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ABSTRACT

Recently, it was discovered that exposure to main-
stream antibiotics activate numerous bacterial ri-
boregulators that control antibiotic resistance genes
including metabolite-binding riboswitches and other
transcription attenuators. However, the effects of
commonly used antibiotics, many of which exhibit
RNA-binding properties, on the widespread T-box ri-
boswitches, remain unknown. In Staphylococcus au-
reus, a species-specific glyS T-box controls the sup-
ply of glycine for both ribosomal translation and cell
wall synthesis, making it a promising target for next-
generation antimicrobials. Here, we report that spe-
cific protein synthesis inhibitors could either signifi-
cantly increase T-box-mediated transcription antiter-
mination, while other compounds could suppress it,
both in vitro and in vivo. In-line probing of the full-
length T-box combined with molecular modelling and
docking analyses suggest that the antibiotics that
promote transcription antitermination stabilize the
T-box:tRNA complex through binding specific posi-
tions on stem | and the Staphylococcal-specific stem
Sa. By contrast, the antibiotics that attenuate T-box
transcription bind to other positions on stem | and do
not interact with stem Sa. Taken together, our results
reveal that the transcription of essential genes con-
trolled by T-box riboswitches can be directly modu-
lated by commonly used protein synthesis inhibitors.
These findings accentuate the regulatory complexi-
ties of bacterial response to antimicrobials that in-
volve multiple riboregulators.

INTRODUCTION

Riboswitches represent a widespread class of polymor-
phic gene-regulatory RNA structures found in the 5UTR
of numerous mRNAs. Riboswitches control the transcrip-
tion or translation of downstream genes through a RNA
conformation switch induced upon binding or release of
small molecule metabolites such as amino acids, nucleo-
sides, vitamins, cations or anions, etc. (1,2). The presence
or absence of the metabolite in question directly influ-
ence the folding of the malleable RNA into a dichotomy
of two mutually exclusive conformations, which ultimately
determine the fate of downstream gene expression. Such
genetic switching can occur at the level of transcription
antitermination/termination, translation initiation, splic-
ing, etc. (3-5). Almost all prominent human pathogens use
riboswitches to swiftly respond to various environmental
or intracellular signals and to adjust their metabolic pro-
grams. Since their early discovery, they have attracted con-
siderable attention as novel antibacterial targets that hold
great promise as potential new arsenal against the global
rise of antibiotic resistance (6). Recently, new molecules
that structurally mimic the natural ligands of riboswitches
have been identified and proved effective both in vitro and
in vivo (3,7-10). However, very recent studies raised con-
cerns on the role of riboswitch-mediated regulation in the
presence of currently used antibiotics (11,12). It has been
suggested that protein synthesis inhibitors like aminoglyco-
sides or lincomycin, besides blocking bacterial ribosomes as
their prominent molecular target, can additionally bind to
riboswitches, thus affecting the expression of antibiotic re-
sistance genes. The same studies raised concerns not only
regarding the complexity of bacterial response to various
environmental stimuli (including antibiotics) but also re-
garding the possible direct or indirect synergistic action of
antibiotics and riboswitches as response mechanisms, be-
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yond the currently known. Finally, they revealed a broader
contribution of RNA-mediated regulation regarding sev-
eral genes related to antibiotic resistance and implied the ex-
istence of additional riboregulators which might play roles
in drug-resistance mechanisms. These studies come in sup-
port of previous observations underlining the involvement
of a number of small regulatory non-coding RNAs that
modulate antibiotic resistance (13,14).

T-box riboswitches are among the first discovered tran-
scription attenuators (15). They are the only known ri-
boswitches that switch conformations upon binding of a
tRNA molecule, instead of a small ligand (16). T-boxes
control mainly transcription of genes related to amino
acid transport, metabolism and aminoacylation and they
are found in almost all prominent Gram-positive human
pathogens (17,18). T-boxes are efficient sensors of amino
acid availability by sensing the aminoacylation status of
their cognate tRNAs that directly associate with them.
T-boxes comprise of three major domains: (i) a stem I,
which initially binds and selects a cognate tRNA by base-
pairing to its anticodon and stacking against its elbow,
(i1) a linker of variable length, sequence and structure and
(iii) an antiterminator/terminator domain, which includes
the conserved T-box bulge responsible for the recognition
of tRNA’s conserved 3’CCA end and sensing its aminoa-
cylation status (19). In stem I, a codon-like trinucleotide
presented from the so-called specifier loop (SL) recognizes
the tRNA’s anticodon via Watson—Crick pairs similarly to
the decoding process during translation. To increase bind-
ing avidity and/or specificity, the apical region of stem I
makes additional stacking interactions with the flat surface
of the tRNA elbow, where T- and D-loops pair and inter-
calate. After a cognate uncharged tRNA is accommodated
on the T-box stem I via interactions to its anticodon and el-
bow, the tRNA’s 3’ end is positioned to interact with the
nascent antiterminator through base pairing and coaxial
stacking, thereby stabilizing it against the formation of the
thermodynamically more stable terminator hairpin (AAG
~16 kcal/mol). Stabilization of the antiterminator confor-
mation allows the transcribing RNA polymerase to traverse
the T-box region and to transcribe downstream open read-
ing frames. Binding of an aminoacylated tRNA, in contrast,
creates steric hindrance (from the esterified amino acid it-
self) to the intimate tRNA-antiterminator coaxial stack-
ing, resulting in destabilization of the antiterminator con-
formation and attendant formation of an intrinsic termina-
tor. Intrinsic transcription terminators dismantle the oth-
erwise highly stable and processive elongation complexes
by pulling on the nascent transcript and laterally shearing
the DNA-RNA hybrid on weak, homooligomeric dA-rU
tracks (19,20).

Until recently, the knowledge of T-boxes was coming
from studies on a handful of species belonging mainly
to the Bacilli class. Although there is a certain degree of
overall conservation shared among all T-boxes, individ-
ual T-boxes exhibit strong clade- and species-specific varia-
tions (17,18,21). Recent studies focused on the character-
ization of T-boxes from pathogenic bacteria revealed un-
expected complexities of T-box systems both at the struc-
tural and biochemical level. T-boxes are no longer consid-
ered of single tRNA specificity and can contain species-
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specific structural features, like SL with tandem or overlap-
ping codons (22,23). Certain T-boxes, exemplified by those
in Actinobacteria, control translation initiation instead of
transcription, in comparable genomic contexts (24). The
3D structure of a complete T-box:tRNA complex remains
unavailable and therefore it remains elusive how an un-
charged tRNA exactly directs the conformational switch
of the antiterminator/terminator domain. Nonetheless, the
recent crystal structures of stem I from the g/yS T-box of
O. iheyensis and G. kaustophilus in complex with the cog-
nate tRNASY ¢, together with NMR data, provide key in-
sights into this phylogenetically conserved class of riboreg-
ulators (25-28). T-boxes seem to utilize a universal mech-
anism, where stem I serves as a flexible molecular caliper
to measure the length between the tRNA anticodon and
the elbow. Specific interactions with nucleotides of the T/D-
loops appear important to secure binding and correct orien-
tation of the tRNA’s 3’ CCA end to interact with the T-box
antiterminator domain (29-32).

Recently, we characterized an unusual g/yS T-box (GT-
box), which in S. aureus controls the transcription of a
single gene encoding a glycyl-tRNA synthetase (23). This
GT-box senses the availability of glycine not only as sub-
strate for ribosomal protein synthesis, but also as sub-
strate for the exo-ribosomal synthesis of pentaglycines that
stabilize the S. aureus cell wall (33). Its secondary struc-
ture encompasses species-specific structural features, in-
cluding a very short interdomain linker and a character-
istic antiterminator-terminator domain with an insertion
of 42 nucleotides, termed stem Sa. Interestingly, transcrip-
tion antitermination of g/yS is induced by all five existing
tRNASY isoacceptors, but with different binding affinities,
which depend on specific interactions with the stem I’s api-
cal loop and stem Sa. The dependency of two metabolic
pathways on the GT-box and its regulatory nuances make
for an ideal target for screening against current and new an-
tibiotics, since interference of T-box regulation could result
in impairment of not one, but two essential pathways (23).

