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Summary

Ribosome-mediated transcription attenuation is a basic and widespread mechanism for
posttranscriptional regulation in bacteria. The liberated attenuator RNAs arising in this
process are considered nonfunctional. However, the SRNA rnTrpL, which is released by
transcriptional attenuation of the tryptophan (Trp) biosynthesis genes, plays important roles in
posttranscriptional regulation. In this work, the trans-acting roles of the SRNA rnTrpL and of
the peptide peTrpL encoded by this SRNA in S. meliloti were studied. Additionally, it was
shown for the first time, that the corresponding SRNA Ec-rnTrpL in E. coli has important
functions in trans.

In S. meliloti 2011, rnTrpL is constitutively transcribed and its release is regulated only
by attenuation of transcription of the downstream genes. To study the S. meliloti SRNA
rnTrpL, a deletion mutant 20114#pL was constructed. Additionally, several other deletion
mutants in 2011 and 20114#pL background were constructed. Using these strains and
suitable plasmids, systems for IPTG-induced production of the SRNA harboring a
recombinant 5-UTR or of the native-5-end, leaderless rnTrpL were established. Using these
systems for inducible SRNA production, evidence for interaction of the SRNA with several
predicted targets was presented, including trpDC, rpoE1 and rplUrpmA. Additionally, role of
RNases in the SRNA regulation was studied. Interestingly, the SRNA rnTrpL shows at least
two different posttranscriptional regulation mechanisms for its mRNA targets in S. meliloti:
an antibiotic-dependent and antibiotic-independent mechanism. The trpDC mRNA, the
amount of which is decreased upon rnTrpL induction, is a tetracycline (Tc)-independent target.
Its direct base-pairing with rnTrpL was vaildated in vivo using an egfp reporter plasmids. On
the other hand, the rplUrpmA mRNA is a Tc-dependent target, but its downregulation
additionally depends on the peTrpL peptide encoded by the SRNA. An antisense RNA
(asRNA) complementary to rplUrpmA also seems to play a role in this regulation.
Transcription induction of this asRNA upon Tc exposure was proven.

Furthermore, this work provides evidence for two SRNA-independent targets of the
peTrpL peptide in S. meliloti, smeR and phoR. The smeR gene encoding a transcription
regulator was investigated. Co-transcription of smeR with the multidrug efflux pump genes
smeAB was proven, showing the existence of a smeABR operon, which needs
posttranscriptional regulation. In this regulation, the peTrpL peptide seems to work with an
asRNA (as-smeR RNA), for which antibiotic-inducible transcription was validated. Alanine
scanning mutagenesis revealed that S4, T8 and W12 of the 14 aa peTrpL peptide are
necessary for its downregulating effect on both smeR and rplUrpmA, pointing to similar
mechnanism operating on both targets. The mRNA targets and the corresponding asRNAs
were affected similarly by the alanine scanning mutagenesis.

Additionally, this work shows that in Escherichia coli MG1655, the Ec-rnTrpL level is
higher in minimal than in rich medium, because without external tryptophan supply, its
transcription is derepressed. To study the effect of Ec-rnTrpL on predicted target mRNAS,
first a system for inducible sSRNA transcription was established. Analysis of mRNA levels
after SRNA induction suggested that Ec-rnTrpL is a trans-acting SRNA, which affects dnaA,
sanA, rsuAbcr and mcp. Interestingly, the level of the rsuAbcr co-transcript mMRNA was
decreased by sRNA Ec-rnTrpL overproduction only under Tc exposure. The SRNA base-
pairing with rsuAbcr mRNA was validated in vivo. While the physiological importance of
rsuAbcr downregulation by Ec-rnTrpL still remains to be uncovered, its role in regulation of
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dnaA, the gene encoding the master regulator of initiation of chromosome replication, is
supported by the presented data. Overexpression and deletion of the Ec-rnTrpL gene
decreased and increased the dnaA mRNA levels, respectively. Base pairing between the
SRNA and dnaA mRNA in vivo was validated. Furthermore, the oriC level was increased in
the AtrpL mutant, in line with the expected DnaA overproduction and increased initiation of
chromosome replication in the absence of Ec-rnTrpL. Moreover, in minimal medium cultures,
the the oriC level was increased upon addition of tryptophan in the wild type strain but not in
the AtrpL mutant. The results suggest that Ec-rnTrpL contributes to DnaA homeostasis under
conditions of different nutrient availability. They also suggest that in this RNA-based
regulation, tryptophan is a signal indicating nutrient availability.

Althogether, the presented data show that rnTrpL is a conserved sRNA with own
functions in trans in alpha- and in gamma-Proteobacteria. Moreover, the data suggest that in
both proteobacterial lineages the rnTrpL SRNA has antibiotic-dependent and antibiotic-
independent targets.
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1 Introduction

1.1 Posttranscriptional Regulation in prokaryotes

Posttranscriptional regulation in prokaryotes includes stability modulation of messenger
RNA (mRNA) and proteins, and translational regulation. This introduction is only focused on
regulation mechanisms determining mRNA stability and translation.

1.1.1 Mechanisms Participating in mRNA Stability

1.1.1.1  RNases Involved in mRNA Decay

Decay of mRNA is essential for maintenance of organisms’ life processes such as
avoiding translation of aberrant mRNAs, reusing ribonucleotides, and rebalancing for
environmental alterations. Nevertheless, RNA decay is also crucial for the cell to adjust the
RNA concentrations. Stability of an mRNA strongly infuences its concentration (1), while
stable RNAs like rRNA and tRNA are only degraded under stress or when defectiveness is
found in the RNA molecule (2). Prokaryotic mRNA half-life is usually very short compared
to that of eukaryotic mRNA to quickly answer environmental variations,

A hypothesis proposed by David Apirion in 1973 that mRNA decay involves endogenous
nuclease cleavages and followed by exonucleolytic degradation of the remaining fragments in
Escherichia coli is supported by much more evidences nowadays (3), (4). The coordination
between endoribonucleases (endoRNases) and exoribonucleases (exoRNases) for mRNA
decay in E. coli starts from RNA degradosome, a large multi-protein complex, which is used
for the initial RNA cleavage (4). Principally four enzymes are considered as degradosome
components: RNase E, polynucleotide phosphorylase (PNPase), RNA helicase B (RhIB
helicase) and the glycolytic enzyme enolase. The carboxy terminal part of RNase E was
established as a scaffold interacting with specific regions of the mentioned enzymes to form
the degradosome (5-7). This kind of protein complex was first identified in a different
proteobacteria whereas it has somewhat varied composition in different species (4). The
RNA-binding protein Hfg has been proved that it can bind to the scaffold of RNase E instead
of RhIB RNA helicase (8).

Due to the involvement in the 5S rRNA processing, the essential ribonuclease RNase E
was first discovered (9). It has a full length of 1,061 amino acids, but only the first 500 amino
acids play a catalytic role (10). So far, it was found only in gram-negative bacteria. Moreover,
in E. coli, a well known model organism, whose enzyme has been comprehensively studied,
RNase E participates in posttranscriptional RNA metabolism completely, including the tRNA
maturation (11,12), rRNA, sRNA and mRNA processing, and also the decay of SRNA and
MRNA (13,14). The results of microarrays and high-density tiling arrays demonstrated that
about 60 % of the mRNA decay can be contributed to RNase E cleavage in the whole
transcriptome of E. coli (15,16). RNase E cleavage sites usually are present in single-stranded
AJU rich regions (1).1t efficiently interacts with mRNA with a 5" monophosphate extremity
however is blocked at the 5’ end by triphosphate residues [1]. Scanning for cutting sites in
MRNA and the mRNA cutting proceed in opposite directions. Scanning is from 5'to 3’ end
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but identifying and cleaving mRNA is in a 3’ to 5’ direction (17). PNPase as exoribonuclease
in the complex utilizes a reversible phosphorolytic mechanism to degrade single-strand RNA
molecules in the 3’ -5'direction and release 5’ diphosphate nucleosides (18). The function of
RhIB helicase in the degradosome is the unwinding of RNA duplex, but the effect of enolase
is not yet very clear (4).

An additional endoribonuclease, the RNase G, also participates in the decay of a limited
number of MRNAs in E. coli. It is an RNase E ortholog sharing 40% of homology and can
weakly substitute RNase E to cut with same cleavage site specificity (19). Furthermore,
another endoribonuclease, RNase Ill, degrades double-stranded RNA and participates in
about 12 % of mRNA decay of the transcriptome in E. coli (20), although the involvement of
it in MRNA decay was neglected earlier (21). Interestingly, RNase IlI might participate in
MRNA decay regulated by cis-encoded sSRNAs (22).

1.1.1.2  Untranslated Regions Controlling mRNA Stability

Untranslated regions (UTRs) flanking the mRNA coding sequences regulate mRNA
stability. Except from the triphosphorylated 5’ end protection of mMRNA from an attack by
RNase E in bacteria such as E. coli as mentioned above,. Secondary structures of either 5’ or 3’
end of mMRNAs and RNA-binding proteins can also strongly influence their stability. In
prokaryots the coupling of transcription and translation contributes to mRNA protection by
ribosomes. Massive quantity of ribosomes on strongly encoded mRNAs may competitively
prevent endoRNase cleavage (23). Approximately 10 bases upstream from the start codon
within the 5 UTR of mRNA located one of the well known stabilizing elements, the ribosome
binding site (RBS), which is also known as Shine-Dalgarno (SD) sequence. Via
complementary base pairing of the 3’ end of 16S rRNA to the SD sequence, ribosome binds
MRNA making the mRNA more stable. There are some examples supporting this, such as
ermA, ermC and phage82 mRNAs, which become much more stable after ribosome binding
their 5' UTR (24). Regions without ribosome such as the 5" and 3’ UTRs are receptive to
exoRNase or endoRNase attacks, resulting in unstable bacterial MRNAs (25,26).

It is worth noting that the SD sequence does not have a strong effect on mRNA stability
compared to a secondary structure in 5" UTR, as tested by Sharp and Bechhofer (27). mMRNAs
with a stem-loop structured 5’ terminus such as rne and pnp have unusual long half-lives in E.
coli (28-30). This also applies for the aprE mRNA, the half-life of which was longer than 25
min in Bacillus subtilis (31).

There are two different types of 3’ end poly(A) tails existing in E. coli and B. subtilis, a
short (10-40 bases) homogeneous poly(A) tail and a longer (around 100 bases)
heteropolymeric tail (32-34). Whereas, adding a 3’ poly(A) tail could destabilize bacterial
transcripts (32). exoRNases such as RNase R and RNase Il (which are homologs), and
PNPase can attack a 3’ stem-loop (2). In E. coli, as found by Mohanty and Kushner, much
more poly(A) polymerase | (PAPI) amount will increase the poly(A) level, leading to
decreased mRNA stability (32).
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1113 Genome-Wide Determination of mRNA Half-Lives

MRNA half-lives at a genome-wide level have been investigated in prokaryotes.
Bernstein.is the first one who tried to study mRNA half-lives in E. coli by utilizing a
transcriptomic method (15), and found that the half-lives for almost 80 % of the mMRNAs
range from 3 to 8 minutes., An average half-life of around 7 minutes was reported in another
study by using microarrays (35). mMRNA encodes different products with diverse functions.
The genome-wide investigations mentioned above suggested that mMRNA decay rates are
related to the gene function. For example, house keeping genes are generally more stable than
other genes, and also found that mRNA stablity was dependent on functional categories
Translation Regulations

Translational regulations in prokaryotes are complex and important for the cell life
history. They depend on the coordinated contribution of diverse elements, including mRNA
sequence and structure features, different kinds of effectors, proteins, RNAs and metabolites.

1.1.1.4  Sequence Contributions

In limited species of bacteria, it was found that sequence features exert an effect on the
efficiency of translation initiation, elongation and termination. The interaction between RBS
and ribosome not only contributes to the mRNA stability as discussed above, but also is
related to efficient translation initiation in E. coli, B. subtilis (36) and Desulfovibrio vulgaris
(37). However, secondary structure negatively affects translation initiation when it blocks the
RBS (38). According to D. vulgaris (37) and B. subtilis (39) investigations, the start codon
plays a crucial role in translation efficiency. Interestingly, in E. coli proteomes showed large
numbers of the low-cost amino acids in highly mass of proteins (40). Thus, the speed of
translation elongation could be tied by using rare codons (39). Using a modeling approach,
scientists (41) worked on a hypothesis that codon bias could effect translation rate.

1.1.1.5  Riboswitches in Translation Regulation

Riboswitches can regulate gene expression at translational level due to the utilization of
specific non coding RNA (ncRNA) secondary structures. They are actived by changes in the
concentration of certain types of small substrate compounds, for instance nucleobases, amino
acids or sugars. Riboswitches are usually located in the 5" UTRs of genes which are linked to
the metabolism of their ligands (42). A riboswitch contains an aptamer region where a ligand
binds, and an expression plattform which changes its structure upon binding to form a stem-
loop structure hiding the RBS and inhibiting mRNA translation (43). In Gram-negative
bacteria, riboswitches mainly work to repress translation. Differently, riboswitches always
control transcription in Gram-positive bacteria (42).

1.1.1.6  sRNA Functions in Translation Regulation
Small RNAs (sRNAs) is a kind of functional RNAs regulating gene expression, which is
mostly shorter than 500 nucleotides in length. The scientists classify SRNAs in three classes
according to their regulation mechanisms. The first class, the cis-SRNAs (44), and the second
class, the trans-sRNAs, work at the level of RNA which is not only about translation, but also
about stability. They can modify mRNA secondary structures by base-pairing and form new
RNases cleavage sites causing mRNA degradation. The cis-sSRNAs (44) show a perfect
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complementarity to their target mRNAs, inhibit translation or destabilize the mRNAs and
often work without co-factors. The trans-sRNAs are transcribed from a different locus of their
target mMRNA transcript, show imperfect complementarity to the target mRNA and also
influence translation and/or stability. Most of the trans-sSRNAs can not work alone for
regulation; most of the time co-factors such as the Hfq protein are required.

