which controls the
tyrS paralog tyrZ, indicated that variability and differences
among T-boxes might reflect evolutionary events which fa-
vored the conservation of structural elements that could
vary among species for the same type of T-box (Williams-
Wagner et al. 2015). Various detailed bioinformatics analyses
have proposed that there is species-specific occurrence of var-
ious T-boxes, raising questions on the evolution and propaga-
tion of T-boxes as regulatory elements. Therefore, a closer and
more detailed look on the relationship between specific struc-
tural features of T-boxes and themetabolic pathways that they
control may exist and could provide further insights.
In Staphylococcus aureus, a sole glyS gene (encoding an

α2 type glycyl-tRNA synthetase; GlyRS) and five tRNAGly

genes exist bearing one GCC and four UCC anticodons
(Giannouli et al. 2009). All genes serve the uninterrupted
supply of glycine for incorporation into nascent polypeptides
during ribosomal translation as well as during synthesis of the
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bacterial cell wall. The S. aureus cell wall contains character-
istic pentaglycine bridges that stabilize peptidoglycan chain
interconnection (Schneider et al. 2004). They also represent
an example of exoribosomal peptide synthesis catalyzed by
a family of three nonribosomal peptidyl-transferases known
as Fem factors (Factors Essential for Methicillin Resistance;
FemX, A and B) (Rohrer and Berger-Bachi 2003; Hübscher
et al. 2007; Giannouli et al. 2010). As has been shown previ-
ously, the five tRNAGly isoacceptors might serve as either pro-
teinogenic or nonproteinogenic carriers of glycine for the two
distinct and metabolically unrelated pathways (Giannouli
et al. 2009). This role of each tRNA could be assigned by
the strength of binding affinity to EF-Tu. In addition, it is
known that the tRNAs that participate as carriers of amino
acids for cell wall synthesis exhibit idiosyncratic features
(Villet et al. 2007; Shepherd and Ibba 2015). Previous bioin-
formatics analyses indicated that a T-box riboswitch most
likely precedes and possibly regulates the sole glyS gene in
S. aureus and other staphylococci (Vitreschak et al. 2008;
Wels et al. 2008; Gutiérrez-Preciado et al. 2009). However,
the sequence corresponding to the overall T-box riboswitch
appeared longer and only the T-box sequence shared an
adequate degree of conservation compared with previously
characterized glyQS T-boxes from Bacillus subtilis, Geobacil-
lus kaustophilus, and Oceanobacillus iheyensis.

To investigate the role of the S. aureus glyST-box, we cloned
it and determined its secondary structure.Our results revealed
essential differences in stem I, as well as in the antiterminator
domain structure, which is constituted of two stems instead of
one. Despite the observed differences, a detailed analysis
of the T-box:tRNA interaction showed that the S. aureus
T-box binds its tRNA ligand using essentially the same
mode that has beendescribedpreviously, and satisfies both the
proposed “two-ruler” and the induced fit models. Moreover,
the S. aureus glyS T-box interacts with all five tRNAGly isoac-
ceptors, albeit with different affinities, revealing an intriguing
ambiguity for the reading of the SL codon by the tRNA anti-
codon. Overall, the S. aureus glyST-box represents the longest
riboswitch of each kind that has been studied so far, and we
propose that it is able to regulate binding and transcription
readthrough by utilizing all five glycine isoacceptors, indepen-
dently of their anticodon (GCC or UCC). This is the first ex-
ample of an SL codon-reading ambiguity of tRNAs that
synchronizes the regulation of two different cellular processes:
the protein and the cell wall synthesis.

RESULTS

Identification of the glyS leader sequence and
transcription initiation point

In the current work, we investigated the existence of a func-
tional T-box riboswitch in the 5′UTR of the mRNA encoding
for the sole α2-typeGlyRS in S. aureus. Although previous bio-
informatics analyses predicted the existence of such a T-box,

they were based only on the recognition of the highly con-
served T-box bulge sequence (Vitreschak et al. 2008; Wels
et al. 2008; Sherwood et al. 2015). In the case of the S. aureus
glyS T-box, it was evident that stem I with the exception of the
SL GGC codon did not exhibit the same conservation with
other characterized T-boxes based on comparison with
glyQS T-boxes from B. subtilis,O. iheyensis, andG. kaustophi-
lus that have been structurally characterized (Fig. 1). Analysis
using the RegPrecise 3.0 database indicated that the S. aureus
glyS T-box exhibited a very low score of conservation (12.9)
compared with the other T-boxes which exhibit significantly
higher scores (above 60) (Novichkov et al. 2013). To clarify
whether the ∼340-nt upstream of the glyS start codon region
was part of its 5′UTR, we tested its expression under minimal
growth conditions (M9 mineral salt medium supplemented
with amino acids, see Materials and Methods). The primers
that were used were designed to anneal at the predicted
5′UTR region upstream of the glyS gene. When glycine was
omitted from the medium, the region upstream of glyS
showed elevated expression (Fig. 2A, upper panel, left lane),
which was attributed to glycine deprivation. When glycine
concentration was restored in the medium (Fig. 2A, upper
panel, right lane), the levels of expression were reduced. The
sequence of the glyS 5′UTR was confirmed (Fig. 2A, lower
panel) and the promoter region was identified (nucleotides
−10 and −35, Fig. 2B). Both the bioinformatics prediction
and the experimental verification of the T-box sequence re-
vealed that although the SL loop/codon region and the con-
served T-box sequence can be traced, the remaining
predicted structure was significantly divergent (Fig. 1).
The transcription starting point (Fig. 2B, nucleotide +1)

was determined based on bioinformatic tools that predicted
as possible starting points positions U1, A2, and U7
(Tanabe and Kanehisa 2012). The transcription start was de-
termined by dinucleotide-primed transcription initiation re-
actions using three different dinucleotides, ApU, UpA, and
CpU (Samuels et al. 1984) (see Materials and Methods).
Initiation reactions were performed by omitting the G nucle-
otide, which was used subsequently at the elongation phase
of the reaction. Transcription initiation could be induced
only in the presence of ApU (Fig. 2C) without excluding
the possibility of transcription initiation at positions +2
and +3. Bioinformatics analysis using the BPROM online
tool (Solovyev and Salamov 2011) in Softberry database
was also used for the same prediction (data not shown).
The length of the glyS upstream region is 294 nt (until the
AUG initiator codon), and the full-length T-box leader ac-
cording to sequence alignments is 225 nt.

Prediction of the glyS T-box secondary structure
indicates unusual structural features

The putative secondary structure of the S. aureus glyS T-box
was predicted based on bioinformatic analysis and subse-
quent thermodynamic analysis of the secondary structure
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stability using the Mfold web server (Zuker 2003). Prediction
of the secondary structure was also based in a multiple se-
quence alignment of stem I, specifier loop, and terminator/
antiterminator stem (Fig. 1). The predicted S. aureus glyS
T-box structure forms a long riboswitch with the following
unusual structural features: (i) the K-turn motif (also known
as GAmotif) exhibits very low conservation, (ii) the loop E is
quite conserved but displaced and not opposite to the SL loop
as in the case of B. subtilis, (iii) the apical (distal) loop of stem
I, although adequately conserved, contains six additional nu-
cleotides, and (iv) the SL loop belongs to the 8-nt-long class,
and includes the GGC triplet that is recognized by the GCC
anticodon of the sole tRNAGly(GCC) ligand. The SL codon is
followed by the conserved purine which is a guanosine (in-
stead of adenosine in B. subtilis and G. kaustophilus). As
has been described for the B. subtilis glyQS T-box, the char-
acteristic stem II and pseudoknot stem IIA/B are also absent
from S. aureus glyS T-box (Henkin 2014). It has been pro-
posed that the absence of stem II and pseudoknot stem

IIA/B indicates that no additional trans-acting factors medi-
ate the binding of the T-box with the tRNAGly (Grundy and
Henkin 2004; Vitreschak et al. 2008). Similarly, it contains a
very short variable linker and the stem III is predicted shorter
compared with that from B. subtilis (4 bp instead of 7).
Surprisingly, the S. aureus glyS T-box seems to form a very
long antitermination stem that includes an intervening se-
quence of 42 additional nucleotides (nt 173–214, Fig. 1).
This unusually long antiterminator conformation is similar
to that of B. subtilis only in the bottom half (Fig. 1A, boxed
region), and contains the 7-nt T-box bulge including the
UGGA conserved sequence that interacts with the UCCA 3′

end of tRNAGly. This additional sequence forms almost ex-
clusively the first stem of the terminator structure (Fig. 1B).
This domain (termed stem Sa) is followed by the second
and more conventional terminator stem that, despite a quite
adequate conservation, is also 17-nt longer between positions
246 and 264. All the predictions for the possible folding of
individual regions that we examined suggested an overall

FIGURE 1. Proposed S. aureus glyS T-box secondary structure based on in silico and biochemical analysis. For the alignment, highly conserved
(100%) nucleotides are indicated in dark gray filled circles and moderately conserved (66%) appear in light gray open circles. Alignment numbering
corresponds to S. aureus glyS leader sequence. Values corresponding to the thermodynamic stability of the terminator region were calculated accord-
ing to Mfold free energy prediction tool and appear in a box for each structural element. Annotation numbers: SA1394 S. aureus N315; BSU25270 B.
subtilis 168; GK3430 G. kaustophilus HTA426.
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T-box riboswitch structure which is appropriate for tRNA
binding and includes the unusual two-stem terminator struc-
ture (Fig. 1B) which is restricted in staphylococci (Supple-
mental Fig. 1). The two-stem terminator conformation
facilitates sequestration of the conserved T-box sequence
and possibly confers a stronger terminator signal during tran-
scription. To verify the S. aureus glyS T-box predicted struc-
turewe prepared three constructs of different length. The first
construct included the whole sequence upstream of the glyS
gene (position +1 to position +275, termed T275), the sec-
ond included essentially the full-length T-box (position
+10 to position +225, termed T225), and the third construct
was a truncated version of stem I without the K-turn (posi-
tion +34 to position +115, termed T115). All the constructs
were used for subsequent experimentation.

Structural analysis reveals a divergent stem I

In order to get insights on the actual structural features of the
individual regions from the predicted model, we performed
chemical and enzymatic probing of stem I (Fig. 3). Stem I
is well-structured in the absence of tRNA and therefore
initial analysis was performed in the absence of the cognate
tRNAGly(GCC) (Wang et al. 2010; Wang and Nikonowicz
2011). The construct T275, which includes the T-box leader
and the long antiterminator stem with the intervening se-
quence, was treated with DMS (modifies A and C bases)
and kethoxal (modifies G bases). Primer extension analysis
was performed by using a specific primer for stem I (Fig.
3A; Supplemental Table 1). Analysis of the structural probing
that we performed (Fig. 3B) confirmed the predicted struc-
tural features. More specifically, the T-box includes a broader

K-turn region with only a few of the conserved nucleotides
that have been reported previously for this motif (Figs. 1,
3A, filled gray circles). Although the K-turn region is not typ-
ical, it appears protected from chemical modification with
the exception of C116 and G117 (Wang and Nikonowicz
2011; Zhang and Ferré-D’Amaré 2013). As a result, the nec-
essary bend of K-turn into the helical path can be formed
with the nucleotides that constitute the region (i.e., U32
and A33 with A119 and U120). In addition, the K-turn
does not contain a typical GA motif as for the majority of
the organisms belonging to the Bacillus–Clostridium group
(Winkler et al. 2001).
Another striking difference is the displaced E-loop, starting

at positions A44 and A45, which appear exposed and more
modification-prone than A47 and A48. Loop E is an impor-
tant structural element, responsible for the S-turn formation,
which preserves the helical form of the riboswitch and expo-
ses the SL for interaction with the tRNA’s anticodon. In the
case of S. aureus glyS T-box, the S-turn can be formed via in-
teractions with A101 that was found protected by DMS mod-
ification. Most of the E-loop region includes conserved
nucleotides (A44, U46, A47, and U49), followed by a short
bulge, which contains a conserved C54. Stem I structure
continues with a wider AG bulge, which contains a 9-nt
loop instead of 8 nt in Bacilli. The AG bulge is resistant to en-
donucleolytic cleavage, something that we also observed. In
addition, it contains the conserved nucleotides A61, A62,
and A66. The A62, which in our case appears protected
from either chemical modification or enzymatic digestion,
could potentially interact with A64 or A65, since the con-
served A66 was found to base pair with U90 in S. aureus
glyS T-box, as reported before (Vitreschak et al. 2008;

FIGURE 2. The S. aureus glySmRNA leader includes a T-box transcription regulator. (A) (Upper panel) glyS leader mRNA in vivo transcription levels
under different nutrition conditions during growth. 16S rRNA was used as control. (Lower panel) T-box sequence confirmation of the amplified
bands. (B) The region upstream of glyS gene in S. aureus. Boxed regions indicate putative −35 and −10 promoter sites and the transcription start
is indicated as +1. The predicted specifier loop (SL) and T-box regions have a dark gray background. In italics and gray is the potential Ρ-independent
transcription terminator region; the ribosome binding site (RBS) and glyS start codon (ATG) are underlined. (C) Dinucleotide-primed initiation of
transcription. The upper panel indicates the initiation reaction and the lower panel the elongation reaction. ApU, UpA, and CpU correspond to di-
nucleotides that were used for each reaction.
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Zhang and Ferré-D’Amaré 2013). This interaction is essential
in order to bring the AG bulge in proximity to the distal (api-
cal) loop (A72–A76), as was also observed in a previous
study, in the absence of tRNA.
The distal loop was also found broader, spanning from