So far, the possible effects of protein synthesis inhibitors
on the T-box-mediated transcription antitermination are
unknown. Previous reports, using a T-box antiterminator
model RNA (consisting of 29 nts) identified binding sites
for neomycin B and oxazolidinone derivatives, but analyses
in the context of a complete riboswitch have yet to be per-
formed (34-42). Therefore, we decided to examine the ef-
fects of various protein synthesis inhibitors on the S. aureus
GT-box-controlled transcription antitermination, using in
vitro read-through assays with the full-length T-box. Re-
markably, dose-response assays revealed that several antibi-
otics strongly activate T-box directed gene expression, in an
unprecedented observation for a T-box riboswitch. These
effects are antibiotic-specific, as other antibiotics exhibited
strong inhibitory effects on T-box transcription, or exerted
no discernible effect. Subsequent structure-probing analy-
ses and molecular modeling revealed that these antibiotics
influence the critical interactions between stem I, stem Sa
and tRNA to achieve this modulation. The in vitro effects of
antibiotics targeting protein synthesis on T-box transcrip-
tion were verified in vivo, where we used an appropriate Es-
cherichia coli strain complemented with plasmids bearing
the GT-box and the cognate tRNASY. Our results demon-
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strate that protein synthesis inhibitors can directly modu-
late T-box riboswitch-controlled gene expression, both in
vitro and in vivo. Finally, our observations are consistent
with recent reports that protein synthesis inhibitors unex-
pectedly interfere with a panel of riboregulators besides
their primary targets on the ribosomal RNA, some of which
may be involved in novel antibiotic-resistance mechanisms.

MATERIALS AND METHODS
Chemicals, enzymes, plasmid vectors and bacterial strains

All chemicals and antibiotics were purchased from Sigma.
The primers used for primer extension analysis have been
previously described (23). Enzymes were purchased from
New England Biolabs or Takara, except for RNase T1
used for enzymatic probing (Life Technologies). DMS
reagent used for chemical modification experiments was
from Sigma. Plasmid DNA was prepared using the Nu-
cleoSpin Plasmid Mini Kit and PCR products were puri-
fied by NucleoSpin Gel and PCR Clean-up Kit (Macherey-
Nagel). [y-*P] ATP (6000 Ci/mmol) and [a-*’P] UTP
(800Ci/mmol) were from Izotop (Hungary). Radiolabeled
RNA clution and desalting was performed using mini
Quick Spin RNA Columns (Roche). Purification of RNA
molecules was performed using a gel filtration chromatog-
raphy column Superdex 200 10/300 GL from GE Health-
care Life Sciences attached to an AKTA FPLC system
(Amersham Biosciences).

Phylogenetic analysis of T-boxes

The GT-box sequences that are found upstream the regu-
lated coding region were identified by using the RegPrecise
database (http://regprecise.lbl.gov) (43; Supplementary Ta-
ble S1). The broader full-length riboswitch region (includ-
ing the Specifier Loop’s sequence) was further verified us-
ing the KEGG database and ‘The T-box search pattern’
tool (44). All multiple sequence alignments were created us-
ing the T-Coffee server algorithm, based on the full-length
T-box riboswitch sequences, including the Specifier Loop
(SL) and the terminator-antiterminator stem. Sequences
of tRNASY isoacceptors were obtained from the genomic
tRNA database (45,46; Supplementary Table S1). The phy-
logenetic tree of GT-boxes was constructed by using the
ClustalW2 algorithm and was visualized by using the Phy-
logeny.fr online tool (47,48).

In vitro transcription antitermination assays

In vitro transcription antitermination assays were per-
formed as previously described (23). Detailed conditions
for in vitro transcription, purification procedures and qual-
ity assessment of the transcripts that are used in the
present study are described in the Supplementary Materi-
als and Methods section and elsewhere (23). The transcrip-
tion of the GT-box was initiated by omitting the G nu-
cleotide, incubated at 37°C for 15min, using [a-**P] UTP
(800Ci/mmol; 0.25 wM) to visualize the size of GT-box
conformation products during transcription by 1 U of re-
combinant E. coli RNAP holoenzyme (New England Bio-
labs). The initiation step is paused with heparin (20 pwg/ml)

and elongation of transcription is allowed by the addition
of MgCl, (28 mM), KCI (86 mM), and all nucleotides in
a final concentration of 5 wM each, in the presence of the
cognate tRNASY ;¢ (P1). Antibiotics concentration range
in dose-response experiments was between 50 and 500 M.
Elongation reactions were carried out at 37°C for 15 min.
All reactions were performed twice in duplicates and error
bars represent = SD values from the corresponding exper-
iments. Bands corresponding to transcripts in termination
(T) and readthrough (RT) conformations were visualized by
scanning on phosphoimager (Fujifilm FLA 3000 platform)
and were quantified using AIDA image analyzer software
(version 5.0).

Enzymatic and chemical probing

In-line probing was performed as previously described (23).
For the enzymatic probing, the full-length S. aureus glyS
T-box transcript (20 pmol of unlabeled transcript mixed
with 0.2 pmol of [y-*P] ATP 5-end labeled transcript)
was digested with RNase T1 (0.1 U, ThermoFischer Sci-
entific) according to the manufacturer’s protocol, in dena-
turing (20 mM sodium citrate, pH 5.0, | mM EDTA, 7 M
urea; AMBION) or native conditions (10 mM Tris—HCI,
pH 7.1, 100 mM KCl and 10 mM MgCl,). The same diges-
tion protocol was used for analysis of P1 tRNAYY isoac-
ceptor in complex with the GT-box. Both transcripts were
mixed simultaneously (3:1 stoichiometry of radiolabeled to
non-labeled transcript), denatured at 65°C for 3 min, and
incubated for 1 h at 25°C under native conditions. Alka-
line hydrolysis conditions of either tRNA or GT-box tran-
script (50 mM sodium carbonate, pH 9.2, and | mM EDTA)
was used for ladder construction. Digestion reactions un-
der both native and denaturing conditions were incubated
at 25°C for 15 min. For the denaturing conditions, we per-
formed pre-incubation 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 reaction mix-
tures on ice and the samples were ethanol precipitated, de-
natured at 80°C for 5 min and analyzed on a 10%/8M urea
PAGE. Modifications were introduced in the presence of
DMS (dimethyl sulfate) as previously described, followed
by analysis by primer extension using previously used [y-
32P] labeled primers, which anneal at the antitermination
stem (stem 111, including the T-box bulge and stem Sa, Fig-
ure 3C). Extension reactions were performed in the pres-
ence of 20 mM Tris-acetate, pH 8.3, 10 mM Mg(OAc),, 5
mM DTT, 1 mM of each dNTP, and 5U AMYV reverse tran-
scriptase at 47°C for 1 h. Reaction products were ethanol
precipitated and analyzed on 6%/8 M urea PAGE after de-
naturation at 80°C for 2 min. Both primer extension and
enzymatic probing analysis were visualized and analyzed as
described above.

Molecular modeling of neomycin binding

Docking calculations were performed using the
Oceanobacillus iheyensis glyQ stem I in complex with
its cognate tRNA as target structure (PDB ID: 4LCK)
(25). Chains B and C were extracted from the PDB file,
excluding the bacterial K-turn binding protein YbxF. Miss-
ing and polar hydrogen atoms were added and Gasteiger
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charges were applied using AutoDockTools v1.5.4 (49).
For neomycin (NMY) we employed five different confor-
mations extracted from crystallographic complexes with
PDB IDs: 3C7R, 119V and 4LFB, and prepared using
VIDA v4.2 (OpenEye Scientific, http://eyesopen.com). The
search space was defined by two overlapping cubes of 50
A edges, to include the entire T-box interface with tRNA.
Docking calculations were performed using AutoDock
Vina, by setting the exhaustiveness level and number of
output modes to 20 (50). The bound conformations were
examined using VMD v1.9 (51). The four top-ranked
bound conformations of neomycin (NMY1-4) displayed
binding affinities that were estimated in the range of -9.6
to —10.5 kcal/mol. Molecular illustrations were rendered
using MacPymol.

Construction of recombinant plasmids and 3-galactosidase
measurements

The glyS T-box-lacZ-pRB382-amp (the T-box sequence
was placed before the lacZ gene under the control of a con-
stitutive vegl/I promoter) and the P1 tRNASY5cc-pBADI8-
Kan (bearing an inducible L-arabinose promoter) were pro-
duced after cloning the respective sequences via PCR us-
ing the appropriate restriction sites. The recombinant plas-
mids were verified through sequencing (Macrogen, South
Korea). The expression of P1 tRNASYscc is induced in
the presence of 0.1% L-arabinose. Under conditions where
glycine is depleted from the medium, the tRNA binds on the
glyS T-box, which in our case was placed upstream of the
lacZ gene, and induces its transcription in vivo (Figure 6A).
The produced B-galactosidase activity was measured us-
ing ONPG (2-nitrophenyl B-D-galactopyranoside) as sub-
strate. In the present study, a previously used and appropri-
ate E. coli M5154 AlacZ strain (generous gift of Prof. H.D.
Becker, University of Strasbourg, France; F— AlacZ39, A—,
trpA49(Am), recAll, relAl, rpsL150(strR), spoTl) was
transformed with both recombinant plasmids (22). For the
experiments in the presence of tigecycline and linezolid, the
1Cs5g values were measured prior to further experimentation
(52). For tigecycline the ICsy was found 0.103 pg/ml and
for linezolid was 85.43 pg/ml (Supplementary Figure S2).
The strain was then used for subsequent experimentation to
measure the activity of B-galactosidase which is produced.
In the presence of minimal growth medium, where glycine is
depleted, the non-aminoacylated P1 tRNASY ¢ binds the
T-box and favors the transcription antitermination confor-
mation (Figure 6A). The same strain transformed only with
the T-box construct was used as additional negative con-
trol to measure basal B-galactosidase activity. Both baseline
activities were comparable under all the conditions tested.
All the strains were handled as described in similar previ-
ous studies (22,53,54). Overnight cultures in LB medium
(5 ml) were used to inoculate minimal medium (50 ml M9
broth supplemented with 25 pg/ml L-tryptophan) and they
were incubated at 37°C until the early log growth phase was
reached (Agp0 = 0.4-0.6). Cells were collected by centrifu-
gation at 6000 x g for 10 min, and re-suspended in 60 ml of
minimal medium at 4°C. Cultures were divided into two dif-
ferent batches (30 ml each). 50 wg/ml of glycine was added
in the first one to enrich the medium and in contrast to the
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very low concentration (5 wg/ml), which was added in the
second one to induce starvation conditions. Both cultures
under starvation and non-starvation condition were fur-
ther incubated after the addition of 0.1% (w/v) L-arabinose
for induction of tRNASY ¢ expression. The same condi-
tions were repeated in presence of specific concentrations
of antibiotics (half-ICsy, ICsy and ICyy). Cultures were in-
cubated at 37°C for 4 h, followed by harvest of cells after
measured at Asos and pelleted by centrifugation at 14 000
x g for 5 min at 4°C prior storage at —80°C. The measure-
ment of B-galactosidase activity was performed essentially
as described previously (53,595). Cell pellets were suspended
in 1 ml buffer Z (60 mM Na,HPOy, 40 mM NaH,POy, 10
mM KCl, 1 mM Mg;SO,) and lysed under vigorous shak-
ing in vortex apparatus for 1 min in the presence of toluene
(1%). Subsequently, 0.4 ml of the lysate were mixed with 0.6
ml Z buffer supplemented with 38 mM B-mercaptoethanol.
The reaction was initiated by addition of 0.2 ml ONPG (4
mg/ml) and mixtures were incubated at 37°C for 5 min until
the development of light yellow color and stopped by addi-
tion of 0.5 ml of 1 M Na,COs. Cell debris were pelleted by
centrifugation at 14 000 x g for 1 min and supernatants were
measured (A449), using as blank a lysed cell sample with-
out addition of ONPG substrate (negative control). The
B-galactosidase activity was calculated in Miller units us-
ing the following equation: (4420 x 1000)/(As95 x 0.4 ml x
min), where 4595 indicates the cell growth of each time point
and min represents the recorded time of B-galactosidase re-
action after substrate addition. All measurements were per-
formed in duplicates and each experiment was performed at
least three times. Error bars represent + SD values from the
corresponding experiments.

RESULTS
Idiosyncratic features of GT-boxes among pathogens

To get a broader view of GT-box distribution among
pathogens, we performed phylogenetic analysis of
pathogenic and non-pathogenic Gram-positive bacte-
ria and a handful of Gram-negative species. We sought
to detect species-specific sequence and structural features,
such as specifier loops that contain tandem or overlapping
codons, recurring deletions or insertions in the T-boxes, in
correlation with the number of tRNASY isoacceptors and
the type of the corresponding anticodon triplets that exist
in each organism (Figure 1A and B and Supplementary
Table S1). Besides the typical GGC SL codon triplet that
exists in all GT-boxes, this analysis identified overlapping
glycine GGA and GGG SL triplets in GT-boxes from
Clostridia, Deinococci and Chloroflexi (Figure 1A and B).
Distinct GT-boxes were found in L. innocua and L. mono-
cytogenes that harbor a 7nt SL and in S. saprophyticus that
harbors a 9nt SL sequence. The variation in the specifier
loop of GT-boxes is reminiscent of the codon ambiguity
proposed for the C. acetobutylicum NT-box, where more
than one tRNAs can compete for binding to the same
T-box specifier loop (22). The phylogenetic analysis showed
diversity even among closely related species within the same
phylum. For example, relative species within Firmicutes
can be divided into three separated subgroups; Clostridia,
Streptococci-Staphylococci and Bacilli-Enterococci. The
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H.aur - Gee/cee/Tee 3 - GCGAATGGCGACGGGGAGC glys
D.geo + Gce/cee/Tec 3 - "GALGGGCGGCGGGGAGC glys
B.sub + - Gee/Tee 3 — ACGAAAGGCATTCTTGAGC glyQglys
B.cer + + Gee/Tee 2 — GGAAACGGCAGTCTCGAGC glyS
C.tet —+ + Gce/Tee 2 - GTGAATGGAGCTCAAGAGT glys
C.bot + + Gee/cee/Tec 3 - ATGAAGGGAGCTTTTGAGT glys
C.ace + - Gce/cee/Tee 3 - AGIAGIGGAGTCTTTCGAG glys
C.dif + + Gee/Tec 2 - - glyQiglys
E.fae + + Gee/Tee 2 - TTGARAGGCACTTTGGAGT hyp*/glyQlglyS
S.aur + + Gee/Tee 5 + ARGATTGGCGCAACGAATC glys
S.epi + + eee/Tee 5 + TATTTTGGCATATGATTAA glys
S.sap + + Gee/Tec 2 - AACAATGGCTAAAAT TARA glys
S.san + + Gee/Tee 2 - GCAGATGGCGCTTTCGGTT hyp*/glyQ/glySlylac
S.mut + + Gee/Tee 4 — AGGACTGGCACTTTCTCTT hyp/glyQ
S.pne + + Gee/Tec 2 — AGGGCTGGCGCTTTCTGTA hyp*/hyp*/glyQ/glySlylac
S.aga + + Gee/Tee 2 = AATATTGGCACTTTTTAGT glyQ/azoR/glySlylac
L.inn + + Gee/Tec 3 - TGTGAAGGCGTTCTGGAGT glyQiglys
L.mon + + ece/Tec 3 - TGTGARGGCGTTCTGGAGT glyQ/iglys

* hyp: Hypothetical protein

Figure 1. (A) Phylogenetic tree constructed after analysis of the predicted GT-boxes based on the mRNA leader region from the SL until the T-box
conserved sequence, along with the SL specificity (indicated with C for the GGC triplet, A for the GGA and G for the GGG) and the tRNASY isoacceptor
specificity. The number of proteinogenic (P) and non-proteinogenic (NP) isoacceptors and their corresponding anticodon triplet is shown (G for GCC,
U for UCC, and C for CCC). (B) GT-boxes distribution among different pathogens, the potential SL regions and the tRNA anticodon triplets and the
number of tRNASY isoacceptors. In the specifier loop column, the red underlined sequences indicate the potential SL sequence and the bold letters
correspond to nucleotides of the SL codon-like triplets for glycine. H.aur: Herpetosiphon aurantiacus, D.geo: Deinococcus geothermalis, B.sub: Bacillus
subtilis, B.cer: Bacillus cereus, C.tet: Clostridium tetani, C.bot: Clostridium botulinum, C.ace: Clostridium acetobutylicum, C.dif: Clostridium difficile, E .fae:
Enterococcus faecalis, S.aur: Staphylococcus aureus, S.epi: Staphylococcus epidermidis, S.sap: Staphylococcus saprophyticus, S.san: Streptococcus sanguinis,
S.mut: Streptococcus mutans, S.pne: Streptococcus pneumoniae, S.aga: Streptococcus agalactiae, L.inn: Listeria innocua, L.mon: Listeria monocytogenes.

latest are clustered with Deinococci/Chloroflexi, which
include also species like H. aurantiacus (Figure 1A). H.
aurantiacus, despite its classification among Gram-negative
bacteria, does not synthesize lipopolysaccharides and
thus does not possess outer membranes, resembling the
Gram-positive cell wall. In addition, species that belong
to the Deinococci/Chloroflexi (such as H. aurantiacus and
D. geothermalis) exhibit divergent SL sequence (possible
tandem SL and overlapping glycine codons; Figure 1B).
On the other hand, organization of tRNASY isoacceptors
bearing different anticodons is restricted among species
within the same clade, but without any obvious correlation

regarding the downstream genes under T-box control (Fig-
ure 1B). At least two tRNASY isoacceptors were identified
in each organism with different anticodon triplets that
could interact with the corresponding SL codon triplet
(Figure 1B). Overall, the analysis suggests that distinct
species-specific T-box patterns do exist, and is concomi-
tant with specific contexts of tRNA isoacceptors. This
observation presumably reflects genome-specific metabolic
adaptations of each organism. Interestingly, although C.
difficile contains a glyQ/glyS operon, the 5UTR region of
the corresponding mRNA does not seem to fold in to a
typical T-box conformation, when analyzed using current



bioinformatics tools like RegPrecise and Pacific prediction
algorithms. The particularity of each GT-box/tRNA set
for each phylogenetic group calls for further experimen-
tation, in order to develop narrow-spectrum antibacterial
compounds.

Effect of protein synthesis inhibitors on transcription antiter-
mination in vitro

The effects of commonly used antibiotics on T-box struc-
ture and transcription antitermination are essentially un-
known. This information is crucial because Gram-positive
bacteria make up a major fraction of human gut and oral
microbiome and most of them employ several T-boxes to
control essential genes in amino acid metabolism. Previous
reports tested a series of oxazolidinone derivatives exhibit-
ing affinity for a minimal RNA construct, which only par-
tially resembled the antiterminator region (a T-box bulge
construct) of the B. subtilis glyS T-box (34,37-42). Further-
more, it was shown that the aminoglycoside neomycin B
exhibits affinity for specific nucleotides on the same T-box
bulge construct (35). Although those studies used a rela-
tively small portion of the antiterminator region and not the
full-length riboswitch, they nonetheless suggested that spe-
cific T-box sites could support binding of the compounds.
Moreover, the antiterminator bulge was suggested to con-
tain a metal ion-binding pocket, which possibly explains
the affinity for neomycin B. Interestingly, in vitro antitermi-
nation assays identified one compound that led to reduced
tRNA-dependent antitermination and another that lead to
increased tRINA-independent antitermination (36).

To evaluate the effect of protein synthesis inhibitors on S.
aureus GT-box mediated transcription antitermination, we
performed in vitro read-through assays using the full-length
T-box sequence and the cognate P1 tRNAYYcc. The an-
tibiotics were selected based on their known mechanisms of
action on the ribosome, affecting either interactions with
the tRNA’s anticodon loop or the 3YCCA end (Table 1)
(56). Both tRNA features are essential for transcription an-
titermination on a T-box (25,27). We tested the ability of
neomycin B, paromomycin, tigecycline, pactamycin (target-
ing the 30S ribosomal subunit) puromycin, chlorampheni-
col and linezolid (targeting the 50S ribosomal subunit) to
modulate transcription antitermination of glyS in an in
vitro assay, at concentrations ranging between 50 and 500
pM. We observed that neomycin B, tigecycline, pactamycin
and paromomycin significantly increased tRNA-dependent
transcription antitermination to levels substantially higher
than the control reactions, in a dosage-dependent manner
(Figure 2, upper panel). The effect was evident even in the
presence of the lowest concentration tested. Only in the
presence of the highest concentration of tigecycline (500
wM) we could not detect the formation of the transcription
product, an observation that indicates possible off-target in-
hibition of the RNA polymerase. Notably, a weak, nonspe-
cific inhibition of the RNA polymerase alone does not usu-
ally lead to substantial changes in the levels of readthrough.
This is consistent with the notion that the T-box mechanism
is more dependent on the structural partition of the com-
peting RNA conformers, than on the kinetic properties of
the RNA polymerases. For instance, the E. coli RNA poly-
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merase effectively operates B. subtilis T-box riboswitches,
despite drastic differences in how these enzymes respond to
hairpin-dependent pauses (57). In contrast, chlorampheni-
col and linezolid that perturb the interactions of tRNA’s
3’CCA end in the peptidyl transferase center, exhibited in-
hibitory effect, again in a dosage-dependent manner (Fig-
ure 2, lower panel). The dosage-response curves for all an-
tibiotics were characteristic of specific binding, exhibiting
saturation above 200 wM. Finally, puromycin which mim-
ics tRNA’s aminoacylated 3’CCA end had no discernible
effect on the level of readthrough (Figure 2, lower panel).
Overall, the response of the S. aureus glyS T-box-controlled
transcription to various protein synthesis inhibitors clearly
showed that T-box riboswitches can be targeted and differ-
entially modulated by these compounds.

Commonality and variability in binding sites on the T-
box:tRNA complex

The fact that neomycin B (an aminoclycoside widely used
in similar studies), tigecycline (a recently introduced glycyl-
cycline and a tetracycline derivative) and linezolid (an oxa-
zolidinone) can differentially modulate GT-box-controlled
transcription, prompted us to identify the underlying bind-
ing sites on the RNAs. The full-length T-box RNA (275nt)
was either treated enzymatically by RNase T1 (cleav-
ing 3’ of single-stranded guanosines) or chemically mod-
ified by DMS (modifying strongly adenosines and mod-
erately cytosines) in the presence or absence of the cog-
nate tRNASY ;¢ and increasing concentrations of antibi-
otics (see Materials and Methods). The analysis of the T-
box:tRNA complex in the presence of neomycin B revealed
specific binding sites on stem I and stem Sa. Specifically,
we observed strong protection at positions G60 and G68
of the AG bulge and at positions G82 (a conserved guano-
sine in the apical loop), G109 and G110 (the first two bases
of the SL’s codon triplet) (Figure 3B). The primer exten-
sion analysis of the antiterminator domain showed protec-
tion at positions A182, A196, A209 and A210 (Figure 3A).
All these positions are part of the staphylococcal-specific
stem Sa, which is inserted in the canonical antiterminator-
terminator domain (Figure 3C). The protected positions
were identical in the case of antibiotic alone and the pres-
ence of tRNA was intensifying the protection effect in al-
most all cases (Figure 3A and B). Interestingly, tigecycline
protected the same positions as neomycin B, an observa-
tion that suggests that the antibiotics that stabilize the T-
box:tRNA complex share a common set of binding sites.
As a result, the enhanced stability of the stem I:tRNA in-
teraction binding induces a stable antitermination confor-
mation, which seems to be further favored via interactions
with stem Sa, ultimately resulting in higher levels of tran-
scription readthrough. The only difference between the two
antibiotics was an additional protection site by tigecycline
at position A162. This position is part of the T-box bulge
and is thought to base pair with U73, the discriminator base
for tRNASY 5cc (Figure 3A and B).

On the other hand, structural probing of the T-box in
the presence of linezolid revealed that although some pro-
tection sites overlap with those for neomycin B and tige-
cycline, several striking differences also emerged. The com-



10248 Nucleic Acids Research, 2017, Vol. 45, No. 17

" : . _o 99
Tigecycline (uM) 323
tRNAGWYECC) — + + + +

(=3
=3
wn
—_ RT»> o S
= T |

+ 500
1 500

s g 8
a 2 60 )
5 40 ! £
2 @
H 2 40
520 E
& |/ £ 2
X 0+ B
0 s 0

200 400 600
Neomycin B (pM)

0 1(;0 260 30.0
Tigecycline (uM)

. . oo o o
- -9

Linezolid (uM) 3290 2 o

tRNASH(©ECO) + o+ -

-+

15.

10

5

% RT transcription
53
% RT transcription

0

. _ _o99cee : _
Chloramphenicol (uM) 8egg8gs8 Puromycin (uM)
+ F o+ o+ o+ -

tRNAGI(GCO) =+

RT)|
T b
h

. o oo o o o . o o0 OO0 ©
Pactamycin (uM) 52238383 Paromomycin (uM) _ _ 3 2238883
tRNAGYECO) = + + + + + + = tRNAGYECC) = + + + + + + =

$T :————;ﬁ;

T b ————

40

o
=3

30 i

IS
o

20

N
=

10

% RT transcription
% RT transcription

o
o4

200 400 600
Paromomycin (uM)

ZJ 200 400 600
Pactamycin (uM)

+ 50
+ 100
+ 200
+ 300
1 300

tRNASWY(ECO) = 4

RT)p|
T»
40
30 ;

20

10

% RT transcription

oY 0 100
Chloramphenicol (uM)

0 200 400 600
Linezolid (uM)

200 300 400 500 0 100 200 300 400
Puromycin (uM)

Figure 2. Dose-response curves showing the effect of increasing concentration of antibiotics on the S. aureus glyS T-box transcription antitermination, in
vitro. The values for the curves were extracted after analysis of representative autoradiograms (insets) as described in Materials and Methods. All reactions
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and transcription readthrough, respectively.

mon protection sites include the conserved G82 (of the api-
cal loop) and G109 and G110 (of the SL’s anticodon). The
most important difference, is the strong protection at posi-
tion G93, a semi-conserved base of the AG bulge. Although
this position is base-paired in the crystal structure (corre-
sponds to U75, which base pairs with A33), in the case of
S. aureus glyS T-box G93 is found in a single-stranded re-
gion opposite the AG bulge, and could thus affect the pre-
sentation of one of the two interdigitated T-loop from this
bulge. Another important difference was observed with the
strong protection of G105 at the 5’ end of the SL. G105
(corresponding to position G84 in the crystal structure) oc-
cupies an important location at the top layer of the loop
E (or S turn) motif. The phylogenetically conserved loop
E motif, located just distal to the specifier codon (some T-
boxes contain a short spacer in between the two), partici-
pates in the structural presentation of the specifier codon to
properly engage the tRNA anticodon (Figure 3, magenta
arrows and Figure 7) (20). Further, in the G. kaustophilus
glyQ T-box structure, A85, located just under the loop E in
the spacer, is seen making a hydrogen bond with the back-
bone of the G39 of the tRNA anticodon stem loop (20,27).
The putative linezolid interaction with G105 could distort
the loop E structure and /or alter tRNA contacts in this
region, thus interfering with the T-box activation. Finally,
we could not observe any protected nucleotides on stem
Sa in the presence of linezolid, an observation which sug-
gests that linezolid does not bind to this domain (Figure
3C and Figure 7). Taken together, our data suggest that a

set of common binding sites for all the antibiotics tested
exist, which presumably reflect interactions with surface-
exposed regions that exhibit certain structural features or
electrostatic patterns. In addition, we identified different
binding sites for neomycin B and tigecycline, which increase
tRNA-dependent transcription antitermination compared
to linezolid, which inhibits it. Interestingly, the differential
binding patterns are correlated with the contrasting effects
on the genetic outcome observed in the antitermination
assay. In particular, antibiotics that promote transcription
readthrough (like neomycin B and tigecycline) and presum-
ably provide extra stabilization of T-box:tRNA complex,
tend to bind on stem Sa. Linezolid on the other hand, is
just the opposite and it does not bind to stem Sa.

Neomycin B and tigecycline exhibit differential binding to
tRNA

In addition to identifying putative antibiotics binding sites
on the T-box RNA that underlie their modulations on the
T-box, we also searched for possible binding sites on the
tRNA. Enzymatic analysis of P1 tRNASY ;¢ using RNase
T1 (cleaves single-stranded RNA after guanosines) either
free or in complex with the T-box showed that in the pres-
ence of neomycin B, the position G57 is protected (Fig-
ure 4A, lanes 5-7). This specific position lies underneath
G19 and C56 and is not accessible for cleavage when the
tRNA is incubated alone (Figure 4A, lane 5). When the
tRNA is bound to the T-box, G57 is presumably exposed
and can be cleaved (Figure 4A, lane 5, Figure 7 and Sup-



+ +
+ +
"+

Y
cNPS

A130 -

G140
A151
G160
C165 -
G170
A173
C178

X183

G191
A193
A198

C201—
A203

A210
>

DMS
tRNAS(GCC)

Antibiotic (uM)