Other details about SRNA regulation mechanisms will be discuss in the later chapters.

1.1.1.7  RNA Binding Proteins in Translation Regulation

RNA binding proteins (RBPs) are important players in posttranscriptional gene
regulation. Well known is the regulation by ribosomal proteins. When the amount of
ribosomal proteins are much more than that of ribosomal RNA, non-assembled regulatory
ribosomal proteins bind to their own mRNAs and act as translation repressors (45,46); further
direct results are transcription attenuation or rapid mRNA degradation (47,48) for example by
the RNA-binding protein TRAP protein in regulation of transcription attenuation in Bacillus
subtilis (48). Another famous RBP in bacteria is the hexameric Host Factor | (HFI or Hfg).
The most important function of Hfg is as a RNA chaperone protein mediating post-
transcriptional regulation by trans-acting SRNAs in E. coli (49) and other bacteria. In SRNA
and mRNA base-pairing model, Hfg binds at A/U-rich, single-stranded regions and promotes
the interaction of a SRNA with targeting mRNA (50). For example, Hfg helps SRNA MicA to
bind ompA transcript and then to inhibit its translation initiation, leading also to its
destabilization in E. coli (51).

1.1.2 Growth Stage and Stress Impact on mRNA Degradation and Translation
Efficiency

Changes in mRNA stabilitycan occur following different growth phases and changing
environmental conditions. Scientists have focused on the analysis of mMRNA degradation
mechanisms in exponential growth phase for a long time. In exponential phase, due to
nutrients sufficiency, the cell don't suffer any type of stress. As explained above, the half-life
of MRNA during exponential growth is governed by several factors such as RNA accessibility
for RNases (52) and the coverage by ribosomes (53). Upon entry in stationary phase, when
compared to exponential phase, three different mMRNA types could be classified (54): MRNAs
with increased stability such as cat mMRNA, mRNAs with decreased stability such as ompA
MRNA, and mRNAs with no change in stability (54). Genome-wide study analyzing the
alteration of mRNA stability to the change of growth conditions in microorganisms have been
published, such as for Lactocioccus lactis during carbon starvation (55); furthermore,
stabilomes were compared between two stress conditions (56).

MRNA translational regulation is also involved in adaptation to environmental
conditions and growth stages.Under conditions with low temperature mRNA tends to perform
secondary structures inhibiting mRNA encoding compared to normal condition. However,
RNA chaperones were found to weaken mRNA secondary structures leading to ribosome
binding and translation initiation. Three of the known Cold Shock Proteins (CSPs) are RNA
chaperones which are only expressed at low temperature. (57). Furthermore, SRNAs are often
involved in translation regulation under stress growth (58), because the response to stress by
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SRNAs is fast and effective (59). For example, dsrA sRNA regulates rpoS mRNA by base
pairing to facilitate translation of rpoS mRNA under low temperature (58). Furthermore,
thermosensing RNA structures in the 5-UTR can affect translation in response to temperature
change.

Above, two aspects of the post-transcriptional regulation in prokaryotes, mMRNA decay
and translation regulation, were already discussed. Since SRNAs participate in both
mechanisms, their importance is highlighted into more details below.

1.2 Posttranscriptional Regulation Mechanisms mediated by SRNAs

Bacterial regulatory RNA molecules were found much earlier than the eukaryotic
microRNAs and short interfering RNAs. As already mentioned, importantly, most SRNAs are
induced in reponse to changing conditions to exert posttranscriptional regulation. Luckly,
based on technical advances, various approaches and technologies were developed to discover
and identify new regulatory RNAs in different bacteria. Among them are computational
predictions, tiling microarrays and deep sequencing of RNA, which help scientists to found
hundreds candidates for regulatory RNAs in bacteria (60). Bacterial RNA regulators including
riboswitches, attenuators, small RNA (sSRNA) and CRISPR, are heterogeneous molecules that
utilize different mechanisms for adaptation to various physiological responses.

1.2.1 Cis-Encoded Base Pairing SRNAs

Two broad classes for SRNAs regulating gene expression by base-pairing are identified,
cis-encoded sRNAs with perfect complementarity (Figure 1.2.1A) and trans-encoded sSRNAs
with partial complementarity to target mMRNAs (Figure 1.2.1B).

A ORF ORF1 ORF2
RBS °
} +sRNA ; + SRNA { + SRNA
< <l <
e o —_—
No translation ;Hd Transcription
RNA degradation mRNA cleavage termination
B ORF SRNA
Y { N
RBS 0 RBS g o
* +sRNA ‘ + sRNA ‘ + SRNA
———
pu /— C_RBS
<
e °
No translation mRNA degradation Translation

Figure 1.2.1 Cis-encoded (A) and trans-encoded (B) sSRNAs base-pairing mRNA models and their outcomes (61).
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Cis-encoded sRNAs originate from the opposite strand of their targets and own 75
nucleotides or more with complete complementarity to the mRNA. Thus, although sRNAs
and mRNAs are transcribed from the same DNA region, they originate from opposite strands.
Classical examples of cis-encoded antisense SRNAs include not only plasmids like ColE1
RNA I and Tn10 pOUT RNA (61), but also chromosome. For example, in E. coli, OhsC and
IstR SRNAs are transcribed directly neigboring to genes which encoded toxic proteins and
show perfect complementarity with the neigboring toxin mRNAs (61). However, many of
these SRNAs are expressed from mobile elements such as plasmids. Their most prominent
mechanisms are blockade of primer transcription and of translation, such as SRNA QfsR
transcribed from the Ti plasmid in Agrobacterium tumefaciens (62).

1.2.2 Trans-Encoded Base Pairing SRNAs

Another class of base pairing SRNAs is the trans-encoded sRNAs, which do not show
perfect complementarity to their targeting transcripts (Figure 1.2.1B). Usually they negatively
regulate translation and/or degradation of transcripts with the participation of RNases(4).
Often they bind to the RBS in the 5" UTR of mRNAs, but the GevB and RyhB sSRNAs base
pair with the far upstream region of AUG for inhibiting translation (63,64).

On the other hand, some mMRNAs can be positively influenced by sSRNAs. In such a case,
the SRNAs and mRNAs base pairing disrupts a secondary structure in the 5-UTR to expose
the RBS or protects mRNA from degradation (65-68). Interestingly, this kind of base pairing
can also promote transcription termination or anti-termination reactions in the bacteria, as
shown in a study of SRNA regulated transcription termination in E. coli (69).

Compared to the cis-encoded sRNAs, a majority of trans-encoded sRNAs are produced
under particular growth conditions, such as, outer membrane stress (sigma E-induced MicA
and RybB), and elevated glucose-phosphate levels (SgrR-activated SgrS), abiotic stress
(AbcR2) and salt-stress ( NfeR1) in E. coli and S.meililoti (70-74).

1.2.3 RNA Elements Involved in Base Pairing

It seems that SRNA looking for its targets mRNAs from thounsands of candicates is a
diffcult process in the cell. Nevertheless, such SRNAs recognize their targets in a fast, high-
affinity way by using several nucleotides which are exposed in single-stranded regions or in
loops of stem-loop regions and therefore can base-pair with targets. Since the sSRNA and
MRNA base-pairing interaction often causes changes in the mRNA and sRNA secondary
structures, the rest of base pairs will be formed accordingly when the first base pair
interaction in the seed region happened (75). Usually, trans-encoded, base-pairing sRNAs
have three functional domains including a 3’ end stem-loop followed by poly (U), binding site
for chaperone proteins like Hfq and the region for base pairing to bind mMRNAs which is
frequently with high conservation (76).

We still didn’t have enough information to propose models of the seed regions of SRNAs
with specific length or composition. However, some studies tried to reveal this. For example,
SgrS and RybB sRNAs have been shown to have seed domain lengths of 6 or 7 nuleotides
(77-79); these lengths may be suitble for a lot of SRNA-mRNA base pair models. Interestingly,
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studies suggested that many seed domains were located at the 5’ ends position of SRNAS
(79,80) which perhaps have functional effect. We still don’t know much about the relationship
between the characteristics of targeting mRNAs and base-pairing.

1.2.4 Intimate Connections Between sSRNAs and RNases

RNase E or RNase IlI are directly involved in the SRNAs modulation of mMRNA stability
(81). It was proven that after an mRNA is bound by a SRNA, they are degraded either by
RNase Il or E (82). For example, the SRNA RyhB base-pairs with its mRNA targets, and
RNase E is mediated in the subsequent degradation (83). Cutting of SRNA-mRNA duplexes is
always performed by RNase 111 (84), while RNase E works at single-stranded regions (81).

1.2.5 Functions of RNA Chaperones

The role of the RNA chaperone Hfg can not be ignored for the roles of trans-encoded-
sRNAs in Gram-negative bacteria (85). Hfq has proved to mediate and facilitate base pairing
by improving annealing rates (86-88), stabilizing SRNA-mRNA duplexes (89), or by
enhancing structural changes in one of the RNA partners (90). In vitro experiments have
proven that Hfg binding to mRNA usually occurs at A/U-rich single-stranded regions close to
a secondary structure. However, we can not predict the Hfq binding sites in SRNAs because
of low conservation and presence of multiple A/U-rich sites. Additionally, polyU at the 3’ end
of SRNAs is combined with Hfg, probably functioning as a loading site (91,92). Nevertheless,
compared to the information about Hfg binding sites on sSRNAs, Hfq binding sites on mMRNAs
and their physiological relevance are less understood.

Studies of Hfq in posttranscriptional regulation were performed in a range of organisms.
For instance, Hfg in the Gram-negative spirochaete Borrelia burgdorferi (93) and the Gram-
positive firmicute Listeria monocytogenes (94), have significant differences (95). In Gram-
negative species, the Sm-like protein Hfg is needed for trans-encoded sRNAs mediated
antisense regulation , however, trans-encoded sRNAs regulation may happen in both Hfg-
dependent and -independent conditions in Gram-positive species (94). Other bacteria like
Burkholderia cenocepacia (96) harbor diverse Hfg-like proteins indicating possible functional
complexity.

It was proposed that some other proteins could contribute to base-pairing sRNA
functions. This kind of proteins could act instead of Hfq in species with non-obvious Hfg
homologs. However, the second established RNA chaperon, ProQ, was found in E. coli,
where it works in parallel to Hfg (97,98). It shows similarity in the C-terminal domain
structure to Hfg (99). Another candidate is YbeY protein in Sinorhizobium meliloti, since the
deletion of its gene has similar consequences like the deletion of hfg (100).

Furthermore, Hfg binds to the large C terminus of RNase E (8), indicating that RNase E
is attracted to SRNA-mRNA pairs via Hfg. Recently, high-throughput studies were used to
globally position Hfg connections with cellular RNAs and to uncover sRNA-mRNA
interactions (98,101).
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1.2.6 Regulating Protein Activity by SRNAs

The majority of SRNAs biochemical reactions are operating together with proteins in vivo.
According to their different interactions, the connection between sRNA and protein can be
separated in two groups. The first one, as mentioned above, is like chaperone protein Hfg and
RNases to be involved in the SRNA-mRNA interactions to achieve mRNA destabilization.
The second one is that the protein activity is regulated by sSRNA.

For example, SRNAs can function as a mimic of the mRNA, regulating RNA binding
proteins by competing the binding sites located in the proteins . As we know, the CsrA protein
modulates mRNA translation and degradation by binding a specific sequence in the RBS. The
SRNA CsrB harbors 18 copies of this CsrA-binding sequence and directly competes with
CsrA target mRNA to interact with the CsrA protein in E. coli (102). More diverse CsrA- and
CsrB-like molecules need to be invesigated to further understand the flexibility in target site
recognition. CsrB-like sRNAs are widely present in diverse bacterial species, however,
multiple CsrA-like proteins are only found in limited cases (103).

Another strategy of sSRNAs binding proteins is to suppress, promote or modify the
proteins enzymatic activity (Figure 1.2.6) (104-106). The classical example is 6S RNA
modulating the RNA polymerase activity. 6S RNA accumulates in the stationary phase and
binds RNA polymerase with the sigma 70 housekeeping factor. In this way, it contributes to
the global changes in gene expression in the stationary phase (104).
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Figure 1.2.6 Modulation of Protein Activity by SRNAs (107).

1.2.7 Defining SRNA Regulons

Due to their action by imperfect complementarity, bacterial SRNAs (like miRNA in
eukaryotes) can have multiple targets and own regulons. There are two basical approaches for
understanding SRNAs regulons, computation and experiment. As we known now, microarrays,
deep sequencing, or comparative analyses using results of experimental approaches can be
used for studying gene expression which dependent on sSRNAs. Furthermore, global searches,
genetic screens for analysing reporter gene expression changes and/or growth phenotypes help

to define SRNA regulons. Computational approaches are usually focused on predicting and
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understanding the potential proteins and mRNAs which can interact with an sSRNA.
Experimental approaches often up- or down-regulate the SRNA gene expression to analyse
whether observed effects are direct or indirect and to understand the physiological role of the
SRNA. However, identification of direct effects is crucial for understanding of how sRNAs
participate in regulatory networks. Some studies have already shown relationships between
SRNAs regulons and physiological responses. For example, under carbon starvation,
increasing crfA sRNA levels lead to induction of TonB-dependent receptors, thus promoting
nutrient absorption in Caulobacter crescentus (108). In another case, low level of iron
increased the level of the Fur-regulated RyhB sRNA, which regulates several genes to
contribute to metabolic remodeling under low-iron conditions (109).

Generally, direct SRNA effects are faster than the indirect effects (110,111), but it should
be considered that effects on translation and mRNA decay can have different kinetics. To
validate direct effects in the SRNA-mRNA base pairing regulation model, usage of mutations
in the SRNA seed region and corresponding compensatory mutations in the mRNA is still a
gold standard. However, mutagenesis sometimes could not give a final result, for example if it
affects the SRNA structure and thus the seed region accesisbility or if several functions are in
the base-pairing region. For now to differentiate between direct and indirect modulation is
still not easy (104).

In the same time we need to think that among the multiple targets regulated by an SRNA,
some could be biologically more significant than others under certain conditions. Utilizing the
current experimental and computational approaches, we will lose some targets which may be
very important. Many researches focused on high level changes of mMRNAs upon sRNAs
regulation, but the low level changes are usually missed. Furthermore, sometimes sRNAs
regulation do not show the biochemical reaction that mMRNAs level changes, or even though
MRNAs level change, this not necessarily influence the protein level. We also need to
consider that a classical method to test the changes of gene expression and/or phenotypes is to
overexpress the SRNA of interes to non-physiologically high level and results obtained by this
method should be considered with caution.

Computation prediction is an important approach for quick, preliminary information
about the potential target MRNAs of the SRNA of interest (112). However, we can not fully
trust the prediction results due to high false positive rates and therefore experimenatl
validation of each particular candidate is necessary.

1.2.8 Advantages of SRNA Regulators

More and more evidences have shown sRNA regulons contribute to huge regulatory
networks in bacteria (107,113). Recent results implied that regulatory proteins probably
modulate several SRNAs, in addition, the crosstalk between regulatory networks is much
more complex than now identified.

To understand a bacterial lifestyle, the outstanding advantages between RNA-based
modulation and protein-based modulation should be considered and discussed. Early
reduction of metabolic energy costs and faster response were considered as benefits of RNA-
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based regulation (113). Indeed, the SRNAs can produce responses in the process of coupled
degradation of SRNA-mRNA pairs, which differs from the response by transcription factors
(114).

1.2.9 Identification and Analysis of SRNAs

The initial standard approaches looking for SRNAs often depended on conservation or
presence of promoter and terminator sequences in intergenic regions, or on the RNA size,
leeading to low efficiency of sSRNAs identification (60). Now advanced and mainstream
approach is deep sequencing, which has ability to dig out hundreds of transcripts undetected
before (115,116). The sequencing reads align to both intergenic and intragenic regions, in
both sense and antisense orientations with respect to annotated known genes and correspond
to transcripts of diverse sizes. So far, deep sequencing is a power tool for learning and
knowing sRNAs and their interaction partners. For example, MS2-tagged sRNA can be co-
purified together with its MRNA and protein binding partners (117). Furthhermore, after pull
down of tagged Hfg and/or ProQ, sRNA-mRNA pairs can be identified (98). The latter
approach helps us to characterize hundreds unknown sRNAs and their targets faster and easier.

Also constructing sRNAs deletion strains and suitable plasmids for induced sRNA
overproduction are necessary and useful strategies, which are well establshed for E. coli and
Salmonella (118-120) and must be adapted for other species such as Sinorhizobium meliloti.
However, in many cases to relate a phenotype to changed sRNAs level in the cell is weird and
subtle and only happens under specific conditions. Thus, high-throughput screens should be
performed for unique strains for identifying phenotypes..

1.3 Multidrug Efflux in Gram-Negative Bacteria

Iduced efflux is an important mechanism of resistance to different toxic compounds
including antibiotics, and plant-produced compounds (121). Multidrug resistance efflux
systems (MDR) which are of broad existance in Gram-negative bacteria (122), are considered
as the key mechanism of intrinsic and acquired multiresistance (123,124). Bacterial efflux
transporters are categorized into five major superfamilies, based on accommodating multiple
antimicrobials: the major facilitator superfamily (MFS); the ATP binding cassette (ABC)
superfamily; the resistance-nodulation-division (RND) family; the small multidrug resistance
(SMR) family; and the multi antimicrobial extrusion protein (MATE) family (125). Only the
ABC superfamily members are primary transporters, the rest of families act as secondary
transporters using proton or sodium gradient as a source of energy. The RND family is most
commonly found in Gram negative bacteria as a part of a tripartite system (126).

Fourteen efflux systems have been discovered in plant-symbiotic Sinorhizobium meliloti.
Among them, one RND-type pump, the SmeAB is proved to play a crucial role in the
antimicrobial resistance, whereas the other two RND-type pumps, SmeCD and SmeEF, only
contribute slightly. In addtion, the amount of smeAB MDR efflux pump is predicted to be
modulated by SmeR (127). SmeR repressor as a transcription regulator of TetR family via
binding the promoter of smeAB gene to suppress the smeAB transcription and than negatively
effect translation.
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1.4 DnaA Regulation

DnaA as an important ~ protein  activating initiation  of DNA
replication in bacteria. Importantly, the control factor for beginning the initiation phase of
DNA replication is the concentration of DnaA. During growth, DnaA accumulates and sparks
the initiation of replication. DNA replication starts by binding of activated ATP-DnaA to 9-
mer repeats upstream of oriC. This leads to strands separation in a specific 13-mer
repeats (128).

In E. coli DnaA can prevent RNA polymerase binding to the promoter of its own gene
dnaA. The DnaA protein binding inhibits initiation of transcription of dnaA. That means,
DnaA protein is capable to modulate its amount in the cell (129,130). Interestingly, the
relative amount of DnaA is stable under different growth conditions and thus at different
growth rates. It was proposed, that the DnaA homeostasis is regulated posttranscriptionally
(129) , but sSRNA binding to dnaA mRNA was not identified in E. coli yet.

1.5 Ribosome-dependent Transcription Attenuation

Ribosome-dependent transcription attenuation is a posttranscriptional mechanism
discovered 40 years ago. It is widely distribiuted and highly conserved (131-134). Translation
efficiency of a short upstream ORF (UORF) determines whether a transcription terminator
stem-loop structure is formed to control the downstream genes transcription. It was supposed
that the leader peptide encoded by the uUORF and, in case of transcription termination, the
arising attenuator SRNA do not have own functions.

Ribosome-dependent transcription attenuators are widespread in amino acid (aa)
biosynthesis operons of gram-negative bacteria (133,134). In recent days, antibiotic resistance
operons were also found to be modulated by attenuators in many gram-positive bacteria: upon
exposure of Bacillus or Listeria to translation-inhibiting antibiotics, ribosome stalling at
UORFs inhibits forming hairpin terminator structure, resulting in the inducing of the
expression of downstream resistance genes (135). Moreover, as much more high synteny
conservation of attenuator UORFs was identified in bacteria, the question arises whether some
of their leader peptides have gained independent roles in trans during evolution. Indeed, more
and more evidence was presented that very small proteins own important functions although
their genses are not annotated (136). For example, in Bacillus subtilis, the basic 29-aa protein
FbpC was proposed to act as an RNA chaperone (137), however, in E. coli, the 31-aa protein
MgtS was idnetified to interact with two distinctive proteins and meidate Mg?* homeostasis
(138).

1.5.1 Escherichia coli

Escherichia coli is a Gram-negative, facultative anaerobic, rod-shaped, coliform
bacterium. It's belong to genus Escherichia which inhabits the lower intestine of warm-
blooded organisms (139). The majority of E. coli strains are non-dangerous types, however
several types can lead to serious disease in their hosts. The harmless strains are important
bacteria in host gut that produce vitamin K2 (140) and contribute to stop of gut colonisation
by pathogenic bacteria (141,142). E. coli enter into the enviroment from hosts via the feces.
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The bacterium can exist and grow in fresh fecses under aerobic conditions with high
quantity for 3 days, but its dead phase can be continued much more longer (143).

In the last six decades, as a prokaryotic model organism, E. coli has been
tremendouly investigated . It can be cultured easily and inexpensively, and these
characterisitics were used for investigations in the fields of biotechnology and
microbiology. Another important characterisitic as model organism is its short division
time; under suitable conditions, it takes as short as 20 minutes to duplicate.

1.5.2  Sinorhizobium meliloti

Sinorhizobium meliloti is an a-proteobacterium which can build a close symbiosis with
the roots of legumes belonging to the genus Medicago, Melilotus and Trigonella (144). S.
meliloti as symbiotic bacteria use a complex chemical dialog for coss-recognition between
bacterium and plant roots, which lead to root nodule formation. In the nodules, the
differentiated bacteria fix atmospheric nitrogen in an ecologically and agricultrally important
reaction (145). The genome of the sequenced S. meliloti includes three replicons, the
"chromosome™ (3.65 Mb) and two mega-plasmids, pSymA (1.35 Mb) and pSymB (1.68 Mb).
pSymA as larger plasmid contributes to nodulation and nitrogen fixation biochemical
reactions (146-148). As a soil-dwelling organism interacting with plans, it is an important,
Gram-negative model organism.

1.5.3 trp Genes Transcription Attenuation in E. coli and S. meliloti

The well known model of transcription attenuation is that of the Trp biosynthesis genes
trpEDCBA which are co-transcribed in E. coli (132) The 5" mRNA leader harbors the uUORF
trpL, which contains two consecutive Trp codons (the 10. and 11. codon of the 14 aa leader
peptide). Under Trp insufficiency conditions, ribosome pauses at the Trp codons in order to
prevent the formation of a transcriptional terminator downstream of the uORF, thus leading to
co-transcription of trpL with the structural trp genes. In contrast, if enough tryptophan is
present in the cell, fast translation of the Trp codons causes transcription termination between
trpL and trpE. However, transcription termination between trpL and trpE is also caused by
ribosome pausing in the first half of trpL (149).

Like in many other bacteria, the trp genes of S. meliloti are organized in three operons:
trpE(G), trpDC, and trpFBA. However, only trpE(G) is regulated by transcription attenuation
(133,150). Essentially nothing was known about the posttranscription regulation of the
another two operons. Recently, the 110 nt attenuator SRNA of the trpE(G) operon, which was
originally named RcsR1 and later renamed to rnTrpL (see below), was shown to directly
regulate sinl mRNA, which encodes an autoinducer synthase. Additionally, several other
MRNAs were predicted to base-pair with rnTrpL (151). Regulating multiple mRNAs is a
typical feature of bacterial sSRNAs which show imperfect complementarity to their
targets(107). As menioned above, for efficient target binding sRNAs often need RNA
chaperones like Hfq and ProQ (97,152). However, ProQ homolog is not encoded by the S.
meliloti genome (146) and rnTrpL was described as an Hfg-independent SRNA (151). Thus,
rnTrpL probably interacts with another, yet unknown protein(s).
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An important difference between the regulation of the trp operon in E. coli and the
trpE(G) operon in S. meliloti exists at the transcription level. Transcription of ther E. coli trp
operon is repressed by a TrpR represor bound to L-Trp. Unter low Trp conditions, the
repressor falls off DNA and transcription is initiated. Additional fine tuning of the trp operon
expression is mediated by the above described transcription attenuation (133). In S. meliloti,
however, the trpE(G) operon is transcribed constitutively during growth and its regulation
according to the Trp availability is only at the posttranscriptional level (150).

Aim of Work

Ribosome-mediated transcription attenuation is a basic and widespread mechanism for
posttranscriptional regulation in bacteria. The liberated attenuator RNAs and the leader
peptides arising in this process are considered nonfunctional. However, results in our
laboratory revealed that in S. meliloti, the attenuator SRNA rnTrpL and the peptide peTrpL
encoded by this SRNA have functions in trans.

A major goal of this work was to characterize the role and the mechanisms of the SRNA
rnTrpL and the leader peptide peTrpL in posttranscriptional regulation of putative target
genes in S. meliloti. For this, it was planned to construct suitable S. meliloti deletion mutants
and to establish systems for induced, ectopic production of the SRNA and peptide. These
systems were planned to be used for validation of the direct interaction between rnTrpL and
trpDC mRNA, for analysis and detection of additional rnTrpL and peTrpL targets, and for
alanine scanning mutagenesis addressing the mechanisms of peTrpL. A special focus of the
work was the validation of antibiotic-induced asRNAs working together with antibiotic-
dependent targets of rnTrpL and/or peTrpL such as rplUrpmA and smeR.

A second, major goal of this work was to test whether Ec-rnTrpL is a trans-acting SRNA
in E. coli. As a preliminaty work, targets of Ec-rnTrpL were predicted by Dr. Jens Georg
(University of Freiburg). It was planned to analyze the top five predicted targets addresing the
following questions: 1) Are these mMRNAs affected by overexpression of the SRNA or by
deletion of its gene? 2) Are there antibiotic-dependent and antibiotic-independent targets in E.
coli as observed in S. meliloti? 3) Is there a direct interaction between a target mMRNA and Ec-
rnTrpL and what are the physiological consequences of this interaction?
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2 Results

2.1 The Attenuator SRNA rnTrpL in S. meliloti

2.1.1 Construction of a S. meliloti 20114trpL Mutant and Its Comparison to the
Parental Strain under Tc Stress

In many bacteria including the plant symbiont Sinorhizobium meliloti, the trp genes are
organized in several operons, only one of which is regulated by attenuation. In S. meliloti, the
trp attenuator is located upstream of trpE(G) (Figure 2.1.1A), which is transcribed separately
from trpDC and trpFBA. For further investigations in the absence of native rnTrpL RNA
being transcribed from the chromosome, a deletion mutant 20114#pL was constructed, in
which the original TSS of trpLE(G) with the first two nucleotides (AT) was preserved (Figure
2.1.1B and Figure 2.1.1C).

Preliminary work in our laboratory suggested that rnTrpL is important for resistance to
tetracycline (Tc). Therefore, the growth of strains 2011 and 20114#pL was compared at
different Tc concentrations. Both strains were found to reach similar ODs in the absence of Tc,
and they failed to grow in medium containing 10 pg/ml Tc, which was half of the
concentration used in our selective media. However, in medium supplemented with 0.2 pg/ml
Tc, the parental strain grew faster than the mutant 20114#pL. Additionally, in medium
containing 0.5 pg/ml Tc, the parental strain 2011 reached a significantly higher OD compared
to the deletion mutant (Figure 2.1.1D). These results show that the native trpL is important for

the Tc resistance of S. meliloti.
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Figure 2.1.1 Construction of a S. meliloti 20114srpL Mutant and Its Comparison to the Parental Strain
under Tc Stress. (A) Scheme of the trpE(G) operon and the attenuator SRNA rnTrpL of S. meliloti. ORFs are
depicted by gray arrows, a RpoD-like promoter by a gray rectangle, transcription start sites by flexed arrows and
a transcription terminator by a hairpin. The terminated attenuator SRNA rnTrpL (110 nt; synonym RcsR1) is
shown as a white box with start and stop codons indicated. Below this box, regions corresponding to stem-loops
(SL) 1, 2 and 3 are depicted by convergent arrows. SL2 corresponds to the antiterminator and SL3 to the
terminator of transcription. SL2 is formed only in the presence of translating ribosomes that pause upon tRNAT™®
shortage. (B) Scheme of the trpE locus in the deletion mutant 20114trpL. The original TSS with the first two
nucleotides (AT) was preserved. (C) Colony PCR confirming the A#pL deletion mutation. M is 100 bp marker,
+ is postive control, - is negitive control, 1 is wild type obtained after the double cross-over, 2 is sucessful AtrpL
deletion after double crossover. (D) Strain 2011 grows better than the deletion mutant 2011A4trpL at a
subinhibitory Tc concentration in microtiter plates. Strains and Tc concentrations are indicated. In this
experiment, bacteria were cultured in TY medium. Data shown in the graphs were obtained from three
independent experiments, each performed in technical duplicates (means and SDs are indicated).

2.1.2 Pulse-overexpression of the sRNA lacZ'-rnTrpL and Its Influence on
Predicted mRNA Targets

To avoid secondary effects due to constitutive SRNA overproduction, plasmid pPSRKGm-
rnTrpL for IPTG-inducible transcription of recombinant rnTrpL was constructed. In this
plasmid, the trpL ORF of rnTrpL is cloned in frame to a 38-nt lacZ mRNA leader harboring a
ribosome-binding site (Figure 2.1.2A). Figure 2.1.2B shows the induction of this rnTrpL
derivative (designated lacZ'-rnTrpL) in strain 20114t7pL (pPSRKGm-rnTrpL). Several mMRNA
targets were analyzed, which were predicted previously to interact with the SRNA rnTrpL
(151). As expected, the levels of the candicate mMRNAs motE, flgA, phoR, gntR were
decreased when lacZ'-rnTrpL was induced by IPTG for 10 min. Also the level of sinl as
positive control, which was already validated to interact with the SRNA (151), was decreased.
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But mcpU mRNA level was not decreased upon rnTrpL induction, suggesting that mcpU is
not targeted by lacZ’- rnTrpL (Figure 2.1.2C).
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Figure. 2.1.2 Pulse-overexpression of the SRNA lacZ’ -rnTrpL and Its Influence on Predicted mRNA
Targets. (A) Scheme of pPSRKGm-rnTrpL. The pSRK-based plasmids harbor the lac repressor gene lacl with its
own promoter, the lacl-lacZ intergenic region, the lac-promoter Pi,c and the 38 nt lacZ leader containing the
Shine-Dalgarno sequence (SD), followed by an Ndel restriction site containing ATG as the start codon for
translation. Positions of the Lacl-binding operators O1 and O3, the proper spacing of which ensures tight
regulation at P, are indicated. The rnTrpL corresponding sequence was cloned in frame in the Ndel site of
pSRKGm. The resulting sRNA lacZ’-rnTrpL contains the 38 nt lacZ-leader. The scheme shows the plasmid
conferring resistance to gentamycin (Gm) (pSRKGm-rnTrpL). A similar plasmid conferring resistance to
tetracycline (Tc) was also constructed. (B) Northern blot hybridization showing IPTG-induced lacZ’-rnTrpL
transcription at 10 and 20 min post induction in strain 20114trpL (pSRKGm-rnTrpL) (lanes 3, 4 and 5). Lanes 1
and 2 show the analysis of the indicated control strains. For the Northern Blot analysis, 5S rRNA was the
reference (loading control) RNA. (C) qRT-PCR analysis of the levels of mMRNAs predicted to interact with the
SRNA rTrpL (sinl, motE, flgA, phoR, gntR, mcpU). Strain 20114trpL (pSRKGm-rnTrpL) was used. The level
of the mRNAs at the time point 10 min after ImM IPTG addition was compared to the level before addition. In
this experiment, bacteria were cultured in TY medium. For the qRT-PCR analysis, rpoB RNA was used as
reference control RNA. Data shown in the graph were obtained from three independent experiments, each
performed in technical duplicates (means and SDs are indicated).

2.1.3 Deletion of the sinRI Genes in Strain 2011 and Strain 20114#pL and Analysis
of the Resulting Mutants Growth under Tc Stress
The above described sRNA induction system leads to transcription of the lacZ’-rnTrpL
derivative. To use a plasmid for induction of the SRNA transcription starting with its native
5’-end, the known sinl promoter can be used, which needs SinR as an activator (153,154). To
this end, it was necessary to delete the sinRI genes from the chromosome. These genes belong
to the sin quorum sensing system of S. meliloti, which is inactive in the used “wild type”
strain 2011. Therefore first deletion mutants were constructed, 2011A#pLAsinRI and
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20114sinRI (Figure 2.1.3A). Strains 20114trpLAsinRI and 2011A4sinRI were compared in
respect to their growth under Tc stress. Both strains were found to reach similar ODs in the
absence of Tc, and they failed to grow in medium containing 10 pg/ml Tc. However, in
medium supplemented with 0.2 pg/ml Tc and 0.5 pg/ml Tc, strain 20114sinRI grew faster or
reached a significantly higher OD compared to the double mutant 2011A4¢pLAsinRI (Figure
2.1.3B). The results are simlar to the results obtained for strains 2011 and 20114¢pL (Figure
2.1.1D), suggesting the lack of the sinRI genes in chromosome would not influcence the
functions of the SRNA rnTrpL in S. meliloti under subinhibitory Tc exposure conditions.

|0 ug/mi tetracycline | [0.2 ug/mi tetracycline |
1.01 1.01
0.8 0.8
S 0.6 s 0.6+
a 2
O 04 8 0.4
0.2 0.2
0.0- 0.0
0 4 18 22 26 30 44 hours 0 4 18 22 26 30 44 hours
0.5 pug/ml tetracycline I 10 ng/ml tetracycline I
1.04 1.0-
081 0.8-
Q§ 061 g 06
O 044 8 0.4
0.2- 0.2-
0 4 18 22 26 30 44 0 4 18 22 26 30 44 hours
Wl 2011asinRI @@ 2011 AtrpL AsinRI

Figure 2.1.3 Deletion of the sinRI Genes in Strain 2011 and Strain 20114#pL and Analysis of the Resulting
Mutants Growth under Tc Stress. (A) Colony PCR showing the 4sinRI deletion mutations in the two genetic
backgrounds. M is 1KB Plus marker, Line 1 was S. meliloti 2011; Line 2 was S. meliloti 20111 AtrpL AsinRI,
Line 3 was S. meliloti 2011 AsinRI. (B) Strain 2011 AsinRI grows better than the double mutant 20114trpL
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AsinRI at a subinhibitory Tc concentration. Strains and Tc concentrations are indicated. In this experiment,
bacteria were cultured in TY medium. Data shown in the graphs were obtained from three independent
experiments, each performed in technical duplicates (means and SDs are indicated).

2.1.4 Pulse-Overexpression of the SRNA rnTrpL Starting with Its Native 5’-end
and its Influence on Predicted Targets

As already mentioned, the usage of pPSRKGm(Tc)-rnTrpL plasmid leads to transcription
of lacZ'-rnTrpL containing the 38 nt lacZ-leader. Since this could influence the sRNA
function, a plasmid for SRNA transcription starting with the native 5’-end of the SRNA was
designed. The scheme of the plasmid pSRKGm-sinRI-rnTrpL conferring resistance to
gentamycin (Gm) is shown in Figure 2.1.4A. A similar plasmid conferring resistance to
tetracycline (Tc) was also constructed. The plasmid harbors the IPTG-inducible sinR gene
under the control of the lac promoter, the intergenic region between sinR and sinl, and the sinl
promoter, followed by the rnTrpL sequence. To characterize this system of ectopic rnTrpL
induction, first different IPTG concentrations and induction times were applied to find out the
best condition for production of similar rnTrpL amount from the plasmid like from the
chromosome. For short term expression, which was 10 min after IPTG addition, concentration
of IPTG lower than 0.3 mM did not led to accumulation of SRNA detectable by Northern blot
analysis. Further, when 0.3 mM IPTG was used, the rnTrpL level was lower than that of the
chromosomally produced sRNA (Figure 2.1.4B). However, using 0.5 mM IPTG for 10 min
led to a SRNA rnTrpL level comparable to that of the chromosomally transcribed sSRNA
(Figure 2.1.4D). In long term expression, which was 4 or 4.5 hours after IPTG induction, 0.1
mM of IPTG induced sRNA rnTrpL to a level similar to that in strain 20114sinRI still
harboring the rnTrpL gene in the chromosome (Figure 2.1.4C), and higher IPTG
concentrations caused SRNA overproduction (Figure 2.1.4E).

Furthermore, a series of timepoints up to 10 min induction with 0.5 mM IPTG were
tested in Northern blot hybridization analysis (Figure 2.1.4F) for SRNA accumulation and by
gRT-PCR analysis for an effect of the SRNA on the predicted target trpDC mRNA (151)
(Figure 2.1.4G). Ten min induction with 0.5 mM IPTG was considered as the best condition,
since the SRNA was well detectable and trpC mRNA level was downregulated. Additional
predicted targets (rpmA, rpoE1l, gntR, phoR, motE, mcpU and flgA), smeR as a target of the
peptide encoded by the SRNA (see below), and trpE as a negative control mMRNA which is not
regulated by rnTrpL or peTrpL, were analyzed by qRT-PCR before and 10 min after addition
of 0.5 mM IPTG. In addition to trpC, all predicted target MRNAs except rpoE1 but including
mcpU, which was not influenced upon overproduction of lacZ’-rnTrpL(see Figure 2.1.2C
above), showed reduced levels upon sSRNA induction. The negative control trpE mRNA was
no changed and postive control rnTrpL was increased as expected (Figure 2.1.4D). These
results show that generally, 10 min induction of the native-5’-end-sRNA by 0.5 mM causes
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similar effects like 10 min induction of the sSRNA producted by the lacZ-rnTrpL system

(Figure 2.1.2C).
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Figure 2.1.4 Pulse-Overexpression of the SRNA rnTrpL Starting with Its Native 5’ -end and its Influence
on Predicted Targets. (A) Scheme of pSRKGm-sinRI-rnTrpL. This pSRK-based plasmid harbors the lac
repressor gene lacl with its own promoter (not shown), the lacl-lacZ intergenic region, and sinR under the
control of the lac promoter. In addition to sinR, the sinR-sinl intergenic region was cloned, followed by the
sequence of the SRNA rnTrpL. For transcription of the SRNA starting with native 5-end from the sinl promoter,
sinR expression is necessary. Thus, indiction of sinR expression by IPTG activates transcription of the SRNA
from the sinl promoter. The scheme shows the plasmid conferring resistance to gentamycin (Gm). A similar
plasmid conferring resistance to tetracycline (Tc) was also constructed. (B-E) Northern blot hybridization
showing rnTtrpL accumulation after addition of IPTG to strain S. meliloti 2011A¢pLAsinRI (PSRKGm-sinRI-
rnTrpL), marked as AwrpLAsinRI OE. Used IPTG concentrations and induction times are indicated. Strains
20114trpLAsinRI and 20114sinRI were as negative and postive controls. (F) Northern blot hybridization
showing a series of timepoints (mindicated in minutes) after addition of by 0.5 mM IPTG to strain
20114trpLAsinRI (PSRKGm-sinRI-rnTrpL). Accumulation of the induced native-5’-end rnTrpL SRNA over time
is shown. (G) qRT-PCR analysis of the trpC mRNA level using the RNA samples shown in panel (F) and in two
additional experiments. The trpC mRNA levels 10 min after IPTG addition were compared to the levels before
IPTG addition. (H) gRT-PCR analysis of changes in the levels of the indicated mRNAs 10 min after addition of
0.5mM IPTG to strain 20114trpLAsinRI (pSRKGm-sinRI-rnTrpL). trpE was a negative control, and rnTrpL
(trpL) was a postive control. For these experiments, bacteria were cultured in TY medium. For the Northern Blot
analysis, 5S rRNA was the reference (loading control) RNA. For the gRT-PCR analysis, rpoB RNA was used as
reference control RNA. Data shown in the graphs were obtained from three independent experiments, each
performed in technical duplicates (means and SDs are indicated).

2.1.5 The sRNA rnTrpL Base-Pairs with trpD to Downregulate trpDC mRNA

Figure 2.1.4C-b above showed that overexpression of the SRNA rnTrpL leads to trpC
MRNA decrease. The trpC gene is a part of the trpDC operon. The predicted binding of
rnTrpL to a region in the trpD coding sequence is shown in Figure 2.1.5A. To provide
conclusive evidence for these base-pairing interactions, in vivo assays were performed in
strain 20114spL using bicistronic trpDC'::egfp reporter constructs and lacZ'-rnTrpL
derivatives. The trpDC":egfp fusions (Figure 2.1.5B) were expressed from pSRKGm
(conferring Gm") and challenged with wild type (wt) or mutated lacZ’-rnTrpL transcribed
from pSRKTc (conferring Tc") (Figure 2.1.2A). To avoid long-term effects, fluorescence was
measured 20 min after simultaneous induction of transcription of the reporter fusion construct
and the sSRNA.

Figure 2.1.5C shows that TrpC'-EGFP fluorescence derived from plasmid pSRKGm-
trpDC’-egfp was strongly decreased if lacZ’-rnTrpL was co-expressed, supporting the idea
that the SRNA binds to trpD and thereby induces a reduction of trpDC"::egfp mRNA levels.
In contrast, if SRNA derivatives carrying CG40,41GC and CC46,47GG mutations,
respectively, were co-expressed, no decrease in fluorescence was observed. To test whether
this was due to a significantly reduced (or lack of) binding of the mutated SRNAs to trpD in
the bicistronic reporter mRNA, appropriate mutations were introduced into the trpD binding
site to restore the presumed base-pairing interactions (Figure 2.1.5A). Indeed, a decrease in
fluorescence produced by the pSRKGm-trpD-CG985,986GC-trpC’-egfp construct was (only)
observed if the corresponding base-pairing SRNA lacZ'-rnTrpL-CG40,41GC was coexpressed.
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Consistent with this, the fluorescence produced by the pPSRKGm-trpD-CC977,978GG-trpC'-
egfp construct was (only) decreased if lacZ'-rnTrpL-GG46,47CC sRNA was co-expressed
(Figure 2.1.5C). These results validate the base-pairing between rnTrpL and trpD and show
that this interaction is responsible for the negative effect of rnTrpL on trpDC.
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Figure 2.1.5 The sRNA rnTrpL Base-Pairs with trpD to Downregulate trpDC mRNA. (A) Scheme of the
duplex structure predicted to be formed between trpD (MRNA) and rnTrpL (SRNA) (AG = -13.51 kcal/mol).
rnTrpL mutations characterized in this experiment are given below the SRNA sequence. The trpL stop codon is
shown in bold and italics. Compensatory trpD mutations used to restore base-pairing interactions are shown
above the mRNA sequence. Nucleotide numbering starts at the translation start codon of both the trpD mRNA
and the sRNA, which harbors the trpL sORF. (B) Scheme of pPSRKGm-trpDC’-egfp. The trpDC’::egfp fusion
contains the first 16 trpC codons fused to the third egfp codon. (C) Analysis of possible base-pairing interactions
between lacZ’-rnTrpL and the fusion mRNA trpDC’::egfp in strain 20114trpL. Used plasmids are indicated.
Fluorescence measurement was performed by H. Melior. Fluorescence was measured at 20 min after induction
with IPTG; the fluorescence obtained for strain 20114trpL(pSRKGm-trpDC’-egfp, pSRKTc) was set to 100 %
and used for normalization. For these experiments, bacteria were cultured in TY medium. Shown are the results
from three independent experiments, each performed in duplicates (means and standard deviations are indicated).

2.1.6 Induced Production of the Peptide peTrpL Decreases the Levels of smeR and
phoR mMRNA

Since rnTrpL is an attenuator SRNA, it harbors the small ORF trpL encoding the leader

peptide peTrpL (14 aa). Preliminary analyses in the laboratory suggested that peTrpL has own

functions under conditions of subinhibitory Tc exposure (1 pg/ml Tc). Figure 2.1.2A shows

that pPSRKGm-rnTrpL will not only produce the sSRNA lacZ'-rnTrpL but also the peptide
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peTrpL. Therefore, a pPSRKGm-based plasmid was constructed, from which only peTrpL (and
not the whole SRNA) can be induced by IPTG (Figure 2.1.6A).

To test the influence of peTrpL induction on the mRNA levels, strain 2011AtrpLAsinRI
(PSRKGmM-peTrpL) was used. To cultures grown in the presence of Gm, overproduction of
the peptide peTrpL was induced with IPTG, and simultaneously, 1 pg/ml Tc was added. Of
all the candicate mMRNAs which have proved to be downregulated upon the SRNA rnTrpL
(and peTrpL) induction (Figure 2.1.2C, Figure 2.1.4D), only smeR and phoR mRNA were
downregulated when peTrpL production was induced in the absence of the sSRNA (Figure
2.1.6B). Thus, these two mRNAs are good candidates for peptide targets, while the
posttranscriptional regulation of the other mMRNAs could be exerted by rnTrpL only or rnTrpL
and peTrpL together. Indeed, Hendrik Melior have shown that rpmA is downregulated by both
peTrpL and rnTrpL.
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Figure 2.1.6 Induced Production of the Peptide peTrpL Decreases the Levels of smeR and phoR mRNA.
(A) Scheme of pSRKGm-peTrpL. The pSRK-based plasmid harbors the lac repressor gene lacl with its own
promoter, the lacl-lacZ intergenic region, the lac-promoter Pjac and the 38 nt lacZ leader containing the Shine-
Dalgarno sequence (SD), followed by an Ndel restriction site containing ATG as the start codon for translation,
which was the start codon of the cloned trpL ORF, which also harbored its own stop codon. Positions of the
Lacl-binding operators O1 and O3, the proper spacing of which ensures tight regulation at P4, are indicated. (B)
gRT-PCR analysis of the effect of the induced peTrpL production on the levels of the indicated MRNAs, most of
which are predicted targets of the sRNA rnTrpL (sinl, motE, flgA, phoR, gntR, mcpU). Cultures of
20114trpLAsinRI (pSRKGm-peTrpL) were used, to which 1 pg/ml Tc was added along with 1 mM IPTG. The
level of mMRNAs 10 min after addition of Tc and IPTG was compared to the level before addition. In this
experiment, bacteria were cultured in TY medium. The rpoB RNA was used as reference control RNA. Data
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shown in the graphs were obtained from three independent experiments, each performed in technical duplicates
(means and SDs are indicated).

2.1.7 Prediction of the peTrpL Structure

To deeply understand the mechanism of peTrpL, basical information of peTrpL is needed.
Figure 2.1.7A shows the amino acid sequence of peTrpL, and Figure 2.1.7B presents the
prediction of the 3D stucture of peTrpL which suggests only one alpha helix at the C-terminal
end of peptide (pink region).

M A N T @ N I S I W W W A R B
Met Ala Asn Thr GIn Asn lle Ser lle Trp Trp Trp Ala Arg END
ATG GCA AAC ACG CAG AAC ATT TCG ATC TGG TGG TGG GCT CGC TGA

Figure 2.1.7 Prediction of the peTrpL Structure. (A) Scheme of peTrpL, Line 1, 2 and 3 are sort ascending,
abbreviation and codon of amino acids of the peTrpL peptide. (B) Prediction of the 3D stucture of peTrpL
made by PEP-FOLD(http://bioserv.rpbs.univ-paris-diderot.fr/PEP-FOLD).

2.1.8 Alanine Scanning Mutagenesis of Peptide peTrpL

According to the results of ColP (155), smeR, rplUrpmA and their antisense RNAS
(asRNAS) interact with peTrpL. To determine the amino acid (aa) residues in peTrpL, which
are important for regulation of rplUrpmA and smeR in S. meliloti, alanine scanning
mutagenesis was performed and functionality of the mutagenized peptides was tested in strain
2011. The strongest differences in comparison to the wild type peTrpL were caused by the
exchange of Thr4, Ser8 and Trpl2. Induced production of these mutated peptides led to an
increase in the levels of sense (se)-rpmA (Figure 2.1.8B), as-rpmA (Figure 2.1.8C), se-smeR
(Figure 2.1.8E), and as-smeR (Figure 8F), instead of a decrease, which was observed after
induction of the wild type peptide.
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Figure 2.1.8 Alanine Scanning Mutagenesis of Peptide peTrpL. (A and D). Changes in the levels of rpmA
and smeR were determined by one-step gRT-PCR 10 min after addition of IPTG to induce the overproduction of
peTrpL variants with the indicated aa exchanges in strain 2011. The EVC contained pSRKGm and pRK4352,
while the strains overproducing wt peTrpL (TrpL-ORF) or its variants with aa exchanges contained pPSRKGm-
peTrpL (see Figure 2.1.6A) or its mutated derivatives in addition to pRK4352. pRK4352 was present in all
strains to ensure bacterial growth in the presence of Tc, which is needed for the peTrpL function. Thus, all
cultures were grown with Gm and Tc. The one-step qRT-PCR analyzes sense and antisense RNAS
simultaneously. (B and C) Changes in the levels of sense and anti-sense rpmA RNA were determined by strand
specific qRT-PCR. (E and F) Changes in the levels of sense and anti-sense smeR RNA were determined by
strand specific qRT-PCR. For these experiments, bacteria were cultured in TY medium. For the qRT-PCR
analysis, rpoB RNA was used as reference control RNA. Data shown in the graphs were obtained from three
independent experiments, each performed in technical duplicates (means and SDs are indicated).

2.1.9 Analysis of The smeABR Operon and of Antisense RNAs Related to peTrpL
Function
The smeR gene is located downstream of smeAB (Figure 2.1.9A). To better understand
the role of peTrpL in the regulation of smeAB and smeR, RT-PCR was applied to test tested
whether smeR is cotranscribed with smeAB. The results showed that smeB and smeR are
cotranscribed (Figure 2.1.9B). This implies that upon exposure of S. meliloti to Tc, a
condition under which smeAB upregulation, but smeR downregulation would be favorable, the
smeABR genes are cotranscribed. Thus, the posttranscriptional downregulation of smeR by
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peTrpL probably serves to achieve differential expression of smeAB and smeR despite their
cotranscription.

Coimmunoprecipitation with FLAG-tagged peTrpL revealed antisense RNAs in complex
with the target MRNAs smeR and rplUrpmA (153). Thus, asRNAs are probably involved in
the smeR and rplUrpmA regulation by peTrpL. To test whether a Tc-inducible and/or peTrpL-
inducible antisense promoters Pasare present downstream of smeR and rplUrpmA, plasmids
pSUP-PasRegfp and pSUP-PasrpmAegfp harboring transcriptional fusions of egfp to the
putative Pas promoters (Figure 2.1.9C) were used. Each plasmid was integrated into the non-
functional expR gene in the chromosome.

Firstly, the Pas promoter downstream of smeR was studied. The fluorescence of the
reporter eGFP was analyzed in strain 2011expR:: pSUP-PasRegfp (pSRKGm-peTrpL). The
integrated pSUP-PasRegfp harbors a Tc resistance gene. However, it was necessary to test the
effect of Tc addition to the cultures. Therefore, cultures were incubated with only Gm
overnight, and reinoculated in Gm-containing medium (without Tc) in the morning. The
integrated plasmid was not lost during the incubation without Tc, as shown by qPCR using
plasmid-specific primers (Figure 2.1.9D). After growth to the exponential phase, Tc, IPTG or
both was added. Tc was added to test whether the Pss promoter is induced by Tc. IPTG was
added to see whether peTrpL is needed for this induction. The results show increase in
fluorescence 20 min, 2 h and 15 h after Tc addition. At the time points 20 min and 2h, there
was not significant difference if IPTG was applied in addition to Tc, and 15 h after Tc
addition a small difference was observed (Figure 2.1.9E).

To detect faster effects caused by transcription initiation at Pas downstream of smeR, in
the next experiments changes in the level of the reporter egfp MRNA were analyzed by gRT-
PCR 10 min after Tc and/or IPTG addition. The level of the reporter MRNA egfp was strongly
increased after addition of Tc and Tc with IPTG, with no difference between these treatments
(Figure 2.1.9F). Furthermore, other known SmeR-effectors: the plant flavonoid genistein (Gs)
and the antibiotics chloramphenicol (CI), erythromycin (Em) and rifampicin (Rf) induced
transcription from the Pas promoter (Figure 2.1.9G). In contrast, Kanamycin (Km) and the
flavonoid luteolin (Lt), which are not SmeR effectors (127), did not induce transcription from
this promoter. Thus, transcription of the as-smeR RNA was induced by the same antimicrobial
compounds which induce the smeABR transcription. This suggests that the as-smeR RNA
could be involved in downregulation of smeR and may even work together with peTrpL.

To find how fast is the induction of transcription from the Pas promoter, the level of the
reporter mMRNA egfp was analyzed by gRT-PCR at different time points after antibiotic
addition to the cultures. Figure 2.1.9H shows that the egfp mRNA level was very high 10 min
after Tc addition and then decreased. Analysis of the egfp mMRNA level after P, induction by
the antibiotics Em and Cm suggested an increase from 3 min to 5 min after antibiotic addition,
and after 5 min the mRNA level decreased (Figure 2.1.91). As expected, Km addition did not
cause a significant increase. The results suggest that very soon (3 to 5 min) after exposure to
SmeR- effectors, transcription from Pqs is induced (Figure 2.1.91).
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According to Figure 2.1.8C, another antisense-RNA, as-rplUrpmA, probably has the
similar regulation as as-smeR RNA. Figure 2.1.9J shows that the egfp mMRNA level was very
high 10 min after Tc addition to cultures of strain S. meliloti 2011 expR::pSUP-PasrpmAegfp.
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Figure. 2.1.9 Analysis of The smeABR Operon and of Antisense RNAs Related to peTrpL Function. (A) Current
model of the smeABR operon. Exposure to SmeR-effectors relieves the smeABR repression by SmeR at the Ps
promoter and leads to induction of asRNA transcription at the P, promoter. (B) Co-transcription of smeB and
smeR revealed by RT-PCR analysis of strain 20114trpL, 10 min after addition of 20 pg/ml Tc. Template input
for the PCR reaction is indicated above the panel. (C) In pSUP-PasRegfp, the genomic region containing the
promoter of the asRNA as-smeR and the putative two first nucleotides of the asRNA were fused to a sequence
containing a standard Shine-Dalgarno ribosome binding site, followed by the egfp gene, P, promoter, SD, Shine-
Dalgarno sequence (upper panel). The structure of pSUP-PasrpmAegfp is similar to that of pSUP-PasRegfp, but
a putative promoter of as-rpmA RNA was used (bottom panel). (D) qPCR test with pSUP-specific primers. The
level of the plasmid in a culture incubated overnight without Tc was compared to the level of the plasmid in the
culture used for inoculation, which was incubated in Tc-containing medium. (E) Fluorescencee values of the
eGFP reporter protein produced from plasmid pSUP-PasRegfp. The eGFP fluorescence was measured 20 min, 2
hours, and 15 hours after addition of Tc (20 pg/ml) or/and IPTG (1 mM/ml) to cultures of strain S. meliloti 2011
expR::pSUP-PasRegfp (pSRKGm-peTrpL). A culture without Tc and IPTG addition was used as negative
control. (F) gRT-PCR analysis of the reporter egfp mRNA, transcribed from plasmid pSUP-PasRegfp in the
strain metioned in the previous panel. The egfp mRNA level at 10 min after addition of Tc (20 ug/ml) or/and
IPTG (1 mM/ml) was compared to the level before addition. A culture without Tc and IPTG addition was used
as negative control. (G) gRT-PCR analysis of the reporter egfp mRNA, transcribed from plasmid pSUP-
PasRegfp. The egfp mRNA level 10 min after addition of Tc (20 pg/ml) or one of the indicated antimicrobial
substances (added at subinhibitory concentrations) was compared to the level before addition. (H) gRT-PCR
analysis of the reporter egfp mRNA, transcribed from plasmid pSUP-PasRegfp. The egfp mRNA level at 10 min,
20 min, 2 hours, 4 hours and overnight after addition of Tc (20 pg/ml) was compared to the level before addition.
(1) gRT-PCR analysis of the reporter egfp mMRNA, transcribed from plasmid pSUP-PasRegfp. The egfp mRNA
level at the indicated time points after addition of Em, Cap and Km was compared to the level before addition.
Km as negative control was only tested at the time points 3 min, 5 min and 10 min. (J) gRT-PCR analysis of the
reporter egfp MRNA, transcribed from plasmid pSUP-PasrpmAegfp in strain S. meliloti 2011. The egfp mMRNA
level at 10 min after addition of Tc (20 pg/ml) was compared to the level befor Tc addition. In these
experiments, bacteria were cultured in TY medium. For gRT-PCR analysis, rpoB RNA was used as reference
control RNA. All subinhibitory antibiotic concentrations corresponded to the 90% MIC (127). Data shown in
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the graphs were obtained from three independent experiments, each performed in technical duplicates (means
and SDs are indicated).

2.1.10 Construction of smeR Gene Deletion Mutants

For further understanding the interaction relationship between peptide peTrpL and sense
and antisense-smeR mRNA, it was necessary to introduce a 4smeR mutation in S. meliloti
2011 and 2011 AtrpL genetic backgrounds. Figure 2.1.10A shows the results of colony PCR
confirming the deletion mutation in strains 2011 AsmeR and 2011 AtrpL4smeR. Since smeR is
the repressor of the major multidrug efflux pump genes smeAB, it is expected that the efflux
genes are derepressed in the AsmeR mutants. A comparison of the growth of strains 2011
AsmeR and 2011 in microtiter plates, in media with increasing Tc concentrations, revealed
that the strain 2011 4smeR grew under 2 pg/ml Tc concentration condition, but the strain
2011 only tolerated 0.5 pg/ml Tc concentration under these conditions (Figure 2.1.10B).

Furthermore, the smeB mRNA levels were compared between the strains 2011 4smeR
and 2011 under short term Tc exposure. Figure 2.1.10C suggests that the level of smeB
MRNA in the strain 2011 4smeR was about 4 fold higher than that in the strain 2011. These
results are in line with ther repressor function of SmeR. In future, among others, the 4smeR
mutants can be used to test whether the Pas promoter of the antisense RNA is repressed by

SmeR.
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Figure 2.1.10 Construction of smeR Gene Deletion Mutants. (A) Results of colony PCR validating the
deletion mutation AsmeR in wildtype (left) and AzpL (right). M was 1KB Plus marker. Left gel for validation of
2011 AsmeR: Lane 1 was S. meliloti 2011, lane 2 was S. meliloti 2011 4smeR, lanes 3 and 5 corespond to wild
type clones after double cross-over, lane 4 did not provide expected signal, lane 6 was a negative control - DNA
free water was used instead of cell suspension. Right gel for validation of 2011 AtrpLAsmeR: Lane 1 was
S.meliloti 2011, lanes 2-5 were S.meliloti 20114trpL4smeR, lane 6 was a negative control. (B) Deletion mutant
2011 AsmeR grows at higher Tc concentration than the strain 2011 in TY medium. Strains and Tc concentrations
are indicated. (C) gRT-PCR analysis of the smeB mRNA level difference between deletion mutant 2011 4smeR
and strain 2011. In this experiment, bacteria were cultured in TY medium. For gRT-PCR analysis, rpoB RNA
was used as reference control RNA. Data shown in the graph were obtained from three independent experiments,
each performed in technical duplicates (means and SDs are indicated).

2.1.11 Role of RNases in Regulation by the SRNA rnTrpL

Another very important aspect in regulation of mRNA levels by an sRNA is the
involvement of RNases. To learn which RNase participates in regulation by the SRNA rnTrpL
and/or peptide peTrpL, available RNase mutant strains were used to compare targets mMRNA
levels before and after induction of the SRNA rnTrpL. Figure 2.1.11A shows that induced
overproduction of rnTrpL in RNase E and RNase Ill mutant strains leads to increase of the
levels of rpmA and trpC mRNAs instead of decrease as in the parental strain 2011. However,
only in the RNase E strain smeR and sinl mRNAs levels were increased instead to be
decreased upon rnTrpL induction, while the lack of RNase 11l had no such influence on these
MRNAs. Furthermore, presence of YbeY was found to be crucial for the regulation of smeR
and sinl by peTrpL and rnTrpL, respectively .
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Figrue 2.1.11 Role of RNases in Regulation by the SRNA rnTrpL. qRT-PCR analysis of the mRNASs rpmA,
trpC, smeR and sinl in the indicated RNase mutants (YBeY, RNase E, and RNase Il mutants). Each mutant
contained pSRKTc-rnTrpL. The mRNA levels 10 min after addition of 1mM IPTG were compared to the levels
before IPTG addition. In this experiment, bacteria were cultured in TY medium. For gRT-PCR analysis, rpoB
RNA was used as reference control RNA. Data shown in the graph were obtained from three independent
experiments, each performed in technical duplicates (means and SDs are indicated).
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2.1.12 Analysis of the Predicted rpoE1 mRNA Target of rnTrpL

Since the sRNA rnTrpL is derived from the transcription attenuator of the trpE(G)
operon (Figure 2.1.1A), it probably regulates its targets in response to Trp availability. To
address posttranscriptonal regulation in trans by rnTrpL at different concentrations of Trp in S.
meliloti cells, it was necessary to construct a Trp auxotrophic mutant. For this, deletion in the
trpC gene in the chromosomes of strains 2011 and 2011 AtrpL was performed, so that the
cells can not product Trp by themselves and rely only on the Trp added to the minimal growth
medium. Figure 2.1.12A shows the results of colony PCR that validated the two mutant
strains 2011 AtrpC and 2011 AtrpLAtrpC. These mutants were useful for showing that rnTrpL
regulates the trpDC operon in trans according to the Trp concentration (156).

Here, the mRNA of the sigma factor gene rpoE1l was analyzed, which was predicted to
base-pair with rnTrpL (Figure 2.1.12B). This gene is co-transcribed with the gene of the anti-
sigma factor anti-RpoE1l. Figure 2.1.12C shows the Northern Blot results of strain 2011
AtrpLatrpC  (pSRKGm-rnTrpL) at low and high Trp concentrations, before and after
induction of the sRNA lacZ'-rnTrpL. Before induction, the SRNA was not detectable. The
lacZ'-rnTrpL amount which accumulated 10 min and 20 min after IPTG addition at low (2
pg/ml) Trp concentration (Low Trp) was much less than that at high (20 pg/ml) Trp
concentration (High Trp). This is in agreement with less termination of the SRNA
transcription under conditions of Trp insufficiency.

Next, changes in the levels of rpoE1 and anti-cE1 mRNAs were determined 10 min after
IPTG addition to cultures grown under Low and High Trp conditions (Figure 2.1.12D). When
the SRNA was induced in the Low Trp cultures of strain 2011 AtrpLAtrpC (pSRKGm-
rnTrpL), the levels of the rpoEl and anti-cE1 mRNAs were decreased. The level of the
control mMRNA rpmA was also slightly decreased, although this was not expected, since Tc
was not added to the culture. Furthermore, the level of the control mMRNA trpD was not
decreased, probably because of the lacking trpC part in the corresponding polycistronuc
transcript. However, when the SRNA was induced in the High Trp cultures, the levels of the
the rpoE1 and anti-cE1 mMRNAs were not changed. The rpmA level was also not changed, and
unexpectedly, the trpD level was increased. These results suggest that Trp may influence gene
expression by mechanisms including changes in the target prioritization of rnTrpL under
different conditions and/or mechanisms beyond the regulation by rnTrpL. These questions can
be addressed in future.

Another experiment was conducted for analysis of the native rnTrpL, which was
transcribed from chromosome in strain 20114trpC, and of rpoE1 and anti-cE1 mRNAs levels
under different Trp conditions (Figure 2.1.12E and Figure 2.1.12F). Cells grown in minimal
medium with 20 pg/ml Trp (High Trp) from ODeoo 0.2 to ODeoo 0.4, and then they were
washed in medium without Trp and incubated in medium with 2 pg/ml Trp (Low Trp) for 4 h.
Samples for RNA isolation were withdrawn under both conditions. Then Trp was added again
to a final concentration of 20 pg/ml, and 10 min later, RNA was isolated. Changes in the
levels of the mMRNAs rpoE1 and anti-oE1, and of the control mRNA trpD, after changing the
Trp conditions, were analyzed by qRT-PCR.
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As expected, when the Trp concentration was decreased, the level of the native SRNA
rnTrpL was also decreased (due to less transcription termination; Figure 2.1.12E), and the
level of trpD mMRNA was increased (Figure 2.1.12F). The levels of rpoEl and anti-cE1 were
also increased, in line with the proposed regulation by rnTrpL. Furthermore, when Trp was
added to the Low Trp cultures, as expected, the level of the native SRNA rnTrpL was
increased (Figure 2.1.12E) and the level of trpD mRNA was decreased (Figure 2.1.12F).
Similar decrease was observed for the levels of rpoE1l and anti-cE1 mRNAs, suggesting that
they are also regulated by rnTrpL in response to Trp availability.
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Figure. 2.1.12 Analysis of the Predicted rpoE1 mRNA Target of rnTrpL. (A) Colony PCR validating the
deletion mutation A¢rpC in two genetic backgrounds. M is 100 bp plus marker; Line 1 was S.meliloti 2011-AtrpC;
Line 2 was S.meliloti 2011-AsrpLAtrpC; Line 3 was DNA free water as negative control; Line 4 was S.meliloti
2011 as negative control. (B) Scheme of the duplex structure predicted to be formed between rpoE1l (MRNA)
and rmTrpL (SRNA). (C) Northern blot analysis of the level of SRNA lacZ'-rnTrpL in S. meliloti 20114¢pL
AtrpC (pPSRKGm-rnTrpL) cultures grown in minimal medium with 2 pg/ml and 20 pg/ml Trp. Samples were
collected 0 min, 10 min and 20 min after addition of IPTG to induce the lacZ'-rnTrpL sRNA transcription. (D)
gRT-PCR analysis of the mRNA level of rpoE1, anti-rpoE1, trpD and rpmA in the RNA samples described in
panel C). (E) Northern blot analysis of the level of SRNA rnTrpL under different Trp conditions in the S.
meliloti 2011 A#pC strain. Changes in the level of rnTrpL were detected when the cells were transferred from
High Trp (20 pg/ml Trp) to Low Trp (2 pg/ml) condtions, and after restoring High Trp conditions. Trp
concentration (in pg/ml) is indicated. (F left panel) gRT-PCR analysis of changes in the mRNA levels of rpoEL,
anti-rpoE, trpD and rpmA in response to Trp availablity. The initial High Trp RNA samples were compared to
the corresponding Low Trp RNA samples descibed in panel E. (F right panel) gRT-PCR analysis of changes in
the mRNA levels of rpoE1, anti-rpoEl, trpD and rpmA in response to Trp availablity. The Low Trp RNA
samples were compared to the High Trp RNA samples obtained after adding Trp to the Low Trp cultures as
descibed in panel E. In these experiments, bacteria were cultured in GMX minimal medium. For Northern blot
analysis, 5S rRNA was used as a loading control RNA. For gqRT-PCR analysis, rpoB RNA was used as reference
control RNA. Data shown in the graphs were obtained from three independent experiments, each performed in
technical duplicates (means and SDs are indicated).

2.2 Attenuator SRNA rnTrpL Regulation in E. coli

2.2.1 Construction of Pulse-Overexpression System for Ec-rnTrpL and Analysis of
Putative Target mRNAs

The best understood model of ribosome-dependent transcription attenuation is that of the
Trp biosynthesis genes trpEDCBA which are co-transcribed in E. coli (132). The 5 mRNA
leader harbors the uORF trpL, which contains two consecutive Trp codons (the 10. and 11.
codon of the 14 aa leader peptide) (Figure 2.2.1A). Upon transcription attenuation, a SRNA is
released, which was named Ec-rnTrpL to distinguish it from rnTrpL in S. meliloti. To address
the question whether Ec-rnTrpL plays a role in trans, plasmids pSRKTc(Gm)-Ec-rnTrpL for
induced transcription of the SRNA were constructed (Figure 2.2.1B). As described above for S.
meliloti, here a SRNA lacZ’-Ec-rnTrpL and peptide Ec-peTrpL are produced after induction
with IPTG. In this case, the native 5’-region of Ec-rnTrpL was replaced by the 5-UTR of
lacZ.

Figure 2.2.1C presents Northern Blot results of the SRNA lacZ'-Ec-rnTrpL level after
addition of 0.3 mM, 0.5 mM and 1mM IPTG for 0, 3, 5 and 10 min to cultures of strain E.
coli MG1655 (pSRKTc-Ec-rnTrpL) grown in LB medium. It was clearly seen that the SRNA
lacZ'-rnTrpL amount was increased with the induction time. Also, increasing concentration of
IPTG caused increased accumulation of lacZ'-Ec-rnTrpL. However, there was no native-Ec-
rnTrpL signal in the E. coli EVC and in the sample of the overexpressing (OE) strain before
IPTG addition (0 min). This could be explained by repressed transcription of trpL and the trp
operon in E. coli in LB medium, which is a rich Trp source.

A fast and effective way to identify candicate target mMRNAs of base-pairing SRNASs is
prediction by computer science. The prediction of Ec-rnTrpL candidates was performed by Dr.
Jens Georg (University of Freiburg). The top ten predicted tagets are shown in Table 2.2.1.
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Here, five of the top 10 mRNAs, which were predicted to interact with the SRNA Ec-rnTrpL
(Table 2.2.1), were analyzed. The levels of rsuA, dnaA and sanA mRNAs were decreased
when Ec-rnTrpL was induced by IPTG for 5 min, while trpE as a negative control was not
downregulated (Figure 2.2.1D). Furthermore, the level of ycaO mRNA was not changed,
suggesting that this gene is not regulated by the SRNA. Finally, the level of mhpC mRNA was

increased, indicating that this gene could be positively regulated by Ec-rnTrpL.
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Figure. 2.2.1 Construction of Pulse-Overexpression System for Ec-rnTrpL and Analysis of Putative
Target mRNAs. (A) Scheme of the trp operon, transcription repressor (blue asterisk) and the attenuator RNA
Ec-rnTrpL of E. coli. ORFs are depicted by white arrows, the transcription start site by a flexed arrow and the
transcription terminator by a hairpin. The terminated attenuator SRNA Ec-rnTrpL (141 nt) is shown as a white
box with a Shine-Dalgarno sequence (SD), and start and stop codons of the trpL ORF indicated. Below this box,
the amino acid sequence of the leader peptide Ec-peTrpL (14 aa) is shown. (B) Scheme of pSRKTc-rnTrpL.
The pSRK-based plasmids harbor the lac repressor gene lacl with its own promoter, the lacl-lacZ intergenic
region, the lac-promoter Pi.c and the 38 nt lacZ leader containing the Shine-Dalgarno sequence (SD), followed
by ATG. In pSRKTc-rnTrpL plasmid, the ATG is the start codon for translation of the Ec-trpL ORF, which is
followed by the 3'-UTR including the transcription terminator. The resulting SRNA lacZ’-Ec-rnTrpL contains the
38 nt lacZ-leader instead of its native 5-UTR. The scheme shows the plasmid conferring resistance to
tetracycline (Tc) (pSRKTc-rnTrpL). A similar plasmid conferring resistance to gentamycin (Gm) was also
constructed. (C) Northern blot hybridization showing Ec-rnTrpL in strain E. coli MG1655 (pSRKTc-rnTrpL)
after addition of IPTG. Used IPTG concentrations and induction times are indicated. EVC was used as a
negative control. (D) qRT-PCR analysis of the indicated mMRNAs in strain E.coli MG1655 (pSRKTc-Ec-rnTrpL).
The level of mMRNAs 5 min after ImM IPTG addition was compared to the level before IPTG addition. In this
experiment, bacteria were cultured in LB medium. For Northern blot analysis, 5S rRNA was used as a loading
control RNA. For gRT-PCR analysis, rpoB RNA was as reference control RNA. Data shown in the graph were
obtained from three independent experiments, each performed in technical duplicates (means and SDs are
indicated).

Table 2.2.1: Top 10 predicted targets of Ec-rnTrpL, based on the CopraRNA p-value.

Inter_action Experimentally . .
p-value | Locustag | Gene 5|§e tested Regulation Annotation
coordinates
6,55E-09 | b3702 dnaA | +12to+ 87 yes negative chromosomal replication initiator protein DnaA
ribosomal protein S12 methylthiotransferase
2,58E-05 | b0905 ycaO | +70to +89 yes no effect accessory factor
YcaO
5,32E-05 | b2145 yeiS -180 to -142 yes negative DUF2542 domain-containing protein YeiS
7,95E-05 | b0349 mhpC | -200 to -177 yes positive 2-hydroxy-6-ketonona-2 4-dienedioate hydrolase
0,000186 | b2182 ber -74 t0 -20 no negative multidrug efflux pump Bcr
0,000189 | b0661 miaB | -200 to -185 no NA isopentenyl-adenosine A37 tRNA methylthiolase
0000368 | b3052 rfaE 95 to0 -87 no NA fused heptose 7-phosphate kinase/heptose 1-
phosphate adenyltransferase
0,000433 | b2465 tktB -178 to -169 no NA transketolase 2
0,000488 | b1888 cheA | -1to+6 no NA chemotaxis protein CheA
0,000766 | b2808 gcvA | -142t0 -118 no NA DNA-binding transcriptional dual regulator GevA

2.2.2 Analysis of the Half-Life of the Native Ec-rnTrpL with and without Tc Exposure
According to the well known model for regulation of the Trp biosynthesis operon
trpEDCBA in E. coli, if enough Trp is present in the cell (for example during growth in LB
medium), operon transcription is repressed. In line with this, native Ec-rnTrpL was not
detected by Northern blot hybridization of RNA from cultures grown in LB (see Figure
2.2.2.A, left panel). In minimal medium, however, Trp must be synthesized by the cells and
transcription of the trp operon takes place. Under these conditions, transcription attenuation
ensures fine tuning of the trp genes expression: when enough Trp is produced, transcription is
terminated between trpL and the structural genes, and the sSRNA Ec-rnTrpL is released.
Indeed, Ec-rnTrpL was detected by Northern blot hybridization of RNA from cultures grown
in M9 medium (see the first lane in Figure 2.2.2.A, right panel). Furthermore, since abolished
trpL translation leads to hyperattenuation (157), it could be expected that during growth in M9
medium, upon exposure to translation inhibiting antibiotics such as Tc, the level of Ec-
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rnTrpL will increase. However, Figure 2.2.2.A (right panel) shows that native SRNA Ec-
rnTrpL was only detected without Tc exposure condition. In contrast, signal corresponding to
the native SRNA Ec-rnTrpL was missing after 3 min and 5 min Tc exposure (1 pg/ml Tc).
This could be explained by strong Ec-rnTrpL destabilization under Tc stress, for example if
Ec-rnTrpL has Tc-dependent target(s) and is codegraded with those traget(s) upon Tc
exposure.

To test this, the half-life of Ec-rnTrpL was determined in exponentially growing M9
cultures with and without Tc exposure. Very short (40 s) after addition of 10 pl Tc to achieve
a final concentration of 1 pug/ml, rifampicin (Rif) was added to stop cellular transcription and
decay of Ec-rnTrpL in time was determined by Northern blot hybridization (Figure 2.2.2B).
To negative control cultures, 10 pl of the solvent was added (70 % ethanol; 2.2.2C).
Excitingly, the amount of native SRNA Ec-rnTrpL under the 1 pg/ml Tc exposure treatment
was obviously lost each minute since Rif addition (Figure 2.2.2B), while SRNA was much
more stable in the control cultures (Figure 2.2.2C). The half —life of native SRNA Ec-rnTrpL
under Tc exposure was 2 min 20 s = 20 s, and that without Tc exposure was 6 min 40 s + 20 s
(Figure 2.2.2D). So the conclusion is that native SRNA Ec-rnTrpL under Tc stress was much
more qucikly degraded.
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Figure 2.2.2 Analysis of the Half-Life of the Native Ec-rnTrpL with and without Tc Exposure. (A)
Northern blot hybridization showing lacZ’-Ec-rnTrpL accumulation after IPTG addition to LB cultures (left) and
native rnTrpL in M9 cultures with and without Tc addition (right). Used strains, concentrations and
induction/exposure times are indicated. (B) Northern blot hybridization analysis of the half-life of the native-Ec-
rnTrpL sSRNA in E. coli MG1655 after 40s exposure to Tc. 50 pg/ml rifampcin was used for inhibition of RNA
synthesis. The time points after rifampicin addition are indicated. In the first lane, sample before Tc addition was
used as postive control for the whole experiment. 5S rRNA was used as reference control RNA. The bacteria
were cultured in M9 minimal medium. (C) Northern blot hybridization analysis of the half-life of the native-Ec-
rnTrpL in cultures, to which 10 pl 70% EtOH was added instead of 10 pl Tc solution. For other descriptions,
see panel (B). (D) Linear-log graphs were used for half-life calculation. The relative Ec-rnTrpL amount was
plotted against the time after rifampicin addition. Shown are data from two independent experiments. The results
were very similar, and therefore the standard deviations for some of the time points are smaller than the graph
symbols.

2.2.3 Activity of Pyp at Diferent Trp or Tc Exposure Conditions

Based on the Figure 2.2.2 results, there will be three available explanations why native
SRNA Ec-rnTrpL was disappeared 3 min after Tc addition. The first one was already
mentioned in Figure 2.2.2B and C, Tc could accelerate Ec-rnTrpL degradation. The second
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one is that Tc as inhibitor could stop/decrease the trp promoter (Pup) activity. The third one is
that the promoter is inhibited and the SRNA is destabilized at the same time. So it is very
important to use transcription fusion reporter to analyze Pup activity in the presence and
absence of Tc. Furthermore, it is important to test the influence of Tc on transcription
attenuation. Therefore, it was necessary to construct and use reporter fusion plasmids
containing the trp promoter and the promoter and attenuator, respectively.

To this end, three egfp-containing plasmids were constructed: the promoterless pRS1-
sSD-egfp (EVC), pRS1- PwpsSD-egfp (for analysis of the Pyp activity), and pRS1-PuprnTpL-
sSD-egfp (for analysis of the readthrough, which reflects transcription attenuation and its
relieve) (Figure 2.2.3A). To detect promoter activity and readthrough, eGFP fluorescence was
measured. Firstly, fluorescence of overnight cultures grown in minmal medium was measured.
Fluorescence value of strain E. coli MG1655 (pRS1- Py sSD-egfp) was measured above 10
000, while fluorescence value of strain E. coli MG1655 (pRS1- PyprnTrpLsSD-egfp) was
measured somewhat lower than 4 000, but it was still higher than the fluorescence of the EVC
(Figure 2.2.3B). Thus, as expected, transcription from the trp promoter is derepressed in
minimal medium, when the cells should synthsize Trp. Additionally, as expected, in order to
save energy, the transcription attenuator decreases the expression of downstream genes
whenever the cells produced enough Trp.

Next, the promoter and attenuator activities were analyzed at different Trp concentrations.
Fluorescence of overnight cultures was measured. In line with the above results, in minimal
medium without Trp, the fluorescence value of strain E. coli MG1655 (pRS1- PwpsSD-egfp)
was measured above 8 000, and fluorescence value of strain E. coli MG1655 (pRS1- Pup
rnTrpLsSD-egfp) was measured around 4 000. Furthermore, when tryptophan was added to
the medium, the fluorescence value of strain E.coli MG1655 (pRS1- Pw,sSD-egfp) was
measured around 1 000, and fluorescence value in strain E. coli (MG1655 pRS1-
PuprnTrpLsSD-egfp) was measured around 200. Thus, fluorescence was decreased when
tryptophan was present in the medium, for both constructs. But E.coli MG1655 (pRS1-
PupsSD-egfp) present stronger effect than the effect of E. coli MG1655 (pRS1- Pup
rnTrpLsSD-egfp), because of the role of the attenuator. In addition, fluorescence value in both
strains was gradually decreased when tryptophan concentration was gradually increased
(Figure 2.2.3C). These results are in line with transcription repression and transcription
attenuation in the presence of Trp.

Finally, Tc as potential effector was tested by a short term treatment. Fluorescence was
measured at 3 time points, including -30 min, 0 min (time point of addition of Tc to a final
concentration of 1 pg/ml), and +30 min. The fluorescence continuously increased in time in
cultures of strain E. coli MG1655 (pRS1- PwpsSD-egfp), in line with a continuous eGFP
production during growth. However, in strain E. coli MG1655 (pRS1- PuornTrpLsSD-egfp)
cultures, increase of fluorescence was slowed after Tc addition (Figure 2.2.3D). These results
suggest that Tc does not negatively affect the Pyp activity, but modulated the readthrough.
Thus, transcription attenuation seems to be increased in the presence of Tc.
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attenuation in M9 minimal medium without tryptophan. Fluorescence was measured after cells were cultured
overnight. (C) Analysis of promoter activity and transcription attenuation in M9 minimal medium containing the
indicated tryptophan concentrations. Fluorescence was measured after cells were cultured overnight and values
were normalized to the EVC containing pRS1-sSD-egfp. (D) Analysis of promoter and attenuator activity in M9
minimal medium . At the time point — 30 min, the cultures had an ODsgo 0f 0.5. At the time point 0 min, Tc was
added. The values were normalized to the EVC containing pRS1-sSD-egfp. All graphs shown results from three
independent experiments, each performed in duplicates (means and standard deviations are indicated).

2.2.4 The sRNA Ec-rnTrpL Base-Pairs with dnaA mRNA to Decrease Its Level in a
Tc-Independent Manner

As a target of Ec-rnTrpL showing top p-value for base-pairing possibility, dnaA was
predicted, which encodes the regulator of induction of chromosome replication. Figure 2.2.4A
shows the predicted base-pairing of the SRNA Ec-rnTrpL with dnaA mRNA. As recently
shown in our laboratory for the SRNA rnTrpL in S. meliloti, rnTrpL can have Tc-dependent
and Tc-independent targets. Therefore, for understanding the mode of action of the SRNA Ec-
rnTrpL in E. coli, changes in the level of the target mMRNA dnaA were examined upon induced
Ec-rnTrpL overproduction in the presence or absence of Tc. For this, plasmids based on
pSRKTc and pSRKGm were used. As Figure 2.2.4B shows, the dnaA mRNA level was
decreased about 2 fold when the SRNA Ec-rnTrpL transcription was induced by addition of 1
mM IPTG for 5 min. However, this decrease was independent of and was not influenced by
Tc. And as negative control, there was almost no change of dnaA mRNA level in EVC strains.
In addtion, trpE mRNA used as negative control, which should be not affected by ectopic
induction of Ec-rnTrpL, showed no changes (Figure 2.2.4C). This suggests that the SRNA Ec-
rnTrpL may specifically regulate dnaA.

Next, it was necessary to provide evidence for direct interaction (base-pairing) between
Ec-rnTrpL and dnaA mRNA. Thus, plasmids were constructed for induced production of
mutated lacZ’-Ec-rnTrpL sRNA versions. Two SRNA mutations were introduced: mutation-1
(UGG/ACC) and mutation-2 (GGA/CUU) (Figure 2.2.4A). Then the effect on the dnaA
MRNA level of SRNA lacZ-Ec-rnTrpL and the two mutated sRNAs after induction with
IPTG were compared. Interestingly, the result for the SRNA with mutation-1 result was like
the EVC result, showing that mutation-1 abolished the effect of the SRNA on dnaA mRNA.
In contrast, the result for the SRNA with mutation-2 result was like that for the wildtype
SRNA, showing that this mutated SRNA can still downregulate dnaA (Figure 2.2.4D).

To finally validate the base-pairing between dnaA mRNA and Ec-rnTrpL, in vivo assays
were performed in strain E. coli MG1655 using dnaA'::egfp reporter constructs and lacZ'-Ec-
rnTrpL derivatives. The dnaA"::egfp fusions (Figure 2.2.4E) were expressed from pSRKGm
(conferring Gm") and challenged with wt or mutated lacZ’-rnTrpL transcribed from pSRKTc
(conferring Tc") (Figure 2.2.1B). Although this strategy worked well in S. meliloti, where
fluorescence was measured 20 min after IPTG addition, it was not possible to measure
fluorescence in E. coli using the described constructs. Therefore, and to avoid long-term
effects, the mRNA level of the report gene egfp was measured 3 min after simultaneous
induction of transcription of the reporter fusion construct and the SRNA.
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(Figure 2.2.4F left panel) shows that the level of dnaA-egfp mRNA derived from plasmid
pSRKGm-dnaA'-egfp was strongly decreased if lacZ’-Ec-rnTrpL or its derivative with
mutation-2 was co-induced, supporting the idea that the SRNA binds to dnaA mRNA and
thereby induces a reduction of dnaA'"::egfp mMRNA levels. In contrast, if the SRNA derivative
carrying mutation-1 was co-induced with the reporter construct, the dnaA’::egfp mMRNA level
remained like in the EVC, in which only the reporter mMRNA was induced. To prove that the
observed effects are due to base pairing with dnaA mRNA or its abolishment, compensatory
mutation was introduced into the dnaA binding site (dnaAMUT) to restore the presumed base-
pairing interactions with the SRNA carrying mutation-1 (see Figure.2.2.4A). Indeed, a stromg
decrease in fluorescence produced by the pSRKGm-dnaAMut(CCA/GGU)—egfp construct
was only observed if the corresponding base-pairing sSRNA lacZ'-rnTrpL-mutation-1 was
coexpressed (Figure 2.2.4F right panel). These results validate the base-pairing between Ec-
rnTrpL and dnaA in the regions of mutation-1 and dnaAMUT and show that this interaction is
responsible for the negative effect of Ec-rnTrpL on dnaA.
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Figure 2.24 The sRNA Ec-rnTrpL Base-Pairs with dnaA mRNA to Decrease Its Level in a Tc-
Independent Manner. (A) Scheme of the duplex structure predicted to be formed between dnaA (MRNA) and
Ec- rnTrpL (SRNA). Ec-rnTrpL mutations (mutantl, mutant2) characterized in this experiment are given below
the sSRNA sequence. The trpL start, stop and Trp codons are shown in italics and bold. Compensatory dnaA
mutations used to restore base-pairing interactions (dnaAMut) are shown above the mRNA sequence. (B) gqRT-
PCR analysis of changes in the dnaA mRNA level after induction of the SRNA lacZ'-Ec-rnTrpL transcription for
5 min with 1 mM IPTG in strains E. coli MG1655 (pSRKTc-Ec-rnTrpL) and E. coli MG1655 (pSRKGm-Ec-
rnTrpL). The empty vector control (EVC) strain E. coli MG1655 (pSRKTc) was used as negative control. (C)
gRT-PCR analysis of changes in the trpE mRNA level after induction of the SRNA lacZ'-Ec-rnTrpL. For other
descriptions see panel B. (D) gRT-PCR analysis of changes in the dnaA mRNA level after induction of the
SRNA lacZ'-Ec-rnTrpL or its derivatives harboring mutation-1 and mutation-2 (indicated). For other
descriptions see panel B. (E) Scheme of pSRKGm-dnaA’-egfp. The dnaAd’::egfp fusion contains the dnaA region
predicted to base-pair with Ec-rnTrpL codons fused to the third egfp codon. (F) Analysis of possible base-pairing
interactions between lacZ'-Ec-rnTrpL and the fusion mRNA dnad'::egfp in strain E. coli MG1655. EVC,
pSRKTc was used; WT, plasmid pSRKTc-Ec-rnTrpL was used; Mutant 1, plasmid pSRKTc-Ec-rnTrpL-Mutant-
1 was used; Mutant 2, plasmid pSRKTc-Ec-rnTrpL-Mutant-2 was used. All strains contained plasmid pPSRKGm-
dnaA’-egfp. The graph shows the results of gRT-PCR analysis of the reporter egfp mRNA. The egfp mRNA
level 3 min after addition of IPTG (0.5 mM) was compared to the level before addition. For other descriptions
see panel B. In these experiments, bacteria were cultured in LB medium. For qRT-PCR analysis, rpoB RNA
was used as reference control RNA. Data shown in the graph were obtained from three independent experiments,
each performed in technical duplicates (means and SDs are indicated).

2.2.5 The sRNA Ec-rnTrpL Base-Pairs with rsuA mRNA to Decrease Its Level in a Tc-
Dependent Manner
After analyzing the top target dnaA,the further analysis focused on rsuA encoding the
pseudouridine synthase RsuA which serves to produce the pseudouridylation of 16S rRNA at
position 516 (158,159). Figure 2.2.5A shows the predicted base-pairing between the SRNA
Ec-rnTrpL and mRNA rsuA. As described above for mRNA dnaA, it was firstly tested
whether the effect of the SRNA Ec-rnTrpL on mRNA rsuA was Tc dependent or not. As
Figure 2.2.5B shows, upon overexpression of the SRNA Ec-rnTrpL, the rsuA mRNA level
was decreased more than 2 fold, and this change in the level only happened in the presence of
Tc (e.g., when pSRKTc-based plasmid was used and therefore Tc was present in the growth
medium). In the absence of Tc (e.g., when pSRKGm-based plasmid was used), the result after
IPTG addition was similar to the result for the EVC. This suggests that the effect of the SRNA
on rsuA may depend on Tc.
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To further analyze the effect of Tc on the interaction between the SRNA and rsuA mRNA
in the absence of a Tc-resistance plasmid, it was necessary to find suitable subinhibitory Tc
concentration for E. coli. Figure 2.2.5C results show the growth of strain E. coli MG1655
(PSRKGm-Ec-rnTrpL) at different Tc concentrations. At Tc concentration of 2 pg/ml or
higher cells did not grow. So 0, 0.5, 1, and 1.5 pg/ml Tc was used to test relationship between
Tc and the effect of the SRNA Ec-rnTrpL on rsuA mRNA. In the next experiment, IPTG was
added together with Tc and 3 min thereafter, samples were withdrown for RNA isolation.
Changes in the level of rsuA mRNA were analyzed by gRT-PCR. Interestingly, with
increased Tc concentrations, the decrease in the level of rsuA mRNA was stronger (Figure
2.2.5D). These results strongly indicated that Tc is a factor participating in the negative
regulation of rsuA by the SRNA Ec-rnTrpL.

To validate by in vivo experiment the predicted base-pairing between Ec-rnTrpL and
rsuA mRNA, the sRNA derivatives with mutation-1 and mutation-2 were used (Figure
2.2.5A). After overexpression of the SRNA with mutation-1, the level of rsuA mRNA was
decreased to a lesser extend than after overexpression of the wildtype SRNA lacZ’-Ec-rnTrpL.
Furthermore, there was no change in the rsuA mRNA level after overexpression of the
mutation-2 SRNA or in the EVC (Figure 2.2.5E). Thus, in contrast to the interaction of the
SRNA with dnaA, mutation-1 sRNA region seem to be involved in the interaction with rsuA
MRNA, but the region of mutation-2 seems to be crucial.

Since the predicted interaction site is located at the end of the rsuA gene and overlaps
with the intergenic region between rsuA and bcr, it was necessary to construct a bicistronic
rsuAbcr ::egfp fusion in order to test in vivo the predicted base pairing. The in vivo assays
were performed in strain E. coli MG1655 using the bicistronic rsuAbcr’::egfp reporter
construct, its derivative harboring a mutation rsuUAMUT restoring complementarity with
mutation-2 of the SRNA, and lacZ’-Ec-rnTrpL as well the mutated derivatives of the SRNA.
The rsuAbcr’::egfp fusions (Figure 2.2.5F) were expressed from pSRKGm (conferring Gm")
and challenged with wildtype or mutated lacZ'-rnTrpL transcribed from pSRKTc (conferring
Tc") (see Figure 2.2.1B above). The mRNA level of the reporter construct was analyzed by
gRT-PCR using egfp specific primers. Changes in the mRNA level were measured 3 min
after simultaneous induction of transcription of the reporter fusion construct and the SRNA.

Figure 2.2.5G (left panel) shows that the level of rsuAbcr’-egfp mRNA derived from
plasmid pSRKGm-rsuAbcr’-egfp was strongly decreased if lacZ’-Ec-rnTrpL and lacZ'-Ec-
rnTrpL with mutation-1 was co-expressed, although a statistically significant difference was
observed. In contrast, if the SRNA derivative carrying mutation-2 was co-expressed, no
decrease in fluorescence was observed (the result was similar to the EVC). To test whether
this was due to a significantly reduced (or lack of) binding of the SRNA with mutation-2 to
rsuAbcr in the bicistronic reporter mRNA, appropriate mutation UUC/AAG (rsuAMUT) was
introduced into the rsuA binding site to restore the presumed base-pairing interactions (Figure
2.2.5A). Indeed, using the mutated reporter construct, a decrease in fluorescence was only
observed if the corresponding base-pairing SRNA lacZ’-rnTrpL-mutation-2 was coexpressed
(Figure 2.2.5G right panel). These results validate the base-pairing between Ec-rnTrpL and
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rsuAbcr and show that this interaction is responsible for the negative effect of Ec-rnTrpL on
IsuA.
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Figure. 2.2.5 The SRNA Ec-rnTrpL Base-Pairs with rsuA mRNA to Decrease Its Level in a Tc-Dependent
Manner. (A) Scheme of the duplex structure predicted to be formed between rsuAbcr (MRNA) and Ec- rnTrpL
(SRNA). Ec-rnTrpL mutations (mutantl, mutant2) characterized in this experiment are given below the SRNA
sequence. The trpL stop codon and the Trp codons are shown in italics and bold. Underlinded in purple is a part
of the intergenic sequence between rsuA and bcr, which is located immediately downstream of the rsuA stop
codon. Compensatory rsuA mutations used to restore base-pairing interactions (rsuAMut) are shown above the
MRNA sequence. (B) qRT-PCR analysis of changes in the rsuA mRNA level 5 min after addition of 1 mM IPTG
to induce transcription of the SRNA lacZ'-Ec-rnTrpL in strains E. coli MG1655 (pSRKTc-rnTrpL) and E. coli
MG1655 (pSRKGm-rnTrpL). Strain E. coli MG1655 (pSRKTc) was the empty vector control (EVC) used was
as negative control. (C) Growth of strain E. coli MG1655 at different Tc concentrations (indicated). The initial
ODso after inoculating was ODsggo 0.2, and the cells were growth overnight. (D) gRT-PCR analysis of changes in
the rsuA mRNA level 5 min after addition of 1 mM IPTG to induce transcription of the SRNA lacZ’-Ec-rnTrpL
under a series of subinhibitory Tc concentrations (indicated below the panel in pg/ml). (E) gRT-PCR analysis of
changes in the rsuA mRNA level 5 min after addition of 1 mM IPTG to induce transcription of the SRNA lacZ'-
Ec-rnTrpL or its derivatives with the indicated mutations. For other details, see panel (B). (F) Scheme of
pSRKGm-rsuAhcr’-egfp. The rsuA’ber::egfp fusion contains the mRNA region predicted to base-pair with the
SRNA Ec-rnTrpL. (G) Left panel: Analysis of possible base-pairing interactions between the fusion mRNA
rsuAbcr’::egfp and lacZ’-Ec-rnTrpL or its derivatives with the indicated mutations. Shown are results of a qRT-
PCR analysis with egfp specific primers. Changes in mRNA level were analyzed 3 min after addition of IPTG
(0.5 mM/ml). Right Panel: Analysis of possible base-pairing interactions between the fusion mMRNA rsuA-
MUTbcr"::egfp and lacZ'-Ec-rnTrpL or its derivatives with the indicated mutations. For further details, see (G
right panel). For the gRT-PCR analysis, rpoB RNA was used as reference control RNA. In these experiments,
bacteria were cultured in LB medium. Data shown in the graphs were obtained from three independent
experiments, each performed in technical duplicates (means and SDs are indicated).

2.2.6 Genes rsuA and bcr are Cotranscribed and the SRNA Ec-rnTrpL Decreases the
Level of bcr mMRNA in a Tc-Dependent Manner

The ber gene is located downstream of rsuA (Figure 2.2.6A) and there was no predicted
promoter of the bcr gene, so probably bcr and rsuA genes are cotranscribed. RT-PCR was
applied to test whether bcr is cotranscribed with rsuA. The results show that the two genes are
cotranscribed in rsuAbcr mRNA in strain E. coli MG1655 (Figure 2.2.6B). Thus, both genes
are probably coregulated by the SRNA Ec-rnTrpL. To test whether the influence of the SRNA
on rsuA and bcr is similar, gRT-PCR analysis with bcr specific primers was conducted as
described above for rsuA. Indeed, the bcr mMRNA level was decreased after indiuction of Ec-
rnTrpL transcription, and this was observed only in the presence of Tc (Figure 2.2.6C).
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Furthermore, addition of increasing Tc concentrations led to an increased effect of the SRNA
induