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ABSTRACT

Trans-acting regulatory RNAs have the capacity to
base pair with more mRNAs than generally detected
under defined conditions, raising the possibility that
sRNA target specificities vary depending on the
specific metabolic or environmental conditions. In
Sinorhizobium meliloti, the sRNA rnTrpL is derived
from a tryptophan (Trp) transcription attenuator lo-
cated upstream of the Trp biosynthesis gene trpE(G).
The sRNA rnTrpL contains a small ORF, trpL, en-
coding the 14-aa leader peptide peTrpL. If Trp is
available, efficient trpL translation causes transcrip-
tion termination and liberation of rnTrpL, which sub-
sequently acts to downregulate the trpDC operon,
while peTrpL is known to have a Trp-independent
role in posttranscriptional regulation of antibiotic
resistance mechanisms. Here, we show that tetra-
cycline (Tc) causes rnTrpL accumulation indepen-
dently of Trp availability. In the presence of Tc, rnTrpL
and peTrpL act collectively to destabilize rplUrpmA
mRNA encoding ribosomal proteins L21 and L27.
The three molecules, rnTrpL, peTrpL, and rplUrpmA
mRNA, form an antibiotic-dependent ribonucleopro-
tein complex (ARNP). In vitro reconstitution of this
ARNP in the presence of competing trpD and rplU
transcripts revealed that peTrpL and Tc cause a shift
of rnTrpL specificity towards rplU, suggesting that
sRNA target prioritization may be readjusted in re-
sponse to changing environmental conditions.

GRAPHICAL ABSTRACT

INTRODUCTION

In all studied organisms, small trans-acting RNAs (sRNAs)
regulate gene expression by base pairing with mRNAs and
influencing their translation and/or stability (1,2). Since
many sRNAs bind to their mRNA targets by imperfect
complementarity, they were often found to regulate multiple
genes and rewire complex regulatory networks (3,4). How-
ever, even for sRNAs with multiple validated mRNA tar-
gets, usually much more target candidates were predicted,
which, under given conditions, were found not to inter-
act with the sRNAs (5,6). This raises the question whether
some of those candidates are regulated by the sRNAs under
alternative conditions.

In bacteria, features distinguishing mRNA targets from
non-targets and targets prioritization were mostly studied
in Escherichia coli on the example of sRNAs interacting
with RNA chaperone Hfq (5,7). It was found that validated
sRNA targets contain an Hfq binding site that does not
overlap with the sRNA binding site. Furthermore, extent of
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base-pairing and location of binding sites, as well as acces-
sibility (no occlusion by secondary structures) of the sRNA
and mRNA regions predicted to interact, were shown to be
of major importance. Since changes in RNA structure are
known to occur upon environmental changes (8) or upon
binding of proteins or small molecules (9,10), it is conceiv-
able that under changing conditions the sRNA specificity
could be reprogramed.

The model organism Sinorhizobium meliloti, a soil alpha-
proteobacterium capable of fixing molecular nitrogen in
symbiosis with legume plants, was shown to harbor many
sRNAs (11). The subject of our study, the sRNA rnTrpL
(previously RcsR1), is a highly conserved sRNA derived
from the ribosome-dependent transcription attenuator of
the tryptophan (Trp) biosynthesis gene trpE(G) (Figure
1A) (12–14).

The trp attenuator of Gram-negative bacteria relies on
mutually exclusive secondary structures in the nascent
RNA. The adopted structure depends on the translation
efficiency of the small upstream ORF (uORF) trpL, which
harbors consecutive Trp codons in its second half (15,16). If
enough Trp is available, fast trpL translation allows the for-
mation of stem loops (SL) 1 and 3, with SL3 acting as a tran-
scription terminator (Figure 2A). In contrast, under condi-
tions of insufficient Trp supply, transient ribosome pausing
at the Trp codons prevents SL1 and SL3 formation. Instead,
an antiterminator structure SL2 is formed, resulting in co-
transcription of trpL with the downstream structural genes
(15,17).

In contrast to E. coli, which has a single trpEGDCFBA
operon, S. meliloti harbors three trp operons (Figure 1A–
C), of which only the constitutively transcribed trpE(G) is
regulated by attenuation (13,17). Recently, we have shown
that under Trp replete conditions, when transcription is ter-
minated downstream of trpL, the liberated sRNA rnTrpL
binds in trans to the constitutively transcribed mRNA tr-
pDC, leading to its destabilization (Figure 1B) (14). Addi-
tionally, rnTrpL destabilizes sinI mRNA encoding the au-
toinducer synthase gene (12), thus probably coordinating
the quorum sensing onset with the cellular metabolism (Fig-
ure 1D). Also, the rnTrpL sRNA was predicted to inter-
act with a range of other mRNAs (12), including rplUrpmA
which encodes ribosomal proteins L21 and L27 (Figure 1E).

In addition to the rnTrpL sRNA, the trp attenuator of S.
meliloti has a second trans-acting product, the leader pep-
tide peTrpL (MANTQNISIWWWAR) that is encoded by
trpL (Figure 1F). It has a Trp-independent role in resis-
tance to tetracycline (Tc) and other substrates of SmeAB,
the major multidrug resistance (MDR) efflux pump of S.
meliloti (18). If bacteria growing in rich medium are ex-
posed to Tc, peTrpL (i) strongly accumulates, (ii) binds in an
antibiotic-dependent manner to an antibiotic-induced anti-
sense RNA (asRNA) and (iii) causes a destabilization of the
complementary smeR mRNA encoding the transcription
repressor of smeABR, while smeAB mRNA is stabilized.
This posttranscriptional mechanism involves the forma-
tion of antibiotic-dependent ribonucleoprotein complexes
(ARNPs) containing peTrpL, the asRNA, smeR mRNA
and Tc. It was shown that the smeR-ARNPs can be formed
not only in the presence of Tc, but also of several other,

structurally different antimicrobial compounds that are ex-
truded by SmeAB (18).

The role of peTrpL in multiresistance prompted us to
consider a response of the trp attenuator to antibiotic ex-
posure at the level of RNA. Indeed, the trp attenuator of
Gram-negative bacteria is well suited to respond to trans-
lation inhibition by the release of rnTrpL, because in the
absence of translation, the transcription terminator SL3 is
formed (14,19,20). It is known that, under conditions of
Trp availability, transcription termination at the attenuator
is much stronger when trpL cannot be translated (21–24).
This phenomenon is known as superattenuation (23). Thus,
we decided to test whether the rnTrpL sRNA is generated
upon exposure to translation inhibiting antibiotics such as
Tc. We also tested whether rnTrpL plays a role in gene regu-
lation in the presence of Tc and other translation inhibitors.

In this work, we show that the S. meliloti trp attenua-
tor responds to Tc exposure by rnTrpL liberation. Further-
more, under conditions of Tc exposure, rnTrpL base pairs to
and destabilizes the rplUrpmA mRNA. We provide evidence
that for interaction with this mRNA, the rnTrpL sRNA op-
erates in conjunction with the peTrpL peptide and trans-
lation inhibiting antibiotics that appear to reprogram the
specificity of the sRNA. It is tempting to suggest that this
mechanism saves resources required for the adaptation to
antibiotic exposure in the soil habitat of S. meliloti.

MATERIALS AND METHODS

Cultivation of bacteria and exposure to antibiotics

Alphaproteobacterial strains (Supplementary Table S1)
were cultivated semiaerobically (30 ml medium in a 50 ml
Erlenmeyer flask or equivalent at 140 rpm and 30◦C to
an OD600 of 0.6) as previously described (18). S. meliloti
was cultivated in rich TY medium (5 g BactoTryptone,
3 g Bacto-yeast extract, and 0.3 g CaC2 per litre) (25)
or GMX minimal medium (10 g D-mannitol, 5 g sodium
glutamate, 5 g K2HPO4, 0.2 g MgSO4·7H2O, and 0.04 g
CaCl2 per litre; trace elements: 0.05 mg FeCl3·6H2O, 0.01
mg H3Bo3, 0.01 mg ZnSO4·7H2O, 0.01 mg CoCl2·6H2O,
0.01 mg CuSO4·5H2O, 1.35 mg MnCl2, and 0.01 mg
Na2MoO4·2H2O per litre; 10 �g biotin and 10 mg thi-
amine per litre) (26). TY medium was also used for Agrobac-
terium tumefaciens, while Bradyrhizobium japonicum was
cultivated in PSY medium (300 mg KH2PO4, 300 mg
Na2HPO4, 5 mg CaCl2, 100 mg MgSO4, 3 g peptone, 1 g
yeast extract, 10 mg H3BO3, 1 mg ZnSO4, 0.5 mg CuSO4,
0.1 mg Na2MoO4, 0.1 mg MnCl2, 0.19 mg FeCl3, 1 mg
thiamine–HCl, 1 mg biotin, 1 mg Na-panthothenate, and
1 g L-arabinose/l) (27). When strains harboring respective
resistance plasmids were grown in liquid cultures, Tc and
gentamycin (Gm) were used at final concentrations of 20
�g/ml and 10 �g/ml, respectively. Strains lacking such plas-
mids were exposed to subinhibitory Tc concentration (1.5
�g/ml). The same volume of the solvent ethanol (60 �l)
was added to the 50 ml control cultures. Other antibiotics
were used at the following subinhibitory concentrations: 27
�g/ml erythromycin (Em), 9 �g/ml chloramphenicol (Cl),
3 �g/ml rifampicin (Rf) and 45 �g/ml kanamycin (Km).
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Figure 1. The three trp-operons in S. meliloti 2011 and operons targeted by rnTrpL and/or peTrpL in trans. Pse: sense promoter, Pas: antisense promoter.
(A) The trpE(G) operon and its products rnTrpL and peTrpL (13). (B) The trpDC operon and its regulation by rnTrpL. The rnTrpL sRNA base pairs
with a specific mRNA region and destabilizes the polycistronic transcript (14). (C) The trpFBA operon, which is not regulated by rnTrpL or peTrpL (14).
(D) The sinI gene and its posttranscriptional regulation by rnTrpL (12). (E) The rplUrpmA operon and the proposed binding of rnTrpL to a specific region
in the rplU coding region. (F) The smeABR operon and its differential, posttranscriptional regulation by peTrpL. The peTrpL peptide forms an ARNP
complex with the as-smeR RNA and the smeR segment of the smeABR mRNA. This leads to destabilization of the smeR mRNA segment, while the smeAB
segment is stabilized (18). Transcription start sites (TSSs) and corresponding promoters are indicated either according to (13,14,18,38) or to results of this
study. In a previous, transcriptome-wide TSS analysis (41), the antisense TSS downstream of rnTrpL was mapped, while the antisense TSS at the end of
rpmA was not. The indicated TSS of as-rplUrpmA corresponds to a major 5′-end identified by RNA-Seq of coimmunoprecipitated RNA (18). The 3′-ends
of the asRNAs were not determined. Their estimated length was inferred from the RNA-Seq analysis of coimmunoprecipitated RNA (18).

Cloning procedures, conjugation, induction and fluorescence
measurement

Cloning in E. coli and transfer of plasmids by conjuga-
tion into S. meliloti was conducted by standard methods
(28) and as described previously (14). Plasmids and oligonu-
cleotides are listed in Supplementary Table S1 and Supple-
mentary Table S2, respectively. The pRK4352-derived plas-
mids confer Tc resistance and enable constitutive transcrip-
tion (29). The plasmids pSRKGm and pSRKTc (confer-
ring resistance to Gm and Tc, respectively) allow for IPTG-
induced transcription in Alphaproteobacteria (30). Unless

indicated otherwise, induction with 1 mM IPTG was per-
formed for 10 min. Fluorescence of strains producing L27′-
EGFP fusion protein was measured using a Tecan Infinite
M200 reader. Values were normalized to the ODs and to the
fluorescence of empty vector control (EVC) cultures.

RNA purification

The RNA purification methods used in this work were pre-
viously described (14,18). Briefly, total RNA for north-
ern blot hybridization and determination of RNA steady-
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state levels by qRT-PCR was purified by TRIzol and subse-
quent hot-phenol treatment. For determination of mRNA
half-lives by qRT-PCR, RNA was purified after rifampicin
treatment using RNAprotect Bacteria Reagent and RNeasy
columns (Qiagen).

Real time RT-PCR (qRT-PCR)

Prior to qRT-PCR analysis, 10 �g RNA was treated with 1
�l TURBO-DNase for 30 min and success of DNA removal
was confirmed by PCR with rpoB-specific primers for each
sample (40 ng RNA was used in a 10 �l reaction mixture; 40
ng total DNA was used in a positive control reaction). RNA
was diluted to 20 ng/�l and 2 �l of a diluted sample were
used for strand-specific qRT-PCR conducted with Brilliant
III Ultra Fast SYBR® Green QRT-PCR Mastermix con-
taining the polymerase enzymes (Agilent). First, 9 �l reac-
tion mixtures containing 10 pmol of the reverse primer were
assembled. After cDNA synthesis, the reverse transcriptase
was inactivated, the forward primer was added, and real-
time PCR was performed in a spectrofluorometric thermal
cycle (Bio-Rad). The quantification cycle (Cq) was set to a
value at which the curvature of the amplification was max-
imal using Bio-Rad CFX Manager 3.0. When the technical
duplicates differed by >0.5 Cq, the qRT-PCR was repeated.
No-template-controls were always included, and the speci-
ficity of the qPCR product was validated by a melting curve
after the qPCR-reaction.

Routinely, each qRT-PCR sample contained 40 ng RNA
and rpoB mRNA was used as reference. However, when 16S
rRNA was used as a reference, the RNA samples were addi-
tionally diluted (0.004 ng RNA was used in a 10 �l reaction
mixture) to obtain similar Cq of mRNA and 16S rRNA.
Primer pair efficiency (Supplementary Table S2) was deter-
mined by PCR using serial two-fold dilutions of RNA.

For studying changes in cellular mRNA levels, the anal-
ysis of the gene of interest and of the reference gene were
performed with portions of the same total RNA sample,
and two samples were compared by calculating fold changes
of RNA levels with the Pfaffl formula (31). For calculating
the enrichment by coimmunoprecipitation (CoIP) or affin-
ity chromatography, the qRT-PCR of the gene of interest
was performed with coimmunoprecipitated- or copurified-
RNA sample, while total RNA of the same culture (har-
vested prior to cell lysis) was used for the rpoB qRT-PCR.
Then, the Pfaffl formula was used to calculate the fold en-
richment in comparison to the corresponding mock con-
trol. All qRT-PCR graphs show means and standard devia-
tions from three independent experiments, each performed
in technical duplicates.

In vitro transcription

In vitro transcription was performed using the
MEGAshortscript T7 kit as described (18). Either
PCR products with integrated T7 promoters were used
as templates, or complementary oligonucleotides were
annealed to obtain a double-strand, T7 promoter con-
taining template. The used oligonucleotides are listed
in Supplementary Table S2. To synthesize non-labeled
transcripts, 500 ng template, 1× T7-polymerase buffer,

7.5 mM ATP, 7.5 mM CTP, 7.5 mM GTP, 7.5 mM UTP
and 25 U T7-enzyme mix were used. Internally labeled
transcripts were synthesized using 0.5 mM ATP, 0.5 mM
CTP, 0.5 mM GTP, 0.1 mM UTP and 2 �l [�-32P]-UTP
(10 �Ci/�l) per 20 �l reaction mixture. The DNA template
was removed using TURBO-DNase. RNA was extracted
with hot phenol, precipitated and dissolved in ultrapure
water.

Electrophoretic mobility shift assay (EMSA)

For gel-shift assays, 20 �l of a reconstituted ARNP sam-
ple containing internally labeled mini-rplU transcript and
Tc (see below) was mixed with 2 �l of loading buffer (0.05×
TBE, 50% glycerol, 0.1% bromophenol blue, 1.5 �g/ml
Tc) and loaded onto a 2 mm thick, 10% native polyacry-
lamide (PAA)-gel (10% PAA, 0.25× TBE, 10 mM MgCl2,
1.5 �g/ml Tc). The gel was pre-run for 1 h at 100 V and 4◦C,
and the electrophoretic separation was conducted for 3 h at
150 V and 4◦C. After gel drying, signals were detected by
phosphorimaging using a Bio-Rad molecular imager.

mRNA half-life determination

Rf (inhibitor of transcription initiation) was dissolved in
methanol (150 mg/ml) and added to a final concentration
of 800 �g/ml to bacterial cultures. Culture aliquots were
withdrawn at time points 0, 2, 4, 6 and 8 min and RNA was
isolated. To determine the relative levels of specific mRNAs,
qRT-PCR analysis with 16S rRNA as a reference was per-
formed (see above). Linear-log graphs were used for half-life
calculation.

Coimmunoprecipitation with 3×FLAG-peTrpL

For CoIP with the tagged peptide 3×FLAG-peTrpL, S.
meliloti 2011 pSRKGm-3×FLAG-peTrpL was used. For
control CoIPs, pSRKGm-peTrpL (mock) or pSRKGm-
3×FLAG were used instead. Ten minutes after addition of
IPTG and one of the antibiotics Tc, Em, Cl, Km or Rf (ap-
plied at the above specified subinhibitory concentrations) to
a culture, 90 ml cells were harvested by centrifugation at 4◦C
and 6,000 rpm. The cells were resuspended in 5 ml buffer A
(20 mM Tris–HCl, pH 7.5, 150 mM KCl, 1 mM MgCl2, 1
mM DTT) containing 10 mg/ml lysozyme, the respective
antibiotic, and protease inhibitor cocktail (Sigma-Aldrich)
and lysed by sonication. The cleared lysate was incubated
for 2 h with 40 �l Anti-FLAG M2 Magnetic Beads (Sigma-
Aldrich) at 4◦C. One half of the beads was washed three
times with 500 �l buffer A containing 2 �g/ml Tc, while the
second half was washed with buffer without Tc (protease in-
hibitors were used in the first two washing steps). Then the
beads were resuspended in 50 �l buffer A (elution fraction)
and used for RNA purification with hot-phenol.

MS2-rnTrpL affinity purification

For MS2-MBP (MS2 phage coat protein fused to maltose-
binding protein) affinity chromatography (32), S. meliloti
2011 pRK-MS2-rnTrpL was used. Mock purification was
performed with strain 2011 pRK-MS2, in which the MS2
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aptamer was transcribed instead of MS2-rnTrpL. Cells
from 90 ml culture of OD 0.5 were washed in 20 ml cold
PBS (140 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 2
mM KH2PO4, pH 7.4), resuspended in 600 �l buffer B
(20 mM Tris, pH 8.0, 150 mM KCl, 1 mM MgCl2, 1 mM
DTT) and sonicated. The cleared lysate (350 �l) was ap-
plied onto a column of amylose beads, which were non-
covalently bound to the MS2-MBP fusion protein (32). To
prepare the column, 2 ml Bio-spin disposable chromatog-
raphy column (Bio-Rad), 70 �l amylose bead suspension
(New England Biolabs) and purified MS2-MBP (300 pmol
protein in 1 ml buffer B) were used. The column material
was incubated for 5 min at 4◦C with the lysate, before the
flow-through was collected and applied again onto the col-
umn. Then the beads were split into two portions, and one
of them was washed 3× with 2 ml buffer B containing 2
�g/ml Tc, while the second one was washed with the buffer
without Tc. For elution, the beads were resuspended in 250
�l buffer B containing 12 mM maltose. The elution step was
repeated. RNA from the resulting elution fractions was pu-
rified with hot-phenol. The organic phase of the hot-phenol
extracted sample was mixed with 1.5 ml ice-cold acetone
and the proteins were precipitated over night at −20◦C.

Northern blot analysis

After purification of reconstituted ARNPs by CoIP
or MS2-MBP chromatography, resuspended beads were
loaded on 10% polyacrylamide-urea gels. Electrophoresis
was conducted at 300 V for 3 h and RNA was transferred
by semi-dry electroblotting to a positively charged nylon
membrane and crosslinked by UV. Radioactive, 5′-labeled
oligonucleotide probes were used for hybridization (Sup-
plementary Table S2). For labelling, 15 �Ci [� -32P]-ATP
(Hartmann Analytics, Braunschweig, Germany) and 5 U
T4 polynucleotide kinase were used in a 10 �l reaction mix-
ture. After incubation for 60 min at 37◦C, 30 �l water were
added and unincorporated nucleotides were removed using
MicroSpin G-25 columns (GE Healthcare Life Sciences).
Prehybridization was conducted fort 2 h at 56◦C with a
buffer containing 6× SSC, 2.5 × Denhardt’s solution, 1%
SDS and 10 �g/ml salmon sperm DNA. Hybridization was
conducted in a solution containing 6 × SSC, 1% SDS, 10
�g/ml salmon sperm DNA for at least 6 h at 56◦C. The
membrane was washed twice for 2–5 min in 0.01% SDS, 5×
SSC at room temperature. Detection and quantification of
the signals was performed using a Bio-Rad molecular im-
ager and Quantity One software.

SDS-PAGE and western blot analysis

Proteins were analyzed by SDS-PAGE as described (28,33).
Western blot detection of 3×FLAG-peTrpL was conducted
as follows (34): The used separating gel of the Tricine-SDS-
PAGE contained 16% polyacrylamide (acrylamide:bis-
acrylamide 19:1) and 8% glycerol. After electrophoresis in
a hand-cast mini-gel (60 V until the sample entered the sep-
arating gel followed by 100 V for 3 h), electroblotting onto
a PVDF membrane was conducted (0–4 mA per cm2 for 16
– 24 h at room temperature). The membrane was incubated
in blocking solution (2.5 g powdered milk in 50 ml 1× PBS

containing 0.1% Tween 20) for 1 h. After 3× washing for 10
min in PBS containing 0.1% Tween 20, the membrane was
incubated for 1.5 h with the monoclonal anti-FLAG M2-
peroxidase (HRP) antibody (Sigma-Aldrich), which was di-
luted 1:1000 in 1× PBS containing 0.1% Tween 20 and 3%
bovine serum albumin. After 3× washing for 10 min in PBS
containing 0.1% Tween 20, the Lumi-Light Western Blot-
ting Substrate Kit (Roche) was used to detect the signals in
a Chemiluminescence Reader (PEQLAB).

Mass spectrometry

Digestion of proteins in a gel slice stained with Coomassie
Brilliant Blue was performed as reported elsewhere (35).
Gel pieces were covered with ultra-pure water and incu-
bated 15 min in an ultrasonic water bath to recover the
peptides, which were then loaded on an EASY-nLC II sys-
tem (Thermo Fisher Scientific) equipped with an in-house
built 20 cm column (inner diameter 100 �m, outer diame-
ter 360 �m) filled with ReproSil-Pur 120 C18-AQ reversed-
phase material (3 �m particles, Dr Maisch GmbH). Pep-
tides were eluted with a nonlinear 80 min gradient from 1 to
99% (v/v) solvent B (0.1% (v/v) acetic acid in acetonitrile)
with a flow rate of 300 nl/min and injected online into a
LTQ Orbitrap XL (Thermo Fisher Scientific). As described
in (18), the survey scan at a resolution of R = 30 000 and
1 × 106 automatic gain control target in the Orbitrap with
activated lock mass correction was followed by selection of
the five most abundant precursor ions for fragmentation.
Singly charged ions as well as ions without detected charge
states were excluded from MS/MS analyses. For identifica-
tion of peptides from MS-spectra, a database search was
performed with Sorcerer-SEQUEST (4.0.4 build, Sage-N
Research) using the Sequest algorithm against a target-
decoy integrated proteogenomic database (iPtgxDB; https:
//iptgxdb.expasy.org/) of S. meliloti 2011, which also con-
tained sequences of common laboratory contaminants and
FLAG-tagged peTrpL (total entries: 320 482).

The quantification of peTrpL abundance by targeted
MS was described before (18). Protein extracts were di-
luted in 50 mM TEAB (triethylammonium bicarbonate)
buffer, pH 8.0 (Sigma-Aldrich) to a final concentration of
0.5 �g/�l. Proteins were reduced (2.5 mM TCEP, Tris-
(2-carboxyethyl) phosphine hydrochloride, Invitrogen) at
65◦C for 45 min and thiols were alkylated in 5 mM iodac-
etamide (Sigma-Aldrich) for 15 min at 25◦C in the dark.
Trypsin (Promega) was added in an enzyme-to-substrate
ratio of 1:100 and after 14 h at 37◦C, protein diges-
tion was terminated by adding concentrated HCl to a fi-
nal concentration of 600 mM. Peptides were purified us-
ing C18 Zip tips (Pierce). Prior to measurement, samples
were spiked with synthetic peptides containing an isotopi-
cally labeled amino acid (JPT Peptide Technologies and
Thermo Fisher Scientific) to a final concentration of 50
fmol/�l (FLAG-peTrpL), 100 fmol/�l (peTrpL-M) and
1000 fmol/�l (WT-peTrpL). For quantification of peTrpL
abundance, the heavy synthetic peptide was used to opti-
mize MS-parameters to achieve the highest sensitivity. The
samples were loaded on an EASY-nLC 1000 or an EASY-
nLC II system (Thermo Fisher Scientific) equipped with an
in-house built 20 cm column as explained above. Peptides

https://iptgxdb.expasy.org/
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were eluted with a nonlinear gradient from 1 to 99% (v/v)
solvent B (0.1% (v/v) acetic acid in acetonitrile) with a flow
rate of 300 nl/min and injected online into a TSQ Vantage
(Thermo Fisher Scientific). The selectivity for both Q1 and
Q3 were set to 0.7 Da (FWHM). SRM mode applying a col-
lision gas pressure of 1.2 mTorr in Q2 was used. All raw files
from targeted MS were processed using Skyline 4.2 (36). A
peptide ratio of native and heavy peTrpL peptide was based
on five transitions. Peptide ratios of three biological repli-
cates were averaged if their dot product was >0.7. The con-
centration of peTrpL in the sample was calculated based on
the peptide ratios and the added amount of heavy peptide.

ARNP reconstitution

Peptides were synthesized by Thermo Fisher Scientific.
For ARNP reconstitution, in vitro transcribed MS2-rnTrpL
(100 ng; 2 pmol) and mini-rplU (100 ng; 4.4 pmol), WT
peTrpL (100 ng, 22 pmol), and Tc (final concentration of
2 �g/ml) were mixed in buffer A, in a final volume of 50
�l. When Tc was omitted, the same volume of the sol-
vent ethanol was added. The samples were incubated for 20
min at 20◦C under shaking. Optionally, half of WT peTrpL
was replaced by the tagged peptide; in vitro transcribed rn-
TrpL was used instead of the MS2-rnTrpL transcript; Tc
was replaced by another antibiotic used at the subinhibitory
concentration specified above; mutated in vitro transcripts
were used; 100 ng as-rnTrpL or 100 ng as-rplU or both
together were additionally added; 100 or 500 ng of unre-
lated 70 nt smeR2 in vitro transcript was additionally added.
MS2-rnTrpL or 3× FLAG-peTrpL containing reconsti-
tuted ARNPs were isolated by MS2-MBP chromatography
or CoIP as described above using 20 �l beads. The washing
steps were performed with 100 �l buffer, the washed beads
were resuspended in 50 �l (elution) buffer and 5 �l of the re-
suspended beads were mixed with formamide-urea loading
buffer, heated at 65◦C and loaded on denaturing polyacry-
lamide gel for northern blot analysis. Reconstituted ARNPs
containing non-tagged components and internally labeled
mini-rplU transcript were analyzed by EMSA (5 �l of each
reconstitution sample were loaded on a gel).

Additionally, native and reconstituted ARNPs were sub-
jected to disassembly by diluting the sample with a buffer,
which did not contain antibiotic, and reassembly was
achieved by raising the antibiotic concentration. MS2-MBP
purified rplUrpmA-ARNP was portioned in samples con-
taining approximately 300 ng endogenous RNA (mainly
rplUrpmA mRNA, rnTrpL and corresponding asRNAs).
For competition experiments, 1:1 mixture of mini-trpD and
mini-rplU in vitro transcripts (300 ng of each transcript) was
added to such samples, which were then used for ARNP dis-
assembly and reassembly.

Computational analysis

Two hundred and eighty-one genomes of Rhizobiales were
downloaded from GenBank (37) in August 2018 and ana-
lyzed for presence of ORFs located upstream of trpE and
at least two consecutive UGG codons. Sequence logos were
constructed using WebLogo (38). RNA-RNA interactions
and secondary structures were predicted by IntaRNA and
MFOLD, respectively (39,40).

RESULTS

The trp attenuator responds to tetracycline exposure

We hypothesized that transient ribosome stalling at the 5′-
end of trpL in the nascent RNA would lead to transcrip-
tion attenuation and rnTrpL sRNA liberation in S. meliloti.
To test this, it was necessary to distinguish transcription
attenuation due to Trp availability from possible attenua-
tion due to exposure to Tc. In the prototrophic strain S.
meliloti 2011, the rnTrpL sRNA is present during growth
in rich TY and GMX minimal media, because even in min-
imal medium, due to expression of trp genes, there are suf-
ficient Trp-charged tRNAs to cause transcription atten-
uation (Supplementary Figure S1). Therefore, we used a
ΔtrpC mutant of strain 2011, in which relief of transcription
attenuation (cotranscription of trpL with trpE(G)) occurs
under Trp limiting conditions (13,14).

After 4 h of growth under Trp limiting (Low Trp) condi-
tions (minimal medium containing 2 �g/ml Trp), rnTrpL
was not detectable by northern hybridization (lane 2 in
Figure 2B). Addition of Tc to a final concentration of 1.5
�g/ml (below the minimal inhibitory concentration of 2
�g/ml) resulted in rnTrpL accumulation (Figure 2B, lanes
3 and 4), in line with the proposed transcription attenua-
tion in response to impairment of translation initiation. Af-
ter removal of Tc from the medium, the rnTrpL level de-
creased again (compare lanes 4 and 5 in Figure 2B). Ad-
ditionally, we analyzed by qRT-PCR the relative levels of
5′-leader, trpL- and trpE(G)-containing cotranscript, and
trpE(G) mRNA. The results confirmed that the observed
changes in the rnTrpL level (Figure 2B) are due to transcrip-
tion attenuation and its relief (Supplementary Figure S2).
Thus, the trp attenuator responds to Tc exposure by sRNA
liberation.

Recently we found that in S. meliloti 2011 cultures grown
in rich TY medium, the level of peTrpL is strongly increased
upon Tc exposure (18). Here, mass spectrometry (MS) was
used to analyze the peTrpL level in minimal medium and
strong accumulation was detected 10 min after addition of
1.5 �g/ml Tc to the cultures (Figure 2C). Under Low Trp
conditions without Tc, no peTrpL could be detected, most
probably because it was below the limit of detection by tar-
geted MS (<0.1 fmol peTrpL/�l sample as obtained from
calibration curves using the pure peptide). Given the fact
that peTrpL was well detectable under Low Trp conditions
with Tc (Figure 2C), we assume a strong accumulation of
peTrpL in presence of Tc. Under High Trp conditions (20
�g/ml Trp), peTrpL was detectable in the samples without
Tc, suggesting generally higher abundance of peTrpL un-
der High Trp conditions compared to low Trp conditions.
Moreover, peTrpL accumulated on average >300-fold when
Tc was added to High Trp samples (Figure 2C).

In summary, the available data (Figure 2, Supplemen-
tary Figure S1) and (12,18) show that in minimal and in
rich medium, the trans-acting products of the trp attenua-
tor, the leader peptide peTrpL and the sRNA rnTrpL, are
present and/or accumulate under conditions of Tc expo-
sure. In the following, we provide evidence for a joint, Tc-
dependent function of peTrpL and rnTrpL in the regulation
of rplUrpmA. If not indicated otherwise, cultures grown in
rich TY medium were used.
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Figure 2. The S. meliloti trp attenuator responds to tetracycline exposure. (A) Secondary structure of rnTrpL (as experimentally determined in (14)) with
indicated SL1, SL3, and mutations used in this work (M1, M2). The sequence corresponding to SL2 as well as the beginning and end of rnTrpL regions
predicted to base pair with trpD and rplU, respectively, are indicated with correspondingly marked, flexed arrows. Start, stop and Trp codons of the trpL
ORF are in bold. (B) Phosphorimage showing northern blot analysis of strain 2011 ΔtrpC grown in GMX minimal medium with 20 �g/ml Trp (High Trp
conditions) or 2 �g/ml Trp (Low Trp conditions). Presence of 1.5 �g/ml Tc is indicated (−Tc, corresponding volume of the solvent ethanol was added).
Lane 1: RNA from a culture grown in High Trp medium to OD600 of 0.5; lane 2: RNA from the same culture after dilution in Low Trp medium and 4 h
growth to OD600 of 0.5; lanes 3 and 4: Tc was added to the lane 2 culture and RNA was purified 10 and 20 min thereafter; lane 5: cells of the lane 4 culture
were washed in Low Trp-medium without Tc, incubated for 10 min, and used for RNA isolation. 30 �g total RNA was loaded in each lane, except for lane
1 in which 10 �g RNA was loaded. First, a probe directed against rnTrpL was used and then the membrane was re-hybridized with the 5S rRNA-specific
probe (loading control). Detected RNAs are indicated. For qRT-PCR analysis of the RNA samples, see Supplementary Figure S2. (C) Results of targeted
MS of peTrpL abundance under Low and High Trp conditions in GMX minimal medium with and without Tc in strain 2011. Error bars represent the
standard deviations obtained from three biological replicates. In the Low Trp, -Tc samples, no peTrpL could be detected. According to the Student’s t-test:
**: P-value ≤ 0.01.

rnTrpL, peTrpL and Tc are needed for posttranscriptional
rplUrpmA regulation

To address the predicted interaction between rnTrpL and
rplUrpmA mRNA (12), we used plasmid pSRKTc-rnTrpL
(Figure 3A), which provides resistance to Tc and allows
for IPTG-inducible production of a rnTrpL variant named
lacZ′-rnTrpL (and simultaneous production of peTrpL en-
coded by the sRNA). While rnTrpL directly starts with the
ATG of trpL (Figure 2B), lacZ′-rnTrpL harbors the 5′-UTR
of lacZ (see corresponding plasmid scheme in Figure 3A).
In a previous study, we could show that lacZ′-rnTrpL is
functional and destabilizes trpDC mRNA (14). The lacZ′-
rnTrpL transcription was induced for 10 min in S. meliloti
2011 ΔtrpL, in which the rnTrpL sequence and thus also the
trpL ORF were deleted from the chromosome. Using qRT-
PCR, we detected an almost fourfold decrease in the rpmA
mRNA level (see the first two bars in Figure 3B), suggesting
a possible role of rnTrpL and/or peTrpL in downregulation
of rplUrpmA.

Next, we provided the peptide and sRNA functions on
different plasmids. The Tc resistance plasmid pRK-rnTrpL-
I, from which a sRNA derivative with inactivated trpL ORF
is constitutively transcribed (rnTrpL-I harbors a start to
stop codon mutation, see Figure 2A), and the gentamycin
(Gm) resistance plasmid pSRKGm-peTrpL, which allows
for IPTG-inducible peTrpL production (Figure 3A), were

used separately or together in strain 2011 ΔtrpL. Using
qRT-PCR, we determined changes in the level of rplUrpmA
mRNA 10 min after IPTG addition (Figure 3B). Surpris-
ingly, we found that the rplUrpmA mRNA level was de-
creased only if both the sRNA and the peptide were pro-
duced (Figure 3B). In contrast, production of the rnTrpL-I
only was sufficient for trpC mRNA decrease (representing
the trpDC target of rnTrpL), while the level of trpE mRNA,
which is not a target of rnTrpL in trans, was not changed
(Figure 3B, red and orange bars). These results suggest that,
in contrast to trpDC, rplUrpmA is a peTrpL-dependent tar-
get of the sRNA rnTrpL.

We also tested whether induced peTrpL overproduction
will influence rplUrpmA in a Tc dependent manner in strain
2011 producing native rnTrpL and peTrpL from the chro-
mosome. When 2011 pSRKGm-peTrpL cultures grown in
the presence of gentamycin (Gm) were used, no change in
the rpmA mRNA level was observed 10 min after IPTG
addition (Figure 3C). In contrast, in a two-plasmid strain,
which contained in addition the pRK4352 empty plas-
mid and was cultivated in medium with Gm and Tc, the
rpmA mRNA level was decreased after IPTG addition (Fig-
ure 3C). The pRK4352 containing strain was cultured in
medium with 20 �g/ml Tc, and the Tc-specific TetA efflux
pump encoded by the plasmid provided resistance to Tc.
Our previous data suggested that Tc is present in the cells of
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Figure 3. rnTrpL, peTrpL and Tc are needed for downregulation of rplUrpmA. (A) Used plasmids and their products. The pSRKTc and pSRKGm
plasmids confer resistance to Tc and Gm, respectively. They contain a lac-module from E. coli (in yellow), which ensures tight repression of cloned genes
and their induction by IPTG. It comprises the lacI gene (harboring the operator O3) with its promoter PI, the intergenic region between lacI and lacZ, the
Plac promoter, the operator O1, which is located in the 5′-UTR of lacZ, and an engineered lacZ� containing a multiple cloning site (30). Shine-Dalgarno
sequences (SD) are indicated by small, non-hatched rectangles. The start codon of lacZ� is a part of an NdeI restriction site, which was used to clone either
rnTrpL (which is leaderless and starts with ATG of trpL) or recombinant trpL ORF containing synonymous codons (14). The pRK4352 plasmid contains
a heterologous rrn promoter (29) and was used to produce the sRNA-derivative rnTrpL-I with inactive trpL ORF. EVC, empty vector control. Relevant
genes are depicted by internally labeled arrows. For other descriptions see Figure 1. (B–D), results of qRT-PCR analyses. Shown are log2-transformed fold
changes (log2FC) in the levels of the indicated mRNAs. Used strains and plasmids are given. Bacteria were cultivated in rich TY medium and presence
of Tc is indicated. (B) RNA from S. meliloti 2011 ΔtrpL strains harboring the indicated plasmids was compared to that of the corresponding EVC before
(0 min) and 10 min after IPTG addition. (C) RNA isolated 10 min after IPTG addition was compared to RNA isolated at the time point 0. (D) RNA
isolated 10 min after addition of IPTG and/or 1.5 �g/ml Tc was compared to RNA isolated at the time point 0. Importantly, decrease in the rpmA mRNA
level was not detected in the EVC cultures harboring pSRKGm. Each graph shows means and standard deviations from three independent experiments.
According to the Student’s t-test: *P-value ≤ 0.05; **P-value ≤ 0.01.
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such cultures at a certain level (18). Thus, one possible ex-
planation of the Figure 3C result is that the overexpressed
peTrpL directs the native rnTrpL sRNA to rplUrpmA, and
that for this Tc is needed.

To test whether Tc is needed for rplUrpmA downregula-
tion by rnTrpL and peTrpL, we used S. meliloti 2011 ΔtrpL
harboring the Gm-resistance plasmid pSRKGm-rnTrpL,
which allows for IPTG-inducible production of lacZ′-
rnTrpL and peTrpL (Figure 3A). Cultures of this strain
were supplemented with either IPTG or Tc (1.5 �g/ml), or
with both IPTG and Tc, and changes in mRNA levels were
subsequently measured by qRT-PCR. The level of rpmA
mRNA was decreased only in cultures supplemented with
both IPTG and Tc (Figure 3D). Such a decrease was not
observed in the empty vector control strain (EVC) contain-
ing pSRKGm. Furthermore, in the pSRKGm-rnTrpL con-
taining strain, the level of trpC mRNA was decreased after
IPTG addition even without Tc, and that of the control trpE
mRNA was not changed significantly under all conditions
(Figure 3D). These results suggest that rnTrpL and peTrpL
act in conjunction with Tc in the regulation of rplUrpmA.

Moreover, we exposed cultures of the Tc-sensitive strains
2011 and 2011 ΔtrpL (without recombinant plasmids) to
1.5 �g/ml Tc for 10 min and analyzed changes in the level of
rplUrpmA mRNA by qRT-PCR (Figure 4A and B). Upon
Tc exposure, the rplUrpmA mRNA level was decreased in
strain 2011 but not in the deletion mutant. The Tc-triggered,
trpL-dependent decrease was not observed for the control
mRNAs trpC and trpE (Figure 4B). The same qRT-PCR
data was used to compare the parental strain 2011 to the
ΔtrpL mutant (Figure 4A and C). Without Tc exposure, the
rplUrpmA mRNA level in both strains was similar, and, as
expected, the trpC mRNA level in the parental strain was
lower than that in the mutant. Upon Tc exposure, however,
the rplUrpmA level in the parental strain was lower than that
in the mutant. Interestingly, under Tc exposure conditions
the difference in the trpC mRNA level of both strains was
smaller than in the absence of Tc (Figure 4C). This suggests
that in the presence of Tc, the rnTrpL sRNA is engaged in
regulation of rplUrpmA rather than in regulation of trpDC.

Next, we tested whether other translation initiation in-
hibiting antibiotics such as erythromycin (Em), chloram-
phenicol (Cl) and kanamycin (Km) also trigger a trpL-
dependent rplUrpmA downregulation. As a negative con-
trol, the inhibitor of transcription initiation rifampicin (Rf)
was used. The antibiotics were added at subinhibitory con-
centrations to cultures of strains 2011 and 2011 ΔtrpL
(without recombinant plasmids), and mRNA changes were
analyzed by qRT-PCR. In strain 2011, the rpmA mRNA
level was decreased when Em, Cl or Km were applied, but
not upon addition of Rf (Figure 4D). In contrast, a signifi-
cant rpmA decrease was not detected in strain 2011 ΔtrpL,
supporting the critical role of the trans-acting products of
the trp attenuator in rplUrpmA downregulation upon expo-
sure to translation inhibitors.

The sRNA rnTrpL base pairs with rplU mRNA

To learn more about the role of rnTrpL in rplUrpmA down-
regulation, the predicted base pairing between rnTrpL and

rplU in rplUrpmA mRNA was studied in vivo. For this, two-
plasmid assays were performed in the 2011 ΔtrpL mutant.
Each tested strain contained either the Tc-resistance empty
plasmid pSRKTc (Figure 3A), or one of its derivatives for
production of lacZ′-rnTrpL sRNA or mutated sRNAs with
weaker predicted base pairing to rplU (Figure 5A and B).
Previously, it was shown that these mutations do not in-
fluence the level of the ectopically produced sRNAs (14).
While the M1 mutation is located downstream of the trpL
ORF, the M2 mutation leads to an R to A replacement
in peTrpL (Figures 2A and 5B), which is produced along
with the sRNA upon induction with IPTG. Additionally,
each strain contained a second, pSRKGm-based plasmid
with a bicistronic rplUrpmA′::egfp reporter fusion or one of
its derivatives with compensatory mutations restoring the
sRNA-mRNA base pairing (Figure 5A and B). Cultures
were grown in medium with Gm and Tc, the sRNA and re-
porter constructs were co-induced with IPTG for 20 min,
and fluorescence was measured.

Fluorescence of the fusion protein L27′-EGFP derived
from the rplUrpmA′::egfp construct was strongly decreased
if lacZ′-rnTrpL was co-expressed (Figure 5C), in line with
the idea that the sRNA binds to rplU and thereby in-
duces a reduction of rplUrpmA′::egfp mRNA levels. In con-
trast, sRNA derivatives harboring the M1 and M2 muta-
tions, respectively, did not cause this effect. Importantly, the
compensatory mutations in the rplUrpmA′::egfp transcript,
which were designed to restore the base pairing to the mu-
tated sRNAs (Figure 5B), specifically restored the negative
effect of the sRNA on fluorescence (Figure 5C). These re-
sults validate the base pairing between rnTrpL and rplU and
show that even subtle changes in the base pairing interac-
tions may have a major impact on the downregulation of
rplUrpmA.

The sRNA rnTrpL destabilizes rplUrpmA mRNA

The Tc- and peTrpL-dependent rplUrpmA downregulation
by rnTrpL could be explained by rplUrpmA destabilization.
To test this, 2011 ΔtrpL,pSRKGm-rnTrpL cultures were
used, in which the lacZ′-rnTrpL transcription (and thus
concomitant peTrpL production) was induced by IPTG. In
parallel, cultures were analyzed, to which IPTG and 1.5
�g/ml Tc were added. Ten minutes after induction, Rf was
added to stop initiation of cellular transcription. Samples
were withdrawn at several time points after Rf addition and
decay of rplUrpmA mRNA in time was analyzed by qRT-
PCR. The half-life of rplUrpmA was significantly shortened
only in cultures to which IPTG and Tc were added (Figure
6A, Supplementary Figure S3).

Furthermore, we also tested whether the rplUrpmA
mRNA is destabilized in cultures of strains 2011 and 2011
ΔtrpL (without plasmids) after addition of 1.5 �g/ml Tc. In
line with the above results, upon Tc exposure, the rplUrpmA
mRNA stability was decreased in the parental strain but
not in the ΔtrpL mutant (Figure 6B and Supplementary
Figure S3). Altogether, the above results show that, in the
presence of peTrpL, the sRNA rnTrpL base pairs with
rplU and destabilizes rplUrpmA mRNA in a Tc-dependent
manner.
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Figure 4. Comparison of the parental strain 2011 and the ΔtrpL mutant supports trpL-dependent downregulation of rplUrpmA upon exposure to Tc and
several inhibitors of translation initiation. Shown are log2FC in the levels of the indicated mRNAs as determined by qRT-PCR. Used strains are given.
The indicated antibiotics were applied at subinhibitory concentrations. (A) Scheme of the experiment leading to the results shown in (B) and (C). Relative
mRNA levels were determined by qRT-PCR. The same set of qRT-PCR data was used to compare the mRNA levels in a strain under different conditions
(B) or the mRNA levels of the two strains (C). (B) RNA isolated from cultures exposed for 10 min to 1.5 �g/ml Tc (+Tc) was compared to RNA isolated
from cultures to which the solvent ethanol was added (–Tc). Cultures were grown either in rich TY medium or in GMX minimal medium (indicated). (C)
RNA isolated from strain 2011 was compared to RNA isolated form the 2011 ΔtrpL mutant. The used growth medium and the presence or absence of
Tc is indicated. (D) RNA isolated from TY cultures exposed for 10 min to the indicated antibiotics was compared to RNA isolated from TY cultures to
which the respective antibiotic solvent was added. Each graph shows means and standard deviations from three independent experiments. According to
the Student’s t-test: *P-value ≤ 0.05; **P-value ≤ 0.01.

rnTrpL and peTrpL are in an ARNP complex with rplUrpmA
mRNA and antisense RNA

The above data suggest that rnTrpL, peTrpL, rplUrpmA
mRNA and Tc form a complex in S. meliloti, similar to
the recently described smeR-ARNP containing peTrpL,
smeR mRNA, as-smeR RNA and Tc (18). We took ad-
vantage of existing RNA-Seq data of RNA that was coim-
munoprecipitated with a 3×FLAG-peTrpL peptide from S.
meliloti (18) (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE118689) and found that in addition to smeR
and as-smeR RNA, only rnTrpL, rplUrpmA and corre-
sponding asRNAs were enriched by the coimmunoprecip-
itation (CoIP). qRT-PCR analysis confirmed the specific
and Tc-dependent CoIP of these RNAs: rnTrpL, rplUrpmA

mRNA and their asRNAs were coimmunoprecipitated with
3×FLAG-peTrpL only if Tc was present in the growth
medium and a buffer containing Tc was used in the wash-
ing steps of the CoIP procedure (Supplementary Figure
S4). Importantly, such an enrichment was not achieved in
a CoIP with a control 3×FLAG peptide (Supplementary
Figure S4). The coimmunoprecipitated complex was desig-
nated rplUrpmA-ARNP.

Of note, the CoIP with 3×FLAG-peTrpL was conducted
using strain 2011, because induction of the 3×FLAG-
peTrpL peptide decreased the rplUrpmA mRNA level only
in wild type but not in ΔtrpL background (Supplementary
Figure S5). This suggested that not only in the smeR-ARNP
(18), but also in the rplUrpmA-ARNP, the 3×FLAG-

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE118689
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Figure 5. rnTrpL base pairs with rplU and downregulates rplUrpmA. (A) Scheme of the used plasmids. The binding site of rnTrpL in rplU is indicated
by a red rectangle. For other descriptions see Figure 3A. (B) Scheme of the duplex structure predicted to be formed between rplU and rnTrpL (�G =
–11.54 kcal/mol). The used mutations in lacZ′-rnTrpL and compensatory mutations in rplU are given. (C) Analysis of possible base pairing interactions
between lacZ′-rnTrpL and the fusion mRNA rplUrpmA′::egfp in strain 2011 ΔtrpL. Used constructs and mutations are indicated. Bacteria were cultivated
in rich TY medium. The fluorescence of the strain expressing rplU-rpmA′::egfp from plasmid pSRKGm-rplUrpmA′-egfp and containing the empty vector
pSRKTc, which was used for sRNA production in the other strains, was set to 100%. Shown are means and standard deviations of three independent
experiments.

Figure 6. The sRNA rnTrpL destabilizes rplUrpmA in a Tc-dependent manner. (A) Influence of sRNA overproduction and/or Tc addition on the half-life
of rpmA mRNA. To S. meliloti 2011 ΔtrpL,pSRKGm-rnTrpL cultures grown in rich TY medium, Tc (1.5 �g/ml) and/or IPTG inducing lacZ′-rnTrpL (and
thus also peTrpL) production were added. After 10 min, rifampicin (Rf) was added to stop initiation of cellular transcription and aliquots were withdrawn
for RNA isolation at the indicated time points. Relative RNA levels were determined by qRT-PCR. The calculated half-lives are given. For several time
points, the standard deviation is smaller than the used symbols. (B) Influence of Tc on the rpmA mRNA half-life in the parental strain 2011 and the 2011
ΔtrpL mutant. 10 min after addition of Tc to the cultures, rifampicin was added. For other descriptions see A). Shown are means and standard deviations
of three independent experiments. Half-life determination for rplU mRNA and the control mRNA rpoB are presented in Supplementary Figure S3.
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peTrpL works in a complex with the chromosomally pro-
duced wild type peptide.

Next, we tested whether other translation inhibiting an-
tibiotics support the rplUrpmA-ARNP. To individual 2011
pSRKGm-3×FLAG-peTrpL cultures, one of the follow-
ing antibiotics was added at a subinhibitory concentra-
tion: Tc (positive control), Rf (negative control), Em, Cl or
Km. Simultaneously, IPTG was added to induce 3×FLAG-
peTrpL production, and 10 min later, CoIP was conducted.
One half of the beads of each CoIP was washed with a buffer
containing the respective antibiotic, while the other half
was washed with a buffer lacking the antibiotic, and coim-
munoprecipitated RNA was analyzed by qRT-PCR in com-
parison to a mock control. The sRNA rnTrpL, rplUrpmA
mRNA and the corresponding asRNAs (but not the con-
trol mRNA trpE) were coimmunoprecipitated in the pres-
ence of the translation inhibitors Tc, Em, Cl and Km, but
not in the presence of the transcription inhibitor Rf (Figure
7A). This suggests that structurally unrelated translation in-
hibitors are capable to promote the rplUrpmA-ARNP for-
mation.

According to (18) and the above data, two different
ARNP complexes coimmunoprecipitate with 3×FLAG-
peTrpL in the presence of Tc: a smeR- and a rplUrpmA-
ARNP. While the smeR-ARNP does not depend on rn-
TrpL (18), our data suggest that rnTrpL is a part of the
rplUrpmA-ARNP. To isolate only the rplUrpmA-ARNP, we
decided to use a 5′-terminally tagged MS2-rnTrpL sRNA
and MS2-MBP affinity chromatography (32). The func-
tionality of the plasmid-borne MS2-rnTrpL in rplUrpmA
downregulation was confirmed (Supplementary Figure
S5). Cultures of strain 2011 pRK-MS2-rnTrpL,pSRKGm-
3×FLAG-peTrpL were used, in which MS2-rnTrpL was
constitutively transcribed and the 3×FLAG-peTrpL pep-
tide production was induced for 10 min. The tagged peptide
(4.5 kDa) was used to detect the presence of peptide in the
purified rplUrpmA-ARNP complex, because native peTrpL
(14 aa, 1.8 kDa) was not detectable by SDS-PAGE.

After purification of the MS2-rnTrpL sRNA together
with its interaction partners, the elution fractions were an-
alyzed by Tricine-SDS-PAGE showing that the 3×FLAG-
peTrpL peptide was copurified in a Tc-dependent man-
ner (Figure 7B). The identity of the atypically migrating
3×FLAG-peTrpL band was confirmed by Western blot
analysis (Supplementary Figure S6) and mass spectrome-
try (Supplementary Table S3); larger proteins were not de-
tected in the complex (Supplementary Figure S6). Further,
rplUrpmA mRNA and the corresponding asRNA were co-
purified in a Tc-dependent manner with MS2-rnTrpL (Fig-
ure 7C). Additionally, trpC mRNA was copurified in the
presence and (even in larger amounts) in the absence of Tc
in the washing buffer. Importantly, trpE and smeR mRNA
were not co-purified with MS2-rnTrpL (Figure 7C), sup-
porting the specificity of this approach and demonstrating
the successful separation of the rplUrpmA-ARNP from the
smeR-ARNP.

ARNP reconstitution reveals a crucial role of rnTrpL in com-
plex formation

To address the role of peTrpL and Tc in ARNP forma-
tion, in vitro reconstitution was performed using the fol-
lowing components: (i) 155 nt in vitro transcribed MS2-
rnTrpL sRNA, (ii) synthetic wild type (WT) peTrpL, (iii) 71
nt in vitro transcript comprising the rplU region predicted to
base pair with rnTrpL (mini-rplU, for a predicted secondary
structure see Supplementary Figure S7) and (iv) Tc. Re-
constituted complexes were purified by MS2-MBP affinity
chromatography and analyzed by northern blot hybridiza-
tion. Mini-rplU was copurified with MS2-rnTrpL only if
both peTrpL and Tc were present in the reaction mixture
(compare the elution fractions in lanes 7, 12 and 19 in Fig-
ure 8A). We conclude that the sRNA requires the peptide
and the antibiotic for binding to the rplU target, and at least
in vitro, asRNA is not necessary for ARNP formation.

To assess the importance of rnTrpL in ARNP assembly,
in the Tc-containing reconstitution reaction non-tagged, in
vitro transcribed rnTrpL and mini-rplU were used, and half
of WT peTrpL was replaced by 3×FLAG-peTrpL to enable
purification of the reconstituted complexes by CoIP. Only
when all components were present in the mixture, mini-rplU
and rnTrpL were found to coimmunoprecipitate with the
tagged peptide (compare the elution fractions in lane 7, 12
and 17 in Figure 8B). This result confirms the importance of
rnTrpL for ARNP formation. Moreover, it shows that even
in the presence of Tc, the peptide(s) cannot interact with rn-
TrpL or rplU separately. Together, Figure 8A and B shows
that four components (sRNA, target mRNA, peptide and
Tc) are necessary and sufficient for the rplU-ARNP assem-
bly in vitro.

To test whether the complementarity between rnTrpL
and rplU is important for the ARNP assembly, an in vitro
transcribed rnTrpL-M1 variant and a mini-rplU-M1 tran-
script (for the M1 mutations, see Figure 5B) were used.
Reconstituted complexes containing 3×FLAG-peTrpL and
WT peTrpL were purified by CoIP. When rnTrpL-M1 was
used together with WT mini-rplU, very low amount of both
transcripts was coimmunoprecipitated with the peptide(s)
(compare the elution fractions in Figure 8C, lanes 7 and 12).
However, when rnTrpL-M1 was used together with mini-
rplU-M1 and thus complementation was restored, both
transcripts were coimmunoprecipitated efficiently with the
peptide(s) (lane 17 in Figure 8C). Thus, the complemen-
tarity between the sRNA and the mRNA is crucial for the
ARNP formation.

Finally, we tested whether the above used antibiotics sup-
port ARNP formation in vitro. Reconstitution was con-
ducted using in vitro transcribed MS2-rnTrpL, mini-rplU,
WT peTrpL and Em, Cl, Rf or Km. In line with Figure 7A,
the mini-rplU transcript was co-purified with MS2-rnTrpL
when Em, Cl or Km was used, but not if Rf was used (Figure
8D). Thus, structurally different translation inhibitors can
promote the rplU-ARNP assembly, for which the sRNA rn-
TrpL plays a crucial role.
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Figure 7. rnTrpL and peTrpL are in an ARNP complex with rplUrpmA mRNA and antisense RNA. (A) qRT-PCR analysis of rnTrpL and the indicated
mRNAs in CoIP samples from strain 2011 pSRKGm-3×FLAG-peTrpL cultivated in rich TY medium. Enrichment was calculated in comparison to the
mock CoIP conducted with strain 2011 pSRKGm-peTrpL. CoIP was performed 10 min after addition of IPTG and one of the indicated antibiotics, which
was used at a subinhibitory concentration. +AB: the same antibiotic concentration was used in the washing buffer; -AB: washing buffer without antibiotic
was used. (B) Coomassie stained Tricine-SDS-gel showing co-purification of 3× FLAG-peTrpL with MS2-rnTrpL in the presence of Tc. MS2-rnTrpL: elu-
tion samples of MS2-MBP affinity chromatography purification from strain 2011 pSRKGm-3×FLAG-peTrpL,pRK-MS2-rnTrpL. MS2: elution fractions
of a control, mock purification from a strain producing the MS2 RNA aptamer instead of MS2-rnTrpL. The affinity chromatography was conducted 10
min after addition of IPTG to the cultures. Presence of Tc in the washing buffer of the chromatography procedure is indicated. Migration of marker protein
bands (lane M, in kDa) is indicated. The 3×FLAG-peTrpL band is marked with an arrow. (C) qRT-PCR analysis of the indicated RNAs (s: sense RNA; a:
asRNA) in elution samples of MS2-MBP affinity chromatography purification from strain 2011 pSRKGm-3×FLAG-peTrpL,pRK-MS2-rnTrpL. Enrich-
ment was calculated in comparison to the mock control. For other descriptions, see B). Shown are means with standard deviations from three independent
experiments.

Indication for supportive role of the asRNAs in ARNP for-
mation

Although asRNAs were not necessary for ARNP recon-
stitution in vitro (Figure 8), they were co-purified in the
native complexes from S. meliloti (Figure 7) and therefore
we tested whether they can influence the ARNP assembly.
To reconstitution samples containing rnTrpL, 3×FLAG-
peTrpL, WT peTrpL, mini-rplU and Tc, the antisense tran-
scripts as-rnTrpL or as-rplU, or both (1:1 to their sense
counterpart) were added. Northern blot analysis of CoIP-
purified ARNPs revealed increased complex formation in
the presence of the asRNAs. This effect was specific, since
addition of an unrelated, 70 nt transcript smeR2 (18) did not

increase the complex formation (Figure 9A and B). Thus,
the asRNAs probably have a supportive role in ARNP for-
mation.

To provide evidence for asRNA transcription in S.
meliloti, the regions encompassing ∼300 nt upstream of the
putative TSS of each asRNA were cloned in promoter fu-
sion plasmids pRS1-Pas-rnTrpL and pRS1-Pas-rplUrpmA (Fig-
ure 9C). Each of the plasmids was conjugated into strain
2011 and using qRT-PCR, the level of the reporter egfp
mRNA was compared to that in the EVC, which contained
pRS1-SD-egfp. The used plasmids carried a Gm resistance
gene. When no other antibiotic besides Gm was present in
the medium, background egfp mRNA level was detected
in the strain harboring pRS1-Pas-rnTrpL, while in the strain
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Figure 8. Reconstitution of rplUrpmA-ARNP. Phosphorimages showing northern blot analyses of reconstituted complexes with probes directed against
rnTrpL and mini-rplU (indicated on the left). First the rplU-specific probe was used and then the membrane was rehybridized with the rnTrpL-specific
probe. To detect weak signals, the blots were exposed for 40 min and some of the signals were saturated. Usage of MS2-rnTrpL or 3×FLAG-peTrpL
as a bait is indicated. (A) Analysis of reconstituted ARNPs purified by MS2-MBP chromatography. The 50 �l reconstitution samples contained in vitro
transcribed MS2-rnTrpL and the components indicated above the panel. After pull-down with MS2-MBP-beads, following fractions were loaded. In: input
fraction (5 �l); FT: flow-through (5 �l); W1 and W4: first and last washing fractions (10 �l each); E: elution fraction (5 �l). Additionally, 10 ng of each
in vitro transcript was loaded in the first two lanes. Copurification of MS2-rnTrpL with the mini-rplU transcript indicates ARNP assembly. (B and C)
Analyses of reconstituted ARNPs purified by FLAG-CoIP. 1:1 (w/w) mixture of synthetic peTrpL and 3×FLAG-peTrpL, and the components indicated
above the panel were used. For other descriptions see A). (D) Analysis of ARNPs reconstituted in the presence of the indicated antibiotics and purified by
MS2-MBP chromatography. After the chromatography (the respective antibiotic was present in the washing buffer), the input and elution fractions were
blotted. -: samples without antibiotic. For other descriptions see A). Two independent reconstitution experiments were performed, and the results of one
of them are shown.
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Figure 9. Antisense RNAs increase ARNP reconstitution and are induced by the inhibitors of transcription initiation. (A) Phosphorimage of a northern
blot analysis of CoIP elution fractions after complex reconstitution. 3×FLAG-peTrpL was used as a bait (indicated). Five microliter of each fraction were
loaded. Probe specific for mini-rplU was used for hybridization. In contrast to Figure 8, the exposure time was restricted to 15 min to enable quantitative
analysis. All 50-�l reconstitution samples contained in vitro transcribed rnTrpL (100 ng), mini-rplU (100 ng), peTrpL (50 ng), 3×FLAG-peTrpL (50 ng)
and 1.5 �g/ml Tc. Lane 1: elution fraction of the control sample without asRNA. To the other samples, asRNAs or a control transcript were added.
Lane 2: 100 ng as-rnTrpL. Lane 3: 100 ng as-rplU. Lane 4: 100 ng as-rnTrpL and 100 ng as-rplU. Lane 5: 100 ng smeR2 transcript (18). Lane 6: 500 ng
smeR2 transcript. (B) Quantitative evaluation of the phosphorimage shown in (A) and of the results from three additional, independent experiments. The
bars numbering corresponds to that of the lanes in panel A). (C) Schemata of promoter fusion plasmids used to test for presence of antisense promoters
downstream of rnTrpL and rplUrpmA. 300 bp-regions starting at the putative antisense TSSs (see Figure 1) were cloned upstream of the reporter egfp.
(D) Antisense promoter activities induced by antibiotics in bacteria cultivated in rich TY medium. The level of the reporter egfp mRNA from cultures
of S. meliloti 2011 strains containing promoter fusion constructs (see panel C) was compared to RNA from the EVC by qRT-PCR. Either no antibiotics
were added (-AB), or the indicated antibiotics were added at subinhibitory concentrations and RNA was isolated 5 min thereafter. Shown are means with
standard deviations from three independent experiments. According to the Student’s t-test: *P-value ≤ 0.05; **P-value ≤ 0.01.

harboring pRS1-Pas-rplUrpmA, the egfp mRNA was at the
detection limit (see bars labeled with’-AB’ in Figure 9D).
Importantly, strong induction of transcription from both
cloned regions was detected 5 min after addition of Tc,
Em, Cl or Km, while no induction was observed when Rf
was added. This result strongly suggests the existence of
antibiotic-inducible promoters of both asRNAs.

sRNA reprograming by ARNP formation

The above data collectively suggest that the rnTrpL speci-
ficity towards the rplUrpmA target is determined by peTrpL
and a translation-inhibiting antibiotic such as Tc. To test in
vitro whether Tc-dependent ARNP formation can redirect
rnTrpL from trpDC to rplUrpmA, we decided to use mini-
trpD and mini-rplU in vitro transcripts, which encompass
the respective rnTrpL-binding sites (for predicted secondary
structures see Supplementary Figure S7), in competition ex-
periments.

We used native rplUrpmA-ARNP, which was purified
from strain 2011 pRK-MS2-rnTrpL and thus harbored
MS2-rnTrpL and WT peTrpL. It was present in a buffer
containing 2 �g/ml Tc (High Tc conditions) and was di-
vided in four samples (Figure 10A). The first (control) sam-
ple was diluted 5-fold maintaining the High Tc conditions,

while the second (control) sample was diluted with buffer
lacking Tc to reach Low Tc conditions (0.4 �g/ml Tc), un-
der which the ARNP is largely disassembled (see Supple-
mentary Figure S8 showing Tc-dependent disassembly and
reassembly of rplUrpmA-ARNP). After 10 min of incuba-
tion under High or Low Tc conditions, a pull-down experi-
ment with MS2-MBP-beads followed by qRT-PCR analysis
of rplU and trpD mRNA was conducted. As expected, trpD
mRNA was essentially not detected, and more rplU mRNA
was copurified with MS2-rnTrpL under High Tc conditions
than under Low Tc conditions, indicating ARNP disassem-
bly under Low Tc conditions (see ‘Controls’ in Figure 10A).

For the competition experiment, mini-trpD and mini-
rplU transcripts were added in a ratio of 1:1 (300 ng of each
transcript) to the third and fourth sample. Then, each sam-
ple was diluted to reach Low Tc conditions. After 3 min
of incubation, Tc was added to one of the diluted samples
to restore the High Tc conditions, while the other one was
kept at Low Tc concentration. After 7 min of incubation,
MS2-rnTrpL was purified together with its interaction part-
ners from both samples, and qRT-PCR was conducted with
primers detecting the mini-trpD and mini-rplU transcripts.
Under low Tc conditions, mostly mini-trpD was co-purified
(Figure 10A). In contrast, when the Tc concentration was
raised, exclusively rplU (represented by mini-rplU and en-
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Figure 10. Tc-dependent redirection of the sRNA rnTrpL from trpD to rplU. (A) After purification of rplUrpmA-ARNP from S. meliloti 2011 pRK-MS2-
rnTrpL grown in rich TY medium, the elution fraction was divided in four samples. They were treated differently as described in the text, and after 10 min
(10′) of incubation, pull-down with MS2-MBP-beads was conducted. Copurification of the studied transcripts (indicated) with MS2-rnTrpL was analyzed
by qRT-PCR. Control samples 1 and 2 were incubated under the respective conditions. To samples 3 and 4, a 1:1 mixture of mini-trpD and mini-rplU in
vitro transcripts was added prior to treatment. H: High Tc conditions (2 �g/ml Tc); L: Low Tc conditions (0.4 �g/ml Tc). Shown are means and standard
deviations from three independent experiments. (B) Schematic representation of Tc-dependent changes in the specificity of the sRNA rnTrpL as shown by
complex reconstitution in vitro. Under Low Tc conditions, rnTrpL base pairs with trpD, while under High Trp conditions, the rplU-ARNP is formed. The
stoichiometries in the complex are still unknown, but Supplementary Figure 5A and (18) suggest that peTrpL oligomerizes in the ARNP. The asRNAs
were not considered in this model showing a minimal ARNP as suggested by Figure 8. According to the Student’s t-test: *P-value ≤ 0.05; **P-value ≤
0.01.

dogenous rplUrpmA that was in the ARNP) was co-purified
(Figure 10A). This result provides evidence for reprogram-
ing of the rnTrpL specificity in a Tc-dependent manner in
the presence of peTrpL (Figure 10B).

Conservation of rnTrpL and peTrpL functions in other bac-
teria

To determine functionally important residues in peTrpL of
S. meliloti, we performed alanine-scanning mutagenesis and
tested the functionality of the mutagenized peptides in S.
meliloti 2011. Compared to the WT peTrpL, the Ala sub-
stitution of R14 had no significant effect on the rplUrpmA
mRNA decrease (the decrease was similar to that caused by
the WT peptide; Figure 11A). This is in line with the view
that the M2 mutation in rnTrpL, which leads to an R14A
substitution (Figure 2A) had major impact on the sRNA-
mRNA interaction because it weakens the base pairing and
not because of the mutagenized peptide (Figure 5). Fig. 11A
shows that the Ala substitutions of Thr4, Ser8 and Trp12,
respectively, had the strongest impact. Induction of produc-
tion of these mutated peptides for 10 min led to increased
(rather than decreased) rpmA levels. The Ala substitutions
of the Trp10 and Trp11 residues abolished the peTrpL ef-
fect, suggesting that all three Trp residues are important
for the function of peTrpL in the rplUrpmA-ARNP (Figure
11A). However, EMSA of reconstituted ARNPs revealed
that the labeled mini-rplU transcript is shifted when WT or
W10A but not when W12A peptide was used (Figure 11B).
Thus, at least in vitro, the W10A peptide supports the rplU-
ARNP formation. The EMSA result confirmed the key role
of the W12 residue in this ARNP.

Finally, we analyzed the conservation of peTrpL in the
genus Sinorhizobium and in other Rhizobiales (Supplemen-
tary Table S4). In silico analysis of putative peTrpL peptides
revealed several groups of conserved leader peptides that
generally conform to the taxonomy (Supplementary Fig-
ure S9). However, while some of the obtained motifs are
weakly similar, no features are common to all taxonomic
groups, with the exception of consecutive Trp codons defin-
ing the attenuator. The consensus peTrpL sequences of the
genera Sinorhizobium, Agrobacterium and Bradyrhizobium
groups are shown in Figure 11C. Surprisingly, within the
Sinorhizobium group, the functionally important residues
Thr4 and Ser8 of S. meliloti peTrpL are less conserved than
the WWWAR residues at the C-terminus of the peptide.

Despite the poor peTrpL sequence conservation, we
addressed the question whether the role of rnTrpL and
peTrpL in rplUrpmA regulation is conserved in Agrobac-
terium tumefaciens (which, together with S. meliloti, be-
longs to the Rhizobiaceae), and in the more distantly re-
lated Bradyrhizobium japonicum (a Bradyrhizobiaceae mem-
ber). In both species, the mRNA level of rplUrpmA was
specifically decreased when the respective peTrpL homolog
Atu-peTrpL or Bja-peTrpL was overproduced from a Tc
resistance-conferring plasmid (Figure 11D and Supplemen-
tary Figure S10). Thus, the function of peTrpL in the reg-
ulation of rplUrpmA seems to be conserved in Alphapro-
teobacteria.

DISCUSSION

This study shows that a small peptide and an antibiotic
change the specificity of a bacterial attenuator sRNA to-
wards ribosomal mRNA.
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Figure 11. Conservation of peTrpL-dependent rplUrpmA regulation in Rhizobiales despite high divergence in peTrpL amino acid sequence. (A) Alanine
scanning mutagenesis for analysis of functionally important residues of peTrpL in S. meliloti 2011. Changes in the levels of rpmA were determined by
qRT-PCR 10 min after addition of IPTG to induce the overproduction of peTrpL variants with the indicated aa exchanges. The mRNA levels after
induction were compared to those before induction. (B) Phosphorimage of EMSA showing the interaction between the radioactively labeled mini-rplU
transcript with rnTrpL and peTrpL in the presence of Tc. The constituents of each reconstitution mixture containing 1.5 �g/ml Tc are indicated above
the panel. WT, wild type synthetic peptide; W10A and W12A, corresponding mutated synthetic peptides. The antibiotic was also present in the native
gel. Migration in the gel of labeled mini-rplU transcript and of this transcript in the ARNP is indicated on the left side. (C) Sequence logos for peTrpL
of the Sinorhizobium, Agrobacterium and Bradyrhizobium groups (see Supplementary Figure S9). (D) qRT-PCR analysis of the indicated mRNAs in A.
tumefaciens and B. japonicum shows a decrease in the rplUrpmA mRNA levels upon overproduction of corresponding peTrpL homologs (for overproduction
of rnTrpL homologs, see Supplementary Figure S10). Plasmid pSRKTc-Atu-peTrpL was used to induce peptide production for 10 min, and mRNA levels
after induction were compared to those before induction. Due to the lack of a suitable inducible system for B. japonicum, Bja-peTrpL was overproduced
constitutively from the chromosomally integrated, Tc-resistance-conferring plasmid pRJ-Bja-rnTrpL and mRNA levels in the overproducing strain were
compared to those in the EVC. The graphs show means and standard deviations from three independent experiments. According to the Student’s t-test:
*P-value ≤ 0.05; **P-value ≤ 0.01.

Peptide- and antibiotic-dependent and independent targets of
rnTrpL

Most of the potential targets of the sRNA rnTrpL were pre-
dicted to interact with overlapping regions of its stem-loop 1
(12). Among them are trpD and rplU (Figure 2A), for which
base pairing was confirmed in vivo ((14) and Figure 5). How-
ever, while the interaction between trpDC and rnTrpL did
not depend on the leader peptide peTrpL or on Tc (Figure
3B and D), both peTrpL and Tc were needed in vivo (Figure
3–5) and in vitro (Figure 8 and 10) for binding of rnTrpL to
rplUrpmA mRNA, which resulted in mRNA destabilization
(Figure 6). Our results and the previous RNA-Seq analysis
of RNA that was coimmunoprecipitated with 3×FLAG-
peTrpL in the presence of Tc (18) suggest that rplUrpmA
mRNA is the only rnTrpL target, the binding to which de-
pends on this antibiotic and the peptide. Surprisingly, sev-
eral translation inhibitors showed similar, trpL-dependent
effects on rplUrpmA mRNA (Figure 4D) and supported the

base pairing between rnTrpL and its target site in rplU (Fig-
ure 8D).

We were able to observe the Tc-dependent decrease in the
rplUrpmA mRNA level in two different experimental sys-
tems: 1) in strains lacking a Tc-resistance plasmid, when
Tc was added to the cultures at the subinhibitory concen-
tration of 1.5 �g/ml (Figure 3D, Figure 4B and C), or 2)
in strains harboring the Tc-resistance plasmid pRK4352
or its derivatives, which were cultured in the presence of
20 �g/ml Tc (Figure 3A–C). The Tc-resistance gene tetA
on pRK4352 encodes an efflux pump that specifically ex-
trudes Tc, thus lowering the cellular Tc concentration. How-
ever, the residual Tc in the cell was shown to broadly affect
the transcriptome of S. meliloti (18). Our data suggest that
this residual Tc concentration is sufficient to facilitate the
rplUrpmA mRNA destabilization by peTrpL and rnTrpL
(Figure 3 and 5). In fact, we discovered the principle of
the here described, Tc-dependent rplUrpmA regulation us-
ing pRK4352-containing strains. Many experiments were
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repeated with cultures of strains lacking this plasmid, to
which Tc and other antibiotics were added at subinhibitory
concentrations, and could confirm the results obtained in
the presence of pRK4352.

Availability of peTrpL and rnTrpL upon Tc exposure

Since the rnTrpL- and peTrpL-dependent destabilization of
rplUrpmA mRNA occurs upon exposure to subinhibitory
antibiotic amounts, under such conditions the availability
of both the sRNA and the peptide should be the ensured.
Indeed, when 1.5 �g/ml Tc was added to S. meliloti cul-
tures, rnTrpL was generated by transcription attenuation
independently of the Trp availability. To demonstrate this, it
was necessary to use conditions of Trp insufficiency, which
we mimicked using the 2011 ΔtrpC mutant. How to explain
the Tc-triggered transcription attenuation shown in Figure
2B and Supplementary Figure S2? In the presence of 1.5
�g/ml Tc the cells still can grow (18). Thus, under these
conditions initiation of translation is not fully impaired. In-
stead, regular transient ribosome pausing at the trpL start
codon in the nascent RNA is expected. Such a ribosome
pausing would still allow formation of the apical stem-loop
structure encompassing nucleotides 35–53 in SL1 of rnTrpL
(Figure 2A). This, in turn, would allow the formation of the
transcription termination structure SL3, since base-pairing
between nt 46–51 and nt 88–83 in the antiterminator SL2
is needed to prevent SL3 formation (Figure 2A). This inter-
pretation of Figure 2B is supported by the previously de-
scribed superattenuation in Gammaproteobacteria, which
occurs when trpL translation is abolished and results in the
release of even more sRNA than under conditions of Trp
availability (19,21–23).

Furthermore, the level of the native peTrpL was strongly
increased in S. meliloti upon exposure to 1.5 �g/ml Tc (Fig-
ure 2C and (18)). At this subinhibitory Tc concentration
trpL is probably still translated, although to a lesser ex-
tent. Previous results suggest that the strong increase in the
peTrpL level after Tc addition is probably due to peptide
stabilization in ARNP complexes (18).

In Figure 2B, the level of the Tc-induced rnTrpL (lane
4) was lower than the rnTrpL level under Trp replete con-
ditions in minimal medium (lane 1). Despite this, rnTrpL
plays a role in the response to Tc exposure in GMX min-
imal medium, as shown in Figure 4B and C. Also in rich
TY medium relatively low rnTrpL amounts (as detected
by northern blot analysis) can still influence the mRNA
levels in S. meliloti: After 10 min induction by IPTG, in
TY medium the level of the recombinant lacZ′-rnTrpL was
shown to be lower than the level of native rnTrpL (14). How-
ever, such an induction was sufficient not only to downregu-
late trpDC mRNA in the absence of Tc (14), but also to de-
crease the level and the stability of rplUrpmA mRNA in the
presence of Tc (Figure 3B, Figure 6A). We suggest that the
low rnTrpL amounts detected in the northern blot analy-
sis most probably reflect co-degradation of the continuously
produced sRNA with its mRNA targets (42).

Implications of the trp attenuator response to Tc exposure

Together with (13) and (14), the data shown in Figure 2B
suggest that the S. meliloti trp attenuator can utilize the

same uORF and mutually exclusive RNA structures for two
different purposes: (i) to regulate trpE(G) expression in re-
sponse to Trp availability and (ii) to ensure rnTrpL supply
for rplUrpmA downregulation in response to Tc exposure.
This implies that the trp attenuator responds to (partial) in-
hibition of translation as an alternative signal. As explained
above, this is possible because the Trp codons are located in
the 3′-half of trpL (Figure 2A). It is known that in E. coli,
ribosome pausing in the 5′-half of trpL causes transcription
termination between trpL and trpE, in contrast to the ri-
bosome pausing at the Trp codons in the 3′-half of trpL,
which leads to formation of the antiterminator (24). Since
in many attenuators of amino acid biosynthesis operons the
codons relevant for antiterminator formation are located in
the 3′-half of the uORF (16), such attenuators probably also
respond to translation inhibiting antibiotics by sRNA re-
lease. It is conceivable that, in addition to translation inhi-
bition, stringent response (43) could also trigger the genera-
tion of attenuator sRNAs with potential functions in trans.
Of note, in all Sinorhizobium species, two asparagine and
one glutamine codon(s) are located in the first half of trpL,
which leads us to speculate that in these bacteria, the trp at-
tenuator may respond to nitrogen depletion by rnTrpL lib-
eration.

Two distinct ARNP types containing peTrpL

Despite its small size (14 aa), the peptide peTrpL has two
antibiotic-related functions in S. meliloti: (i) the differen-
tial posttranscriptional regulation of the smeABR operon
in response to several SmeAB-substrates (18) and (ii) the
rplUrpmA destabilization in response to several translation
inhibitors (this work). The first function is important for the
bacterial multiresistance and involves smeR-ARNPs, which
are independent of the sRNA rnTrpL. The second function
relies on rplUrpmA-ARNPs, for which rnTrpL is indispens-
able.

Previously, genetic analyses, CoIP with 3×FLAG-
peTrpL, pull-down with MS2-tagged RNA and in vitro
reconstitution experiments revealed that the SmeAB-
substrates Tc, Cl and Em, but not Km (which is not pumped
by SmeAB), support the smeR-ARNP (18). Using a similar
experimental strategy, in this work we have shown that the
inhibitors of translation initiation Tc, Cl, Em and Km, but
not Rf, which inhibits transcription initiation, support the
rplUrpmA-ARNP (Figure 7A and 8D). This antibiotics as-
signment to the two ARNP types is physiologically reason-
able, since in this way the SmeAB-substrates stimulate their
own efflux (18), while the translation inhibitors, which can
stimulate rnTrpL production, act with this sRNA to desta-
bilize rplUrpmA. The discovery of two distinct ARNP types,
each using several structurally different antibiotics for its
assembly, was surprising and the molecular details of the
ARNP structures will be studied in future.

When isolated from S. meliloti, both ARNP types were
found to contain asRNAs. The asRNAs were first de-
tected by RNA-Seq of RNA coimmunoprecipitated with
3×FLAG-peTrpL and were then confirmed by qRT-PCR
analysis of ARNPs purified by two alternative methods,
FLAG-CoIP and MS2-MBP chromatography (ref. (18),
Figure 7 and Supplementary Figure S4). Additionally, in-
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duction of the asRNAs upon antibiotic exposure was re-
vealed using promoter fusion constructs (Figure 9C and D).
In line with their ARNP-belonging, the asRNA comple-
mentary to smeR mRNA (as-smeR RNA) was induced by
SmeAB-substrates but not by Km (18), while the as-rnTrpL
and as-rplUrpmA RNAs were induced by the inhibitors of
translation initiation but not by Rf (Figure 9D). The tran-
scription factors responsible for the repression or induction
of the particular asRNAs remain to be identified. How-
ever, induction of asRNA transcription by the same antibi-
otics, which support the rplUrpmA-ARNP formation, is in
line with a function of these asRNAs in the rnTrpL- and
peTrpL-dependent pathway of rplUrpmA regulation.

There is a major difference in the role of the asRNAs in
the formation of the two ARNP types. The as-smeR RNA
was shown to be necessary and sufficient for ARNP forma-
tion with peTrpL and Tc, suggesting that it plays a central
role in smeR mRNA destabilization (18). In contrast, the as-
rnTrpL and as-rplUrpmA RNAs seem to have only support-
ive function in the assembly of the here studied ARNP (Fig-
ure 9A and B). The central role in the rplUrpmA-ARNP for-
mation was obviously occupied by the sRNA rnTrpL (Fig-
ure 8B). Indeed, complementarity between the sRNA and
rplU was necessary for downregulation of rplUrpmA′::egfp
expression in vivo (Figure 5) and for ARNP reconstitution
in vitro (Figure 8C). However, in contrast to as-smeR RNA,
neither rnTrpL nor the rplU mini-transcript could form a
ternary complex with peTrpL and an antibiotic. Instead, a
quaternary complex containing the sRNA, its target RNA,
peTrpL and Tc was reconstituted as a minimal ARNP (Fig-
ure 8A and B).

Based on our results, we suggest that the asRNAs prob-
ably assist in unfolding of rnTrpL and of a structured rplU
mRNA region, and that this unfolding enhances the ARNP
assembly. Furthermore, we suggest that peTrpL and Tc are
needed for stabilization of the sRNA-mRNA interaction in
the ARNP. This suggestion is in line with the pe-TrpL de-
pendence of the complex (Figure 8A) and with its disassem-
bly and reassembly depending on the Tc concentration (Fig-
ure 10 and Supplementary Figure S8). Furthermore, the
alanine scanning mutagenesis results (Figure 11A) suggest
that in the ARNP, peTrpL adopts an alpha-helical struc-
ture, in which the surface build of the residues Tyr4, Ser8
and Trp12 is crucial for complex formation.

Despite their differences, the two ARNP types have ap-
parent similarities: 1) involvement of peTrpL, probably as a
dimer or oligomer, 2) participation of an overlapping sets
of antibiotics, and 3) presence of antibiotic-inducible as-
RNAs. This suggests a common origin of evolution and
similar molecular principles in complex formation and in
destabilization of the target mRNAs. We propose the fol-
lowing model for adaptation to SmeAB-substrates such as
Tc, Cl and Em, which are also inhibitors of translation initi-
ation: In the presence of one of these antibiotics at a subin-
hibitory concentration, the rnTrpL sRNA is generated in-
dependently of the Trp availability and the peTrpL level is
increased due to its involvement in two parallel, ARNP-
dependent pathways: the rplUrpmA downregulation with
the help of rnTrpL and the smeABR regulation leading to
increased SmeAB production (Figure 12). Consequently,
the SmeAB-mediated efflux causes a decrease in the intra-

Figure 12. Model for gene regulation by the attenuator sRNA rnTrpL
and the leader peptide peTrpL, the trans-acting products of the trp at-
tenuator in S. meliloti. A negative effect is indicated by a color line end-
ing with a bar and a positive effect by a color line with an arrowhead.
Production of the peTrpL peptide and the rnTrpL sRNA is indicated by
black, dashed arrows. Upon exposure to specific antibiotics, the amount
of peTrpL and the production of rnTrpL are increased (indicated by short
gray arrows labeled with AB). The rnTrpL sRNA downregulates the tr-
pDC and sinI operons in an antibiotic- and peptide-independent manner
(12,14). Upon antibiotic exposure, the peTrpL peptide differentially regu-
lates the genes of the smeABR operon: While the smeR repressor gene is
downregulated, the smeAB genes encoding the major MDR efflux pump
are upregulated. This regulation is posttranscriptional and depends on an
ARNP (antibiotic-dependent ribonucleoprotein complex) formation (18).
Furthermore, upon antibiotic exposure, peTrpL and rnTrpL act together
to downregulate rplUrpmA in an ARNP-dependent manner. The violet
lines indicate that increased smeAB expression, which leads to antibiotic
efflux, negatively influences the ARNPs, because their formation depends
on the antibiotic presence in the cell.

cellular antibiotic concentration, which leads to disassem-
bly of both ARNP types. This in turn leads to a return in
rplUrpmA mRNA stability, higher production of the SmeR
repressor and repression of smeABR transcription, thus ac-
complishing the adaptation to the antibiotic exposure.

Possible role of rplUrpmA destabilization upon antibiotic ex-
posure

According to the above model, the rplUrpmA downregula-
tion upon antibiotic exposure is transient and may serve to
downregulate ribosome biogenesis thus saving resources for
SmeAB production and antibiotic extrusion. Alternatively
or in addition, it may result in ribosomes lacking the L21
and L27 proteins. The L21 proteins of E. coli, Pseudomonas
aeruginosa and S. meliloti shows similarities between 64%
and 80%; the L27 protein is more conserved, and the sim-
ilarities between the L27 proteins of these species are be-
tween 80% and 85%. While the function of L21 is not clear,
E. coli L27-deficient mutants were shown to have reduced
peptidyl transferase activities (44). Interestingly, a two-fold
reduction of rplUrpmA expression in Pseudomonas aerug-
inosa leads to an increased expression of multidrug efflux
pump genes and increased resistance to aminoglycosides.
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This was explained by attenuation of transcription termi-
nation, caused by pausing of L21- and L27-less ribosomes
(45). Therefore, it is possible that in S. meliloti the rplUrpmA
mRNA destabilization by rnTrpL and peTrpL may have
similar adaptation effects mediated by specific changes in
translation.

Change in target prioritization of a sRNA by small molecules

Cis-acting regulatory RNAs in mRNA leaders are known
to change their structure not only in response to transla-
tion efficiency of uORFs (15) but also in response to other
stimuli such as temperature (8), or due to binding to an in-
tracellular metabolite (9) or an antibiotic (46). These and
additional mechanisms can cause transcription attenuation
(47), thus generating sRNAs. The regulatory potential of
such sRNAs is great due to their capability to form mutually
exclusive structures, but changes in the target spectrum or
in prioritization of 5′-derived sRNAs were not documented
yet. Interestingly, the here described change in the speci-
ficity of rnTrpL is not related to the Trp availability, which is
considered the original mechanism leading to transcription
termination of this sRNA. Instead, the specificity change is
caused by a novel mechanism including the peTrpL peptide
and specific antibiotics. This suggests that in principle, other
base-pairing sRNAs could also be reprogramed by metabo-
lites and/or (small) proteins.

Evolutionary aspects

In the evolution, sRNA reprograming was probably se-
lected because it enlarges the target spectrum and enables
the use of an sRNA that is already present in the cell
for adaptation to new conditions. This would be especially
useful for sRNAs such as rnTrpL, which are transcribed
from housekeeping promoters. In the prototrophic strain S.
meliloti 2011, the rnTrpL sRNA is present during growth
in both rich and minimal media, because even in minimal
medium, due to the trp genes expression, there are enough
Trp-charged tRNAs to regularly cause transcription atten-
uation (Supplementary Figure S1). Thus, rnTrpL is well
suited for reprograming in response to antibiotic stress, i.e.
under conditions that S. meliloti regularly encounters in its
soil habitat (48,49). The function of peTrpL and rnTrpL in
rplUrpmA downregulation seems to be conserved among
soil Alphaproteobacteria, such as the plant pathogen A.
tumefaciens and the soybean symbiont B. japonicum (Fig-
ure 11D). The weak amino acid sequence conservation be-
yond the Trp residues (Figure 11C) probably reflects molec-
ular adaptation of the peptide to the sRNA and the target
mRNA in the respective host.

While peTrpL-functions were described only in Rhizobi-
aceae yet (this work and (18)), very recently it was shown
that in E. coli, rnTrpL downregulates dnaA expression and
thereby probably contributes to the balance between growth
rate and initiation of chromosome replication (50). The
here uncovered, antibiotic-related function of rnTrpL and
peTrpL might be of particular importance in pathogens,
because trpL-containing transcription attenuators are also
present in pathogenic Proteobacteria of the genera Bru-
cella, Salmonella, Yersinia, Vibrio and Helicobacter. Beyond

Proteobacteria, similar attenuators are found in Corynebac-
terium, Streptomyces, Chlamydia and Deinococcus, showing
their ancient origin (17). Moreover, many bacterial species
harbor several uORF-containing transcription attenuators
upstream of different biosynthetic operons (16). Possible
functions of the corresponding sRNAs and leader peptides
still remain to be elucidated.

In summary, we show that the specificity of an attenua-
tor sRNA is altered with the help of the leader peptide en-
coded by the same locus. This sRNA reprograming occurs
upon antibiotic exposure. It involves the formation of an
ARNP complex for downregulation of ribosomal protein
genes, which probably supports bacterial adaptation. The
sRNA reprograming described in this study is anticipated
to inspire future investigations on alternative sRNA targets
under different environmental conditions.
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