Stem llI

T-box bulge

Stem Sa

Neomycin Tigecycline Linezolid

Neomycin Tigecycline

Linezolid

simil

i

g 3 ERTES -
G68 —| .
\—.< >
. - --
G60—|
1 ‘L -
-DNNNNNN L - DNNNNN
- + + + - - -+ + + -
- _\QQ‘,QQ\Q"Q I @Q@Q@Q
T T

L - DNNN NN

-+ + + -
S
- - SSS

+T1

Nucleic Acids Research, 2017,

C

Vol. 45, No. 17 10249

Apical Loop
u 0
GA Y A: A‘
c * Antiterminator
G G
A A
Ca aY AA‘
70~ UOG u U
G
chgg u=A
I A—U
yAAATUTSO U —A—200
A A -C
—_—U —A
AAg G 190 3_
60~ A UUA—UC LL’] b)
A—u Stem Sa "A-u
Yok 822
u—A cU AN
so A C “AA A—210
UCU—A— 180—U—A
A y 0 ACGOU
A A J
v A=U AAA—U
AA
Uu=A A u—A
U=AG Ay u-—
40—U u . 70=—G =C
Specifier geu
G=CG Ioop C =G —220
U—a .iuvvv ccGo
c U—Ac A A
; % T-box &
-box
K-turn UU A | %so
30,UK_A cU=~120 bulge g_g
v o
A—U e-Cc gGGCGCC
U UUAAAAUAAAAG ¢ AUUU—A U
A ' S-b o
— A 130 A —=y—150 -
1—UAUUUCUU, @ 140—G_g ° ﬁ 3—260
‘°_ﬁ é U=A 230— A —U
U A—20 G=C UG QUUA
G A A A
Uu a cu A u
CacC Ap—ya
Stem Il G=C — 250
c—c
A=y
u=—A
240—A—y
. u
-] Neomycin Uy
- Tigecycline
Specifier . .
Loop ~= Linezolid
AG Bulge
Apical
Loop
AG Bulge
tRNAG(GCC)

Antibiotic (uM)
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Table 1. Protein synthesis inhibitors tested

Antibiotic Class Structure Target
OH OH
Chloramphenicol Amphenicol /@J\H % 50S (elongation)
o\\,}] HNTKI\CI
o 0
””ZC""YG\ OH
Neomycin b Aminoglycoside OO % 308 (initiation)
NNMC;qN
R O_CH,
O
Linezolid Oxazolidinone o@n@b\j; 50S (initiation)
y H
O n
Pactamycin Aminocyclitol 308 (initiation/elongation)

Paromomycin Aminoglycoside

Puromycin Aminonucleoside

Tigecycline Glycylcycline

OCH,8

308 (initiation)

508 (elongation)

30S (elongation)

plementary Figure S1). In the presence of neomycin B and
the tRNA but in the absence of the T-box, G57 appears
again susceptible to RNase T1, an observation, which sug-
gests that neomycin B could bind tRNA in a different po-
sition that could lead to a conformational change (Figure
4A, lane 8). Indeed, previous studies reported that amino-
glycosides, like neomycin B, can bind tRNAs and displace
divalent metal ions, especially in the D-loop and the variable
loop (58). In the present study, a weak protection was ob-
served at position G46 (variable loop) that could account
for such a behavior. When neomycin B was present dur-
ing the formation of the T-box:tRNA complex, G57 was
found protected, indicating that the protection is a result of
the antibiotic binding on the apical loop, at position G82
(see above) and not to the tRNA elbow (Figure 4A, lanes
5-7 and Supplementary Figure S1). When the same analy-
sis was repeated for tigecycline, the position that was found

protected was G19 (D-loop), which is directly involved in
the platform-stacking interaction between the tRNA el-
bow and the stem I apical loop (Figure 4B, lanes 6 and 7)
(25). In free tRNA, G19 appears exposed and susceptible
to cleavage by RNase T1 (Figure 4B, lane 4). The same
behavior is also observed when either the T-box or tige-
cycline is present separately in the reaction mixture (Fig-
ure 4B, lanes 5 and 8, Figure 7 and Supplementary Figure
S1). However, when the T-box:tRNA complex is formed in
the presence of tigecycline, position G19 is again protected
(Figure 4B, lane 7). A common protection by both antibi-
otics was observed at position G34 of the anticodon triplet
(wobble position), with neomycin B exerting a larger effect
than tigecycline. This observation suggests that the strength
of SL codon:tRNA anticodon interaction could be modu-
lated in the presence of either neomycin or tigecyline. The
fact that neomycin B mimics the anticodon-protective ef-
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Figure 4. Probing analysis of tRNASY ¢ in the presence of neomycin B (A) or tigecycline (B). Enzymatic probing analysis of the tRNASY gcc (20 pmol)
in the presence of the full-length S. aureus glyS T-box (60 pmol) and/or increasing concentrations of neomycin B or tigecycline. Red and black arrows
indicate base protection from RNase T1 cleavage in the presence of neomycin B and tigecycline, respectively. Red bar shows a weak base protection in
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1 (25). Red circled nucleotides and red arrows show the binding sites of neomycin B and black circled nucleotides and black arrows the binding sites of

tigecycline on the tRNASY gcc.

fect of T-box is an intriguing one. The activating effect of
neomycin B for the T-box indicates that it does not com-
pete with T-box for tRNA binding. Then it stands to rea-
son that neomycin B may induce a conformation of the an-
ticodon stem loop that is conducive to T-box binding. Thus,
neomycin B may also stabilize the tRNA:T-box interaction
at the anticodon by restricting the anticodon stem loop in a
binding-productive conformation. Finally, the results from
the footprinting analysis are consistent with the previously
observed binding mode of both antibiotics on the apical
loop of stem I (Figure 5 and Figure 7B and C).

Molecular modeling of neomycin B binding to the T-
box:tRNA complex

To computationally simulate the binding of protein syn-
thesis inhibitors to the T-box riboswitch at the structural
level, we performed in silico docking analyses. Known con-
formations of neomycin B (NMY) extracted from the Pro-
tein Data Bank (PDB) were docked to the co-crystal struc-
ture of O. iheyensis glyQ T-box riboswitch stem I in com-
plex with its cognate tRNA (PDB ID: 4LCK). The dock-
ing analysis identified a number of potential binding sites
for neomycin with estimated binding energies between —
9.6 and —10.5 kcal/mol (Figure 5, NMY1-4). The top-
ranked docked conformations of neomycin B (NMY) re-
vealed that the antibiotic could potentially bind at the
specifier-anticodon region (Figure 5, NMY1) and close to
the T1 and T2 loops (Figure 5, NMY2) of the g/yQ stem I,
without requiring any conformational change of the com-
plex with its cognate tRNA. This is also the case for the
two putative binding sites of NMY on the tRNA (NMY3
and NMY4), which might stabilize further the stem [:tRNA
complex by acting on the tRNA. One of the most promi-

nent simulated binding sites (NMY 1) is located in the ‘neck’
region that connects the interdigitated T-loops module lo-
cated at the apex of stem I to the body of stem I, consist-
ing of mostly regular A-form RNA duplexes (Figure SA
and B). Neomycin B binding to this otherwise unoccupied
space is expected to stabilize the local structure of stem I
apical region and potentially improves the presentation of
the conserved base triple that directly stacks against the
tRNA elbow. This sequence-nonspecific, structure-selective
stacking interaction accounts for about a third of total area
buried by T-box stem I-tRNA binding (333 out of 802 A?).
Disruption of this interface either from the tRNA or the
T-box drastically reduces the binding affinity. Consistent
with this, neomycin site NMY?2 is located close to this in-
terface on the tRNA side (Figure 5C). This projected bind-
ing site is congruent with the strong protection of tRNA
G57 from DMS modification by neomycin (Figures 4, 7
and Supplementary Figure S1). NMY3 binds in a crevice
at the junction of coaxially stacked anticodon stem loop
(ASL) and D stem loop (DSL), in immediate proximity of
the non-canonical, Watson—Crick-like G26e0A44 base pair.
G26eA44 is a prominent hinge about which the two halves
of tRNA can swivel, up to 70° while the tRNA transits
through the ribosome (Figure 5D). Binding of T-box stem
I bends the tRNA about the G26@A44 hinge by ~20° com-
pared to the free tRNA. Neomycin binding at this strategic
location could stabilize this necessary bend and reduce the
entropic cost of pre-organizing the tRNA conformation for
improved stem I binding. Finally, NMY4 binds along the
major groove of the T-box stem I, placing its D-neosamine
moiety directly behind the specifier codon triplet. Thus,
neomycin B binding here could help position the stacked
single-stranded conformation of the specifier triplet to sta-
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tRNASY

Figure 5. Molecular modelling of antibiotics’ binding sites onto the glyS T-box:tRNA complex. (A) Schematic representation of the T-box stem I complex
with tRNA, illustrating potential interaction sites of neomycin (NMY). The structure of the complex is based on the X-ray structure of T-box riboswitch
of Oceanobacillus iheyensis glyQ (blue) in complex with its cognate tRNA (green) from PDB ID 4LCK (25) NMY is shown as CPK model with yellow C,
blue N and red O atoms. Close-up views of the four binding sites NMY1 (B), NMY2 (C), NMY3 (D) and NMY4 (E).

bly base pair with the incoming tRNA anticodon (Figure
5E). Owing to the short duplex length, effective Watson—
Crick base pairing between the T-box codon and tRNA
anticodon requires stabilization by the flanking conserved
purines (tRNA 37 and T-box G112). Similarly, neomycin B
binding from behind the T-box codon could provide lateral
stabilization of the short duplex (Figure 7).

Modulation of T-box controlled transcription by antibiotics
in vivo

To verify the in vitro observation that specific antibiotics can
strongly modulate tRNA-dependent transcription antiter-
mination, we tested these effects in vivo. We measured the
effect of tigecycline, and linezolid using the previously de-
scribed lacZ deficient E. coli M5154 strain complemented
with two plasmids (Figure 6A, see Materials and Meth-
ods). The first plasmid (pRB382) uses the vegll constitu-
tive promoter, which is appropriate for recognition by the
E. coli RNA polymerase and was engineered to place the
transcription of the lacZ gene under the control of the S.
aureus glyS T-box. The second plasmid (pBADI18) bears

an inducible promoter and was used for cloning of the P1
tRNASY e gene. The tRNA expression was induced in
the presence of L-arabinose. The specific binding of un-
charged P1 tRNA to the glyS T-box results in increased
transcription of its downstream /acZ gene and elevated B-
galactosidase activity (Figure 6A). The cultures were grown
in minimal media, in the presence of limited and excess con-
centration of glycine, under three different antibiotic con-
centrations corresponding to half-ICsg, ICsy and 1Cyy (Ma-
terials and Methods and Supplementary Figure S2). A sig-
nificant reduction of cell growth was observed after 4 h in
the presence of both antibiotics, indicating that were effec-
tive. The in vivo effects of of tigecycline and linezolid on
the expression of lacZ as reported by the B-galactosidase
activity correlate with the in vitro effects reported by the
fraction of transcriptional readthrough. When tRNA ex-
pression was induced, the B-galactosidase activity was sig-
nificantly higher in the presence of tigecycline (Figure 6B).
Similarly, B-galactosidase activity was reduced in the pres-
ence of linezolid. Although the reduced p-galactosidase ac-
tivity could be in part attributable to the overall inhibitory



effect of antibiotics on cell growth, the observation that tige-
cycline stimulates T-box-mediated transcription in vivo de-
spite its cytotoxicity, points to a specific effect in addition
to ribosomal inhibition. Consistent with a functional T-box
system in vivo, the presence of glycine in the growth medium
suppressed the T-box controlled gene expression, reducing
the B-galactosidase activity.

DISCUSSION

An increasing number of recent studies have shown that the
expression of a number of bacterial regulatory ncRNAs are
modulated by exposure to antibiotic compounds (59). For
example, the expression of four sSRNAs was enhanced in
Salmonella enterica upon exposure to tigecycline or tetracy-
cline. One of these SRINAs is known to be involved in tigecy-
cline resistance (60). Another study showed that the expo-
sure of S. aureus to antibiotics like linezolid and tigecycline
alters the expression of specific SRNAs (61). Our knowl-
edge on the effects of antibiotics on riboswitches was en-
riched recently by studies showing that mainstream antibi-
otics can rapidly activate the expression of resistance genes,
many of which are now known to be under control of ri-
boregulators (11,12). Most antibiotics acting as protein syn-
thesis inhibitors possess intrinsic RNA binding properties
and it has been suggested that bacterial RNA-based regu-
lation could be modulated in the presence of external signals
like antibiotics (62). These recent discoveries underscore the
prevalence of riboregulators as probable secondary targets
of commonly used antibiotics. Alternatively, these riboreg-
ulators have evolved to integrate metabolic input (to which
they are canonically known to respond) with the presence or
absence of RNA-binding antibiotics, to make improved reg-
ulatory decisions that confer enhanced fitness in complex
nutritional and chemical environments. In either case, these
studies provide essential insights on the versatility of bacte-
rial RNA-based regulation and the possible crosstalk and
co-evolution of riboregulation and drug-resistance mecha-
nisms.

In the present study, we investigated the effect of sev-
eral protein synthesis inhibitors on transcription antitermi-
nation controlled by the full-length g/yS T-box riboswitch
from S. aureus. S. aureus is a prominent pathogen with
a variety of RNA-mediated gene expression mechanisms,
many of which respond to specific intracellular or ex-
tracellular signals to link virulence to stress adaptation
and metabolism (63). The diversity of GT-boxes among
pathogens as revealed by the phylogenetic analysis, as well
as the variations in the number and sequences of tRNA lig-
ands, are likely results of the evolution of species-specific T-
box riboswitches, as driven by selective environmental pres-
sures, particularly in the nosocomial environments where
antibiotic-resistant strains rapidly evolve and thrive. The re-
cent studies on the effect of mainstream protein synthesis in-
hibitors on the levels of riboswitch-controlled transcription
in pathogens and microbiome strains, raise questions on the
role of T-box riboswitches both as regulatory systems and
molecular targets (12). Interestingly, many GT-boxes pos-
sess SL loops that contain tandem or overlapping glycine
codons rather than single codons found in canonical T-
boxes. This SL ambiguity alone can permit differential, nu-
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anced anticodon recognition in distinct tRNASY isoaccep-
tors, which can vary under changing metabolic needs. The
T-box RNA does not just decipher the tRNA anticodon
trinucleotide. It employs multiple points and types of con-
tacts to recognize the cognate tRNA as a three-dimensional
object, which has characteristic structural variations and id-
iosyncrasies that are specific to the bacterial genome, type of
the amino acid, and subtype of tRNA, etc. Indeed, a com-
parative analysis of the two co-crystal structures of T-box
stem I[-tRNA complexes from two closely related species
within the same Bacillaceae family, namely Oceanobacil-
lus and Geobacillus, revealed substantial structural differ-
ences (20,25,27). Along this same vein of T-box sequence
and structural diversity, S. aureus GT-box provides a more
dramatic example where an entire new domain, Stem Sa, is
inserted into the antiterminator domain.

Many more examples of such species-specific T-box
structural features may have evolved to either fine-tune
T-box regulation or confer novel functions. For instance,
one can hypothesize the existence of chimeric T-box ri-
boswitches that may use extra domains (such as Stem Sa) to
directly bind small molecule metabolites or antibiotics, thus
integrating the signals of nutritional state (tRNA charging)
with the chemical and metabolic state (e.g. antibiotics).

During this study, we observed that mainstream pro-
tein synthesis inhibitors directly modulate T-box controlled
transcription antitermination, outside of their known roles
in ribosomal inhibition. In addition to aminoglycosides,
which can engage non-specific electrostatic interactions
with RNA, tigecycline, a newly developed tetracycline
derivative intended to fight antibiotic resistance, strongly
enhanced T-box transcription antitermination in vitro and
in vivo. The binding positions of either neomycin B or tige-
cycline are almost identical and contribute to the stabi-
lization of the T-box:tRNA complex (Figure 7). The sta-
bilization appears to be achieved through modulations near
known binding interfaces between the two RNAs, including
the SL loop, the apical loop of stem I and stem Sa, which
together directs transcription of the downstream gene un-
der T-box control. Our results expand the recent studies re-
porting that antibiotics can modulate riboswitch-controlled
transcription, which now includes the widespread T-box ri-
boswitches class. Previous studies have tested libraries of
4,5-disubstituted oxazolidinones for their effectiveness, but
a key limitation was the use of a T-bulge construct (a min-
imal RNA which only partially resembled the antitermina-
tor region) instead of a full-length T-box. Similar to our
results, those studies identified compounds that could ei-
ther induce or disrupt antitermination conformation sug-
gesting that transcription antitermination controlled by T-
boxes can indeed be modulated by antibiotics (34,37-42).
Specifically, neomycin B exhibited affinity for nucleotides
located in the bulged region of antiterminator domain via
electrostatic attraction (35). In the present study, we ob-
served that neomycin B mimics the anticodon-protective ef-
fect of T-box binding to tRNA. Neomycin B presumably
induces a conformation that stabilizes the tRNA:T-box in-
teraction at the anticodon-specifier interface by restricting
the anticodon stem loop in a binding-productive conforma-
tion (Figure 7A and B).
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Diagram of the B-galactosidase activity in the presence of tigecycline (B) and linezolid (C). The bars represent B-gal activity relative to cell density, in

Miller Units. Error bars represent + SD values from three independent experiments. The B-galactosidase activity was measured after 4 h of culture in

either rich (+Gly) or minimal media (-Gly) in the Fresence or in the absence of tigecycline or linezolid (concentrations tested half-ICs, ICsy and 1Cq)
y

and after expression induction of S. aureus tRNASY .

The study of a full-length T-box allowed for a more com-
plete and biologically relevant view of the myriad of T-box-
tRNA interactions and conformational changes that are
important for sensing esterified amino acid and conditional
switching. Only three common positions were found be-
tween neomycin B and tigecycline, which increase transcrip-
tion antitermination and linezolid, which decreases it. The
first one is the semi-conserved G82 (G63 of the crystal struc-
ture) a conserved guanosine of the apical loop that interacts

with C44 and A56 and faces G19 of the P1 tRNA%Y ¢
elbow (Figure 7 and Supplementary S1). This position is
considered very important for the overall local conforma-
tion upon tRNA binding, although it is replaced by U19 in
the remaining four tRNASY isoacceptors in S. aureus. The
second (G109) and third positions (G110) are nucleotides
of the SL, known to be important for the interaction and
the recognition of tRNA’s anticodon. Interestingly, all three
common positions are directly or indirectly involved with
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structural rearrangements that facilitate induced fit of the
tRNA anticodon or elbow, both of which are important
for recognition by stem I to ensure binding and recognition
of the cognate tRNA ligand (Figure 7; 20,25). In addition,
the protection of G34 in the tRNA by both neomycin B
and tigecycline indicates that both antibiotics could favor
a stronger interaction at the wobble position (Supplemen-
tary Figure S1).

We observed a striking correlation between the ability
of a given antibiotic to enhance transcription antitermina-
tion and its binding to stem Sa. It was shown previously
that probably stem Sa provides kinetic discrimination be-
tween the cognate P1 tRNASY ;¢ and the four remaining
tRNASY isoacceptors in S. aureus (23). The involvement of
stem Sa in antibiotic binding could also provide a means
for further stabilization of the antitermination conforma-
tion. Common binding positions for neomycin B and tige-
cycline, such as A182 and A196, may engage direct inter-
actions with the tRNA acceptor stem through A-minor in-
teractions (23). These and other adenosines that are pro-
tected by antibiotic binding are single-stranded, making
them available to engage the minor groove of the tRNA
acceptor stem, which may play key roles in stabilizing the
T-box:tRNA complex in the antitermination conformation
(Figure 7A). Both neomycin B and tigecycline bind to the
T-box through specific interactions, in the presence of Pl
tRNASYcc. The binding sites that were identified both
on the T-box and the tRNA indicate that transcription
antitermination is increased through the stabilization of
RNA-RNA interactions at one or more of the three in-
terfaces: the anticodon-specifier helix stabilized by cross-
strand stacking, the platform-platform stacking interaction
between tRNA elbow and the stem I apical base triple, and
the hypothesized A-minor interactions between tRNA ac-
ceptor stem and stem Sa (Figure 7B and C). Finally, our
observation that medically relevant tigecycline concentra-
tions present in cultures modulate T-box activity in vivo, is in
agreement with previous observations showing that antibi-
otics that target translation can also affect RNA-mediated
regulation of gene expression (11,12,61). The same studies
suggested that besides affecting their primary targets, such
as the ribosome, antibiotics present in the growth environ-
ment of pathogens can also induce broad and pleiotropic ef-
fects through resistance mechanisms. The stimulation of S.
aureus glyS transcription by tigecycline in vivo could repre-
sent a similar response mechanism. Although tigecycline is
ultimately bacteriocidal, it might help pathogens to induce
early-response mechanisms, which could be effective during
a very narrow time frame to allow emergence of random re-
sistance mutations during replication.

The expanding knowledge and deepening mechanistic
understanding of bacterial regulatory ncRNAs, including
riboswitches, support the urgent need to discover new al-
ternative molecular targets (63). For instance, PC1 (2,5,6-
triaminopyrimidin-4-one), a novel pyrimidine derivative,
was designed to target a purine-sensing riboswitch in S. au-
reus. This riboswitch controls the expression of GuaA GMP
synthase, involved in pathogen’s survival during infection
(64). Moreover, the recent discovery of ribocil, a synthetic
mimic of the flavin mononucleotide, represents an innova-
tive strategy to target specific bacterial riboswitches (10).

As our knowledge of the structure and function of T-box
riboswitches is enriched, development of novel antimicro-
bial agents against the T-box system becomes more feasi-
ble. T-box riboswitches represent ideal targets because they
regulate expression of many essential genes in amino acid
metabolism, exert strong impact on protein translation, and
can regulate multiple metabolic pathways. Phylogenetic ev-
idence suggests that strong selective pressure exists to pre-
serve the T-boxes from random mutagenesis, which is the
common cause of antibiotic resistance. Genetic, biochem-
ical, and structural analyses reveal a high degree of se-
quence and structural conservation that are concentrated
on a small number of nucleosides in key locations. As the T-
boxes are ‘ON’ switches, their activation, and concomitant
downstream gene expression, require the proper alignment
and engagement of multiple points of contact between the
uncharged tRNA and the T-box riboswitch. Therefore, T-
box function is easily disrupted by, and less tolerant of even
single substitutions near any of these interfaces. Random
mutagenesis of many T-box positions has a high probability
(and occurrence) of disrupting the productive interaction
between the uncharged tRNA and the T-box riboswitch,
which leads to an inability to express essential genes in
amino acid biosynthesis, import, aminoacylation etc., ulti-
mately resulting in lethality, or at least much reduced com-
petitive fitness. The observation that mainstream antibiotics
can modulate T-box riboswitches among several other ri-
boregulators calls for further biochemical and structural
characterization of additional T-box riboswitches from rep-
resentative pathogens. In particular, future work using na-
tive, host RNA polymerases from pathogenic bacteria that
have co-evolved with their cognate T-box riboswitches are
expected to uncover additional regulatory nuances that fine-
tune the interplay between the sequence, structure, and en-
ergetics of the T-boxes and thermodynamic and kinetic
properties of the host RNA polymerases (65,66).The an-
ticipated results will provide much-needed knowledge and
insights that inform the development of novel efficient and
specific antibacterial compounds.
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