A70 till A86 (17 nt) compared with the 11-nt apical loop in
Bacilli, and exhibits different arrangement in sequence al-
though it includes the conserved nucleotides G73, C74,
G75, and A81 and G82. Nucleotide G82 was the only one
found susceptible to modification. This observation suggests
that the apical loop is able to form long-range interactions
with the AG bulge and eventually shape the necessary confor-
mation to interact with tRNA’s D- and T-loop. Moreover,
both primer extension analysis and enzymatic probing using
the T115 variant (Fig. 3C) indicated that (i) a possible inter-
action can be formed between G77 and A81, and (ii) the re-
gion A72–A81 is inaccessible to modifying agents and
enzymatic cleavage, indicating that this region is protected
more likely because of a possible interaction with the AG

bulge. This observation is in agreement with the available
structural data and in addition, both the observed differences
in the AG bulge and the distal loop support the previously
described ambiguity over the exact interactions that take
place in the upper part of stem I with the tRNA ligand
(Vitreschak et al. 2008; Grigg and Ke 2013b; Zhang and
Ferré-D’Amaré 2013). Our analysis showed that the SL
loop belongs to the 8-nt loop T-box class. This type of
T-box has been described to exhibit dual-specificity in a ge-
nome-dependent context depending on the genes that regu-
late. In the case of the S. aureus glyS T-box, the downstream
sequence encodes only a single gene and not an operon (as in
the case of the NT-box from C. acetobutylicum), although a
second codon sequence can be identified for tRNATrp(CCA)

(U108, G109, G110). Therefore, the possibility of dual-spe-
cificity for the S. aureus glyS T-box cannot be excluded and
remains to be investigated in future experiments. The speci-
fier loop contains the conserved nucleotides G105 and A106
and follows the pattern of previously characterized T-boxes

FIGURE 3. (A) Chemical and enzymatic probing analysis of stem I region. TbGl_1 primer was used for Stem I primer extension analysis. Highly
conserved (100%) andmoderately conserved (66%) nucleotides are indicated with gray filled or open circles, respectively. (B) Chemical modification;
(S) corresponds to strong and (W) to weak DMS or KE base modification. (C) Enzymatic probing analysis; (D) indicates denaturant conditions and
(N) native conditions; (L) corresponds to the ladder constructed by alkaline hydrolysis reaction. (S) indicates strong and (W) weak susceptibility to
cleavage by T1 RNase or RNase A. Arrows correspond to V1 RNase cleavage sites.
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(Yousef et al. 2003). It also contains the G109, G110, and
C111 codon sequence corresponding to the anticodon
tRNAGly(GCC) isoacceptor (termed P1 tRNA, Supplemental
Fig. 3). The codon sequence is followed by the conserved pu-
rine (G112), which is characteristic of all T-boxes, and is cru-
cial for the interaction with the anticodon loop of the tRNA.

The terminator region forms an unusual
two-stem structure

The S. aureus glyS T-box antiterminator region was predicted
taking into account the unusual 42-nt intervening sequence
that exists between the conserved T-box sequence and the
well-conserved terminator sequence that follows. This inter-
vening sequence forms an additional stem (termed stem Sa)
in addition to the terminator stem (Fig. 4A). Attempts to suc-
cessfully map both stems with one primer that was designed

to anneal at the 3′ end of the terminator stemwere unsuccess-
ful, possibly due to the complexity of the region. After mod-
ification with DMS and kethoxal, followed by primer
extension using a specific primer designed for the short in-
ter-stem region between stem Sa and the terminator stem,
we verified our model. In the absence of tRNA, the interven-
ing sequence forms a very rigid stem which exhibits limited
accessibility to extensive modification. Using the same line
of experiments we also confirmed the secondary structure
of part of the inter-stem sequence between stem I and the
antiterminator region, including stem III (Fig. 4). A two-
stem terminator region is reported for the first time for a
glyS T-box and it seems to be specific for glyS T-boxes in
staphylococci (Supplemental Fig. 1). Attempts to identify se-
quences exhibiting homology with stem Sa throughout bac-
terial genomes did not return any results, indicating the
species-specific nature of this sequence.

FIGURE 4. (A) Predicted secondary structure of terminator/antiterminator region. Highly conserved (100%) and moderately conserved (66%) nu-
cleotides are indicated with gray filled or open circles, respectively. (B) Chemical modification; (S) and (W) indicate strong or weak base modifications
by DMS or KE; (C) corresponds to control reaction performed in absence of modification reagent. Analysis of reaction products in the presence of P1
tRNAGly is representative of the antiterminator/terminator structure rearrangement. TbGl_6 primer was used for terminator/antiterminator primer
extension analysis.
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To verify the structure of the antiterminator conformation
upon binding of the cognate tRNA, we performed chemical
probing and primer extension analysis also in the presence
of P1 tRNAGly(GCC)

. The predicted model was again con-
firmed by the structural probing showing that the antitermi-
nator region shapes an unusually long stem, compared with
previously characterized T-boxes (Fig. 4). Moreover, nucleo-
tides between A173–C183 clearly participate in a conforma-
tional change. This observation is supportive of a more
extensive involvement of the intervening sequence in interac-
tions that stabilize the structure of the T-box upon tRNA
binding. However, such interactions were difficult to detect
because of the increased flexibility of the region.

Binding of all tRNAGly isoacceptors to the T-box induces
transcription readthrough

All the available S. aureus genomes encode for five tRNAGly

isoacceptors. It has been previously proposed that the five
tRNAGly molecules can potentially serve different roles dur-
ing the S. aureus lifecycle based on their affinity for binding
to the homologous EF-Tu. Two of them, termed P1 and P2
tRNAs (Supplemental Fig. 2; GCC and UCC anticodons re-
spectively), can predominantly serve as glycine carriers for
incorporation into nascent proteins during ribosomal pro-
tein synthesis. The remaining three molecules, termed NP1,
NP2, and NEW (bearing UCC anticodons), potentially es-
cape protein synthesis after glycylation as judged by their
weak binding to EF-Tu. In turn, they probably serve as
substrates for the formation of the characteristic pentaglycine
interconnecting peptides that stabilize the staphylococcal cell
wall, a process essential for cell viability (Rohrer and Berger-
Bachi 2003; Schneider et al. 2004; Hübscher et al. 2007;
Giannouli et al. 2009, 2010).
The only tRNAGly that fulfills the SL codon:tRNA antico-

don-pairing requirements is P1, bearing a GCC anticodon
that matches the SL GGC codon. So far, all the previous stud-
ies that have been performed to characterize the SL GGC co-
don:tRNA anticodon specificity examined interactions only
with the cognate tRNAGly(GCC). Both proteinogenic tRNAGly

include the D-loop nucleotides G18 and G19 and the T-loop
nucleotides U55 and C56 that are considered important for
the tRNAs’ tertiary folding (Supplemental Fig. 2). Previous
reports have demonstrated that those nucleotides play a
role in the interaction between the T-box and the tRNA li-
gand, thus affecting the RNA polymerase readthrough
(Yousef et al. 2005). On the other hand, the three remaining
nonproteinogenic tRNAs do not include these important nu-
cleotides (Supplemental Fig. 2). Instead, they include either
U18 and U19 or C18 and U19. Therefore, we decided to
test all five tRNAs for binding to the T-box constructs, and
on top we wanted to examine whether some of them (with
the exception of P1) induce transcription readthrough. To
our surprise, all five tRNAs could bind on the T-box con-
structs (T275, T225, and T115) albeit with different affinities.

The T275 proved the less strong binder to probe this interac-
tion, possibly due to the high complexity of its tertiary struc-
ture. The band shift corresponding to the T-box:tRNA
complex was very weak and the corresponding Kd values
could not be determined (Fig. 5A), despite the fact that sev-
eral conditions were tested. However, when construct T225
(which includes essentially the full-length T-box leader)
was used, the T-box:tRNA complex binding was enhanced
and measured byEMSA gels. Similar results were observed
also for construct T115, which includes stem I without the
K-turn. The calculated Kd values (Table 1; Supplemental
Fig. 3) indicate that the P1 isoacceptor was indeed the best
ligand for stem I. However, the four remaining tRNAs also
form complexes with T-box constructs. Interestingly, when
we used the T225 to perform the same line of experiments,
we noticed that the Kd for P1 tRNA was lower and compara-
ble to those of nonproteinogenic tRNAs (Table 1; Sup-
plemental Fig. 3). This observation indicates that in the
presence of stem I, P1 tRNA binding appeared stronger, pos-
sibly due to the full complementarity of the SL:anticodon
base-pairing. However, the binding of the full-length T-box
with the tRNAs is probably stabilized by additional contact
points beyond the anticodon reading that are most likely pro-
vided by stem Sa.
To further elucidate whether this kind of interaction could

affect transcription readthrough, we used a 408-nt transcript
that includes the T-box leader together with the endogenous
promoter and part of the glyS encoded sequence (60 nt).
Interestingly, all tRNAGly isoacceptors adequately induce
time-dependent readthrough, independently of their antico-
don sequence (Fig. 5B,C). In an attempt to probe whether the
overall tRNA anticodon stacking is affected due to the inter-
action with the full-length T-box we performed enzymatic
probing of the bound or unbound status of a nonproteino-
genic tRNA, using also UV crosslinking to enhance the
strength of binding. We noticed that upon formation of the
complex, the protection of U34 but also U33 are enhanced
possibly due to base stacking of the flexible anticodon loop.
The flexibility of the anticodon is attributed to the absence
of a typical U-turn in all the tRNAs under study (Fig. 5D;
Chang and Nikonowicz 2012). The protection that we detect-
ed in combination with the lower affinity of P1 in the pres-
ence of the full-length T-box implies that a more extensive
rearrangement must exist. As a result, both the anticodon
and the upper part of the tRNA are affected and base stacking
in the presence of the antiterminator occurred. Such an in-
duced fit accommodates all the tRNAs (as we confirmed)
and structural specificity can be achieved possibly through
additional “sealing” by stem Sa (Supplemental Figs. 4B, 7).
In the case where T115 (stem I) is used, the T-box achieves
higher specificity for P1 exclusively through the SL:anticodon
complementarity.
The very strong termination signal that was observed

suggests that the S. aureus glyS T-box could behave in a dif-
ferent manner compared with its previously characterized

S. aureus glyS T-box binds five tRNAGly isoacceptors

www.rnajournal.org 1797



counterpart from B. subtilis. This observation, in combina-
tion with the unusual and very rigid two-stem terminator
conformation may further explain the lower readthrough
bands that were observed. Finally, although it is known that
K-turn contributes in general to the overall structure stabili-
zation, tRNA orientation and transcription readthrough, it
seems that its absence from T115 does not significantly affect
tRNA binding. This observation is in agreement with data de-
scribing that K-turn mutations have milder effects for the B.
subtilis glyQS T-box and do not affect tRNA binding capacity.
Strong binding of all tRNAs to construct T115 despite the ab-
sence of one of the two crucial G–A pairs is in agreement with
the suggestion that K-turn functions as an anchor of the stem
I position relative to the antitermination stem (Winkler et al.
2001; Vitreschak et al. 2008; Wang and Nikonowicz 2011).

tRNAGly binding induces structural
changes on S. aureus glyS T-box

The observation that all tRNAGly isoacceptors efficiently bind
to the T-box and induce transcription readthrough, prompt-
ed us to examine possible differences in the structural level.

Using the same methodology, we examined the changes in
the pattern of the protected bases upon binding of P1
tRNAGly, which exhibits the highest binding affinity, and
NP2 tRNAGly, which was chosen as representative of the non-
proteinogenic tRNAs bearing the UCC anticodon. Although
the mode of binding of both tRNAs is similar (Fig. 6A,B), a
closer look revealed interesting differences. Upon binding
of either P1 or NP2 tRNA it was obvious that only positions

TABLE 1. Determination of Kd values for each complex formation
between T-box constructs T115 and T225 and each tRNAGly

isoacceptor

tRNA Kd (μM) T115 T225

P1 tRNAGly(GCC) 0.92 ± 0.15 1.74 ± 0.33
P2 tRNAGly(UCC) 1.87 ± 0.2 2.20 ± 0.45
NP1 tRNAGly(UCC) 2.52 ± 0.6 2.46 ± 0.66
NP2 tRNAGly(UCC) 2.55 ± 0.44 2.45 ± 0.45
NEW tRNAGly(UCC) 2.99 ± 0.67 2.35 ± 0.52
tRNAArg(CCU) ND ND

A eukaryotic tRNAArg(CCU) was used as negative control; (ND) not
determined.

FIGURE 5. (A) EMSA analysis of T-box:tRNA complex formation between T275, T225, and T115 constructs and either proteinogenic or nonpro-
teinogenic tRNAGly isoacceptors. (B) In vitro tRNA-directed antitermination (readthrough) assay and (C) transcription elongation time plot using all
five tRNAGly isoacceptors [P1(GCC), P2(UCC), NP1(UCC), NP2(UCC), NEW(UCC)]; lane C corresponds to transcription reaction in the presence
of a eukaryotic tRNAArg(CCU) precursor used as negative control. (D) Enzymatic probing of the NEW tRNAGly:T225 complex. The region illustrated
corresponds to anticodon loop sequence, and RNase A cleavage was performed either under denaturing (laneD) or native (laneN) conditions, with or
without UV crosslink treatment; lane L indicates alkaline hydrolysis products (ladder).
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G109 and G110 of the SL codon were strongly protected.
Instead, the third position of the SL codon (C111) remained
accessible, at least in part, an observation that was quite
intriguing and raised questions, given the specificity of the
interaction between SL and both tRNAs. A previous study
investigating the interaction of a tyrS mRNA leader in which
the UAC specifier triplet was replaced by the glycyl GGC
failed to detect binding when tRNAGly(UCC) was used (Chang
and Nikonowicz 2013). This binding inability is very likely
observed due to the nature of the hybrid T-box sequence
that was tested and also possibly due to different conforma-
tional changes that were induced. Therefore, the observation
that the native full-length S. aureus glyS T-box interacts
mainly with the first two SL codon nucleotides (G109 and
G110) with C35 and C36 of both tRNAs was intriguing. An
equally interesting observation was the protection of position

G112 in the SL loop. This position was protected by both
tRNAs (albeit lower in NP2) and could indicate a wobble-
pairing with U33. This interaction possibly facilitates the an-
ticodon reading and also contributes to the orientation and
binding of all tRNAs, as has been also suggested by the recent
structures (Chang and Nikonowicz 2013; Grigg et al. 2013;
Grigg and Ke 2013b; Zhang and Ferré-D’Amaré 2013).
Since all the tRNAs contain anticodon loops with character-
istic flexibility, it is possible that this interaction may be need-
ed to stabilize the local structure, which in turn favors an
induced fit (Chang and Nikonowicz 2013; Zhang and
Ferré-D’Amaré 2015).
Binding of both tRNAs protects positions G82 and G83 of

the apical loop and G92 (Fig. 6C). The observed protections
indicate possible interaction with the D- and T-loops of
the tRNA as has been previously described, although with

FIGURE 6. Chemical probing of the T275:tRNAGly complex using a (A) proteinogenic (P1) and a (B) nonproteinogenic (NP2) tRNAGly; (S) indicates
strong and (W) weak base modifications by DMS or KE; (C) indicates the unmodified control reaction. Primers TbGL_1 and TbGl_6 (Supplemental
Table 1) were used for stem I and antiterminator region analysis, respectively. (C) Predicted antiterminator structure and base modification protection
by tRNAGly binding. Filled black stars correspond to specific protection by P1 tRNAGly(GCC) and open stars to protection by NP2 tRNAGly(UCC). Highly
conserved (100%) and moderately conserved (66%) nucleotides are indicated with gray filled or open circles, respectively.
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some differences (Vitreschak et al. 2008; Zhang and Ferré-
D’Amaré 2013). However, it must be noted that G19 of the
P1 tRNA is not present in the NP2 tRNA (replaced by
U19) and therefore the protection is supportive of a nonspe-
cific interaction due to the tRNA’s induced fit. This observa-
tion is also in line with the recent structural analyses that
showed extensive distortion of tRNA upon association with
stem I, a bending of T-box and finally an induced fit of the
tRNA. According to the two-checkpoint mechanism, the
bound tRNA is first checked through the SL:anticodon inter-
action and in a next step the length of the anticodon arm is
measured to secure the correct accommodation of the ligand.
These extensive structural rearrangements seem to be very
similar among the tRNAGly isoacceptors that exhibit almost
identical antitermination strengths, suggesting that the dis-
crete structural differences among tRNAs might mediate
the interactions.

On the other side of the T-box leader, the antiterminator
stem is also stabilized by both tRNAs. Extensive protection
is observed as previously reported in the conserved G160,
G161, and A162. A very interesting observation was the pro-
tection of A196 and A198 of the Sa loop (Fig. 6C). However,
the interaction of the antiterminator stem with P1 tRNA re-
vealed additional positions that are protected (A177 and
C178 as well as A182 and C183). This observation implies
that the higher affinity of P1 tRNA compared with the other
tRNAs could be attributed in part to those additional contacts
that facilitate tRNA binding stabilization and are probably
part of the overall induced fit that occurs. The strength of
the binding might be enhanced by an additional bend and

turn of the stem Sa (positions A177–U213, Fig. 7). Such a
conformational change facilitates a more stable fit and at
the same time could waive the strong termination signal,
due to the long intervening sequence. The observation of ad-
ditional contact points between P1 tRNA and the stem Sa are
further supported by the fact that P1 tRNA has been con-
sidered a molecule with enhanced flexibility under various
conditions, a feature that has not been observed for the
nonproteinogenic tRNAs (Chang and Nikonowicz 2013).
However, the exact role of stem Sa and its role in the induced
fit mechanism require further experimentation.

DISCUSSION

T-box riboswitches represent a very elegant example of gene
expression regulation at the transcriptional level. They give
bacteria the ability to sense amino acid concentrations in var-
ious environmental niches (Winkler and Breaker 2005).
Their regulatory function relies on specific structural features
of the 5′UTR of mRNAs and also on several elements on
tRNAs including the overall volumetric shape of themolecule
(Grundy et al. 2005; Yousef et al. 2005; Zhang and Ferré-
D’Amaré 2014). Due to the essential dynamics that are estab-
lished during this interaction, it has been proposed that tRNA
is an integral part of the transcription termination and
through contact points as well as favorable thermodynamic
associations, the T-box senses the aminoacylation status of
the tRNA (Zhang and Ferré-D’Amaré 2015). The synchroni-
zation of pathways that are activated by cellular demands (i.e.,
for the utilization of a specific amino acid) must be precise

FIGURE 7. Schematic representation of the proposed S. aureus glyS T-box:tRNAGly recognition model. (Left panel) S. aureus glyS T-box structural
rearrangement upon P1 tRNAGly

GCC isoacceptor binding. Nucleotides in black that are presented on T-box structure indicate additional interactions
with P1 isoacceptor, according to the data presented herein. (Right panel) The corresponding T-box structural rearrangement upon binding of the
remaining tRNAGly

UCC isoacceptors. Nucleotides in gray represent common interaction with either GCC or UCC bearing tRNAs. Nucleotides on
tRNAs correspond to major sequence differences among isoacceptors (Supplemental Fig. 2), namely, positions 18, 19, 33–36, 55, 56, 73–76.
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and could involve additional reactants that have not yet been
identified. All the recent biochemical and structural data sug-
gest that species-specific variations of this theme must exist,
and can probably serve specific metabolic needs. Most inter-
estingly, it was recently shown that in Actinobacteria, the ileS
T-boxes lack either partially or completely the stem I but can
still specifically bind tRNAIle. However, those T-boxes act as
sequesters of the Shine–Dalgarno sequence and thus regulate
gene expression at the level of translation and not exclusively
via transcriptional attenuation.
The few glyQS T-boxes that have been extensively charac-

terized so far derive only from Bacilli species. Therefore, stud-
ies on the same type of regulons from different species could
provide further essential information, at both the biochemical
and phylogenetic levels (Supplemental Fig. 4). In the present
study, we cloned and characterized the glyS T-box riboswitch
from S. aureus. This specific T-box deviates from the usual
structural pattern that has been described for other glyQS T-
boxes. The glyS T-box presented herein precedes the sole α2
type GlyRS and shows remarkable conservation in all staphy-
lococci (Supplemental Fig. 1). Stem I contains an atypical
K-turn region with limited conservation. It should be men-
tioned that the K-turn region has been proposed to serve as
a hub region for proteins that may facilitate the overall ribos-
witch conformation. However, although the K-turn is re-
quired in vivo, its distortion or absence does not essentially
affect the tRNA binding ability of stem I in vitro, as we also
observed in our EMSA experiments (Winkler et al. 2001;
Grigg et al. 2013; Zhang and Ferré-D’Amaré 2013). The
most striking differences are the lack of a characteristic AG
bulge (forming a K-turn in many RNAs), the displaced E-
loop, the wider distal loop (or apical loop), and an 8 nt SL,
which includes the GGC triplet. Most interestingly, the
domain that switches from the terminator to the antitermina-
tor conformation contains a 42-nt long intervening sequence,
which is glycine-specific in all known staphylococcal genomes.
Extensive chemical and enzymatic probing analyses showed
that this additional sequence (termed stem Sa) contributes
to the formation of a two-stem rigid terminator conforma-
tion, which is unusual and possibly confers a more strict reg-
ulation of transcriptional readthrough by RNA polymerase.
Moreover, it is involved in a local conformational rearrange-
ment through a helix turn, which leads to interaction of spe-
cific nucleotides during antitermination upon tRNA binding
(Fig. 7). This interaction is possibly used for discrimination,
based on differences of the T-stem or the acceptor stem of
the tRNAs. These differences may confer a way to enhance
both sequence and structural specificity. Overall, the diver-
gent structural features of the S. aureus glyS T-box may be
the reasonwhy the available bioinformatics tools failed to pro-
vide a high score for the putative regulon, although its pres-
ence had been previously predicted (Vitreschak et al. 2008;
Gutiérrez-Preciado et al. 2009).
Based on the above observations and taking into account

the recent notions that the observed riboswitch variation

seems to be related to different metabolic profiles among bac-
terial species, we examined the ability of the T-box to induce
transcriptional antitermination in vitro. In S. aureus, tran-
scriptional regulation of the GlyRS affects both ribosomal
and exoribosomal glycine incorporation into nascent poly-
peptides. This elegant regulation potentially involves all five
tRNAGly isoacceptors andmost probably depends on the syn-
chronization of the two metabolically unrelated pathways,
since both need glycine. Interestingly, all the tRNAGly mole-
cules induced transcriptional readthrough, independently of
the anticodon type (GCC or UCC). This intriguing observa-
tion was also supported by the probing data and the determi-
nation of the Kd values for tRNAGly binding. Both primer
extension and kinetic analyses suggested that at least in vitro,
the S. aureus glyS T-box interacts with all the available
tRNAGly isoacceptors.
Among the most intriguing results was the fact that both

proteinogenic and nonproteinogenic tRNAs interact with
the T-box and induce antitermination. The interaction of
the SL with the anticodon appears stronger between the two
first bases of the SL codon (G109, G110) and the two last bases
of the tRNA anticodon, indicating an ambiguity during the SL
codon reading by the tRNA’s anticodon. A similar observa-
tion has been reported for the lysK (encoding a Class I
LysRS) T-box from B. cereus (SL, AAA), which responds to
both tRNALys(UUU) and tRNAAsn(GUU) from the same organ-
ism (Foy et al. 2010). An additional interesting protection in-
volves position G112, which represents a conserved purine,
next to the cytidine that possibly interacts with G34 (in P1
and all the tRNAGly(GCC) isoacceptors, Supplemental Figs. 2,
7) as has been shown in the available structural analyses. In
the case of the S. aureus T-box, the flexibility of the anticodon
loop is possibly transduced and/or enhanced by additional
contacts promotedmost likely by stem Sa. Moreover, existing
studies on the tRNA features that are important for interac-
tion with the T-box were focused on tRNAGly bearing GCC
but notUCCanticodons, which, in the case of S. aureus, cor-
respond to all the nonproteinogenic tRNAs (Yousef et al.
2003, 2005; Grundy et al. 2005; Zhang and Ferré-
D’Amaré 2015). In addition, the existence of GGA SL trip-
lets in some glyQS T-boxes, as has been shown by bioinfor-
matics prediction, suggests that in other organisms binding
of tRNAGly(UCC) and possible contribution to the regulation
of glyQS transcription attenuation must exist and cannot be
excluded (Supplemental Figs. 2, 4; Chang and Nikonowicz
2012). Our study provides evidence that in the case of the
S. aureus glyS T-box, this regulation occurs in the context of
the GGC SL triplet. Moreover, an overall synchronization of
gene regulation can involve interactions with additional fea-
tures of the T-box, like the stem Sa.
The unconventional reading of the GGC codons for gly-

cine is not unusual and has also been observed during protein
synthesis. It is known that glycine is a member of a four-co-
don family with the first two nucleotides being guanosines
matching the C35 and C36 of the anticodon. In bacteria,
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all four codons are read by up to three different tRNA antico-
dons (GCC, UCC, and CCC). In addition, some Bacillus and
Staphylococcus species use two tRNAGly isoacceptors bearing
UCC and GCC anticodons, where U is post-transcriptionally
modified. Modifications of U34 can lead to opposite func-
tional effects, such as enhancement of the ability of U to wob-
ble pair or restriction of wobble pairing and enhancement of
discrimination. Moreover, inMycoplasmamycoides, as well as
in mitochondria and chloroplasts, the tRNAGly(UCC) recog-
nizes all four codons with equal efficiency. Therefore, the am-
biguity that is observed in the S. aureus glyS T-box SL codon
reading can be attributed to this intrinsic idiosyncrasy of the
tRNAGly isoacceptors (Samuelsson et al. 1983; Chang and
Nikonowicz 2012). However, it is still unknown whether
this ambiguity plays a significant role in the cellular environ-
ment. Based on previous reports and using data from the
MODOMICS database (http://modomics.genesilico.pl/
sequences/list/), it is evident that the ability of the
tRNAGly(UCC) to discriminate among the four codons might
also be affected by the presence of a 5′-carboxymethylamino-
methyluridinemodification in the first position of the antico-
don. However, although this modification has been identified
in B. subtilis and increases codon discrimination, it is absent
from S. epidermidis that also encodes nonproteinogenic
tRNAGly molecules identical to those of S. aureus (Machnicka
et al. 2013). Based on the above studies, it has been suggested
that the ability of the tRNAs to discriminate codons (or in
this case SL triplets) in the third position depends to a certain
extent on the distribution of existing modifications at posi-
tions 34 and/or 37, the identity of positions 32 and 38, and
the nature of positions 35 and 36 (Nelson et al. 2006).
Therefore, it is still unclear whether yet unidentified modifi-
cations in specific positions, together with structural changes
in the overall shape of the tRNA, could enhance or lower the
SL:anticodon binding affinity and recognition in vitro or dur-
ing the bacterial growth. When tRNA molecules were added
during cotranscription reactions in order to achieve proper
folding of the T-box, only minor alternative conformations
were observed. This observation may also be relevant with
the use of unmodified in vitro transcripts.

In conclusion, this study provides an additional example of
the structural and functional diversity of T-box riboswitches.
Our data, in line with the recent and earlier studies, suggest
that T-box regulons adopt species-specific patterns that facil-
itate the overall metabolic strategy of each species. In the case
of S. aureus (and most likely for other similar Staphylococcus
species like S. epidermidis), the glyS T-box synchronizes two
essential but metabolically unrelated pathways, namely the
incorporation of glycine during ribosomal protein synthesis
and for cell wall stabilization via the pentaglycine intercon-
necting peptides. All tRNAs participate in the regulation pro-
cess and stabilize the transcriptional readthrough of GlyRS.
This is probably achieved through induced fit and is en-
hanced by additional specificity constraints provided by addi-
tional contacts with the intervening sequence. Both pathways

require all tRNAGly isoacceptors to be available and aminoa-
cylated and moreover, all tRNAGly isoacceptors seem to syn-
chronize this regulation through binding and interaction
with the T-box riboswitch, thus exhibiting the same ambigu-
ity as that which has been described for the glycine codon
reading during protein synthesis.

MATERIALS AND METHODS

Chemicals, enzymes, plasmid vectors,
and bacterial strains

All primers were synthesized by VBC biotech (Austria). All enzymes
were purchased from New England Biolabs, except T7 RNA poly-
merase, SalI (Takara) and AMV Reverse Transcriptase (Promega).
RNase T1, V1, and RNase A used for enzymatic probing were
from Life Technologies. DMS and Kethoxal reagents for chemical
modification experiments were from Sigma-Aldrich. Plasmid
DNA was prepared using the NucleoSpin Plasmid Mini or Midi
prep Kit and PCR products were purified by NucleoSpin Gel and
PCR Clean-up Kit (Macherey-Nagel). [γ-32P] ATP (6000 Ci/
mmol) and [α-32P] UTP (800 Ci/mmol) were from PerkinElmer.
Radiolabeled RNA elution was performed using mini Quick Spin
RNA Columns (Roche). Gel Filtration chromatography column
Superdex 200 10/300 GL was from GE Healthcare Life Sciences at-
tached to an ÄKTA FPLC system (Amersham Biosciences). Heparin
used for in vitro antitermination assays were from Sigma-Aldrich.
RNA extraction and purification from S. aureus strains was per-
formed using RiboPure-bacteria RNA Purification Kit (Life
Technologies, USA). For analysis of RNA purity and quality, RNA
6000 Nano Kit was used (Agilent). RT-PCR was performed by using
the Brilliant III SYBR Master Mix (Agilent). The pUC57 vector was
used for T275 glyS T-box cloning (GenScript) and the pSC-A vector
(StrataClone PCR Cloning Kit, Agilent) was used for cloning of
T225 and T115 constructs. S. aureus strains were kindly provided
by Prof. S. Pournaras (Department of Microbiology, School of
Medicine, University of Athens, Greece).

RT-PCR validation of the endogenous S. aureus glyS
T-box sequence

S. aureus strains were grown in M9 minimal salts medium supple-
mented by 12 amino acids (0.2 mg/mL L-proline; L-phenylalanine;
L-tryptophan; L-histidine; L-tyrosine, 0.1 mg/mL L-glutamine;
L-glutamic acid; L-cysteine; L-arginine; L-methionine; L-threonine;
L-leucine) at 37°C for 16 h under shaking (250 rpm). Glycine star-
vation and nonstarvation conditions were performed by addition
of 5 μg/mL and 100 μg/mL glycine, respectively. For lysis and
total RNA extraction, 109 cells were used according to RiboPure-
Bacteria Kit instruction manual (Protocol for Gram-positive bacte-
ria). All total RNA samples were checked for their quality and
possible genomic or plasmid DNA contamination (RNA 6000
Nano Kit) and were subsequently used as templates for the RT-
PCR reactions using Brilliant III SYBRMasterMix. A specific primer
pair was designed for both cDNA synthesis and amplification reac-
tions (269-bp product, including the region from the transcrip-
tion start to terminator region of glyS T-box leader sequence;
Supplemental Table 1). An additional primer pair for Sau 16 S
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rRNA was used as internal control (Supplemental Table 1). Finally,
RT-PCR-amplified fragments were extracted (NucleoSpin Gel and
PCR Clean-up PCR Kit) and were sequenced (VBC biotech,
Austria) for further validation.

In silico analysis

The region containing the T-box sequence [Score:12.9%, Position:
−162] upstream of the S. aureus glyS coding regionwas identified us-
ing RegPrecise database prediction (Novichkov et al. 2013). The
broader full-length region upstream of the S. aureus glyS gene
(SA1394), which includes the T-box sequence, was further verified
using the KEGG database tool (Tanabe and Kanehisa 2012) and
“The T-box search pattern” (Vitreschak et al. 2008). Promoter se-
quence and the transcription start site were predicted using the
BPROM online tool (Solovyev and Salamov 2011) in Softberry data-
base. Thermodynamic analysis for the secondary structure stability of
the antiterminator/terminator regionwasperformedusing theMfold
web server (Zuker 2003). All multiple sequence alignments were cre-
ated using the T-Coffee server algorithm (Notredame et al. 2000),
based on the full-length T-box riboswitch sequences or individually
based on highly conserved regions of stem I, specifier loop, termina-
tor stem,andantiterminator stem.T-box sequencesused formultiple
alignments were obtained from RegPrecise and were further verified
using theKEGGdatabase tools. The tRNAGly anticodon sequences in
each species were obtained from the Genomic tRNA database
(Schattner et al. 2005). Phylogenetic trees of T-boxes were construct-
ed using the ClustalW2 algorithm (Larkin et al. 2007) and were visu-
alized using Phylogeny.fr online tool (Dereeper et al. 2008).

Cloning and in vitro transcription of glyS T-box
constructs and tRNAGly genes

The S. aureus glyS T-box T275 was synthesized and cloned into
pUC57 vector by GenScript. Constructs T225 (10–225) and T115
(34–115) were PCR-amplified using specific primers and cloned
into pSC-A vector (see Supplemental Table 1). All constructs were
verified through sequencing to avoid random mutations (VBC,
Austria). The tRNAGly genes encoding the five different isoacceptors
(P1, P2, NP2, NP1, and NEW) were cloned in pUC18 vector
(Giannouli et al. 2009). All plasmid constructs were designed with
a T7 promoter leader sequence and a terminal restriction enzyme
recognition site, BstNI for T275 and tRNAGly, SalI for T225 and
T115 constructs. Digestion of plasmids with the appropriate restric-
tion enzyme produced a linear template for subsequent in vitro tran-
scription using T7 RNA polymerase. Run-off in vitro transcription
reactions were carried out at 37°C, except T275, T225, and T115
(30°C), for 16 h in the presence of inorganic pyrophosphatase
(8 U). After DNase I treatment and Phenol:Chloroform:Isoamyl al-
cohol (25:24:1) extraction, transcripts were purified on 8% PAGE 8
M urea, excised after visualization under a UV lamp and bands cor-
responding to the tRNAs were eluted. All the in vitro transcripts
were further purified on a gel filtration column (Superdex 200 10/
300 GL-ÄKTA FPLC system).

Identification of the glyS leader transcription starting
point and transcription readthrough assay

In order to confirm the in silico predicted transcription starting
point of T-box glyS leader RNA, we performed dinucleotide-primed

initiation of transcription reactions using three different dinucleo-
tides, ApU, UpA, and CpU (Samuels et al. 1984). Template for in
vitro transcription reactions (10-ng per reaction) was a 408-bp
PCR fragment, starting 48-nt upstream of the transcription start
site, and extending to 354-nt downstream, which included the en-
dogenous promoter, the full-length T-box sequence, and part of
the glyS coding sequence (up to 60 nt) (Supplemental Table 1).
The template was previously purified and was sequenced prior to
use. Transcription termination site was predicted approximately at
position +274. The assays were carried out essentially as previously
described with minor modifications (Grundy et al. 2002b).
Transcription initiation reactions were performed by omitting the
G nucleotide, incubated at 37°C for 15 min. [α-32P] UTP (800 Ci/
mmol) was used (0.25 μM) to visualize the size of T-box conforma-
tions products during transcription by 1 U of recombinant E. coli
RNAP holoenzyme. The initiation step is paused with heparin (20
μg/mL) and elongation of transcription is allowed by the addition
of MgCl2 (28 μΜ), KCl (86 μΜ), and all nucleotides in a final
concentration of 5 μM each. Elongation reactions were carried out
at 37°C for 15 min.
Each tRNAGly isoacceptor was tested for its antitermination ca-

pacity by using the same in vitro transcription protocol. Initiation
reaction was carried out as described above in the presence of
ApU dinucleotide, which is obtained by transcription initiation pri-
ming reactions. Before transcription elongation induction, tRNAGly

transcripts were refolded (5 min at 65°C) in the presence of 1 mM
MgCl2, and added in the reactions to a final concentration of 300
nM. Elongation reactions were stopped at different time points
(5, 10, and 15 min). An additional elongation reaction was per-
formed in the presence of a eukaryotic precursor tRNAArg(CCU)

(from Dictyostelium discoideum), which was used as a negative con-
trol both in EMSA and readthrough assays. All transcription prod-
ucts were extracted and analyzed on 6% PAGE/8 M urea, after
denaturation at 50°C for 5min. Bands corresponding to termination
(T) and readthrough (RT) transcripts were visualized by scanning on
phosphoimager (Fujifilm FLA 3000 platform). The corresponding
“band volumes” were quantified using AIDA image analyzer soft-
ware (version 5.0). The (%) RTmeasurement was calculated accord-
ing to the equation: (%) RT = [(volume RT− volume background)/
(volume T + volume RT− 2 × volume background)] × 100.

Electrophoretic mobility shift assay (EMSA) and
determination of dissociation constant values (Kd)

All tRNAGly molecules were radiolabeled at the 5′ end according to
standard protocols. Of note, 5 pmol of each tRNA transcript was de-
phosphorylated at the 5′ end using 7.5 U Antarctic phosphatase and
subsequently phosphorylated using 30 pmol of [γ-32P]-ATP in the
presence of T4 polynucleotide kinase (10 U). Binding between
each of five tRNAGly isoacceptors (P1, P2, NP2, NP1, and NEW)
and glyS T-box constructs (T275, T225, T115) was analyzed using
electrophoretic mobility shift assay (EMSA). The conditions
for the binding assay were 10 mM Tris-HCl; pH 7.1, 100 mM
KCl, and 10 mM MgCl2. Each radiolabeled tRNAGly transcript
(100 nM) was simultaneously mixed with each glyS T-box construct
(5 μΜ) in the reaction buffer and was denatured for 3 min at 65°C.
After renaturation, reactions were incubated at 25°C for 1 h, and
stopped with 8% v/v glycerol, remained on ice for at least 10 min
and analyzed on a 6% v/v nondenaturing PAGE in the presence of
0.35× Tris-borate buffer supplemented with 5 mM MgCl2. Native
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PAGE electrophoretic conditions were 400 V for 15 min and 200 V
for 3 h at 4°C. After electrophoresis, the gels were vacuum dried and
autoradiographed on phosphoimager. Analysis of the complexes
formation between T-box constructs T225 and T115 and each
tRNAGly isoacceptor were performed using the same experimental
conditions described above. Concentration of each tRNA transcript
was 100 nM. T225 and T115 transcripts were used in increasing con-
centrations of 0.5, 1, 2, 5, 10 and 0.5, 1, 2, 3, 5 μΜ, respectively.
Bound and free radiolabeled tRNAGly was visualized by phosphoim-
ager scanning. Band intensity measurement was performed using
AIDA image analyzer software (version 5.0). The measurement re-
sults were expressed as the percent integrated raw intensity of the
bands corresponding to bound tRNAGly transcript (namely the
amount of T225 or T115 transcripts that is complexed with each
tRNAGly) as a result of one-site specific binding. GraphPad Prism
Software (version 5.00) was used to plot and analyze binding affin-
ities by nonlinear regression (amount of specific binding versus
T225 or T115 increasing concentrations). The calculated values
were used for the corresponding Scatchard plots (Bound/free versus
Bound) to calculate binding constants (Kd) according to the equa-
tion: slope =−1/Kd. All experiments were performed in triplicates
and each point value used in Kd determination was the mean of
two independent measurements.

Chemical and enzymatic probing

Modifications by DMS and kethoxal (KE) were performed as previ-
ously described, with minor modifications (Saad et al. 2013).
Chemical modifications were analyzed by primer extension. Two ol-
igonucleotides were used: TbGl_1 that hybridizes at nucleotides
129–148 and TbGl_6 that hybridizes at nucleotides 216–238 of
T275 glyS T-box construct (Supplemental Table 1). T275 transcript
(20 pmol) alone or in combination with P1 or NP2 tRNAGly tran-
scripts (100 and 200 pmol) were mixed in the presence of modifica-
tion buffer [70 mM Hepes-KOH, pH 7.8, 10 mM Mg(OAc)2, and
270 mM KOAc] and denatured at 60°C for 10 min, followed by
slow cooling in water bath until the mixture reaches up to 25°C.
Reactions left for 30 min at 25°C and for 10 min on ice. After
DTT addition (1 mM), the reaction mixtures were subjected to
modification by addition of DMS (1:1 dilution) or Kethoxal (1:1
dilution), at 30°C for 30 min. DMS and Kethoxal modification
reactions were stopped by adding 0.25 M Tris-acetate; pH 7.5, 0.25
M β-mercaptoethanol, 0.3 M sodium acetate; pH 9.2, 0.025 mM
EDTA and 0.3 M sodium acetate; pH 6.0, 25 mM potassium borate;
pH 6.0, respectively, followed by phenol extraction and ethanol pre-
cipitation.Modified transcriptswere resuspended in 1×TEbuffer (10
mMTris-acetate; pH 7.5, 0.1 mMEDTA), except Kethoxal modified
transcripts, which resuspended in 1×TE buffer supplemented with
50 mM potassium borate; pH 7.5. Furthermore, in primer extension
reactions, each modified transcript (2 pmol) was hybridized with
[γ-32P]-labeled TbGl_1 or TbGl_6 primer, which probe either
T275 stem I or the terminator/antiterminator region, respectively.
Extension reactions were performed in the presence of 20 mM
Tris-acetate, pH 8.3, 10 mM Mg (OAc)2, 5 mM DTT, 1 mM of
each dNTP, and 5 U AMV reverse transcriptase at 47°C for 1
h. Reaction products were ethanol precipitated and analyzed on
6% PAGE 8M urea after denaturation at 80°C for 2 min. For the en-
zymatic probing, T115 transcript (20 pmol of unlabeled transcript
mixed with 0.2 pmol of [γ-32P] ATP 5′-end-labeled transcript) was

digested with RNase T1 (0.1 U), V1 (0.01U), and RNase A (0.2 pg)
in denaturing (20 mM sodium citrate, pH 5.0, 1 mM EDTA, 7 M
urea) or native conditions (10 mM Tris-HCl, pH 7.1, 100 mM KCl
and 10 mMMgCl2). The same digestion protocol was used for anal-
ysis of NEW tRNAGly isoacceptor in complex with T225 transcript.
Both transcripts weremixed simultaneously (1:1 stoichiometry), de-
natured at 65°C for 3min, and incubated for 1 h at 25°C under native
conditions. Subsequently, reactions were radiated for 5 min by UV
(254 nm) in 8-cm distance and digested by 0.2 pg of RNase
A. Alkaline hydrolysis conditions of either tRNA or T-box transcript
(50 mM sodium carbonate, pH 9.2, and 1mM EDTA) were used for
ladder construction. Digestion reactions under both native and
denaturing conditions were incubated at 25°C for 15 min. For the
denaturing conditions we performed preincubation of the transcript
at 50°C for 5 min. Alkaline hydrolysis reactions were performed at
95°C for 10 min. All reactions were stopped by placing reactionmix-
tures on ice and after ethanol precipitation were denaturized at 80°C
for 5min and analyzed on 10%PAGE 8Murea. Finally, both primer
extension and enzymatic probing analysis were visualized by phos-
phoimager scanning.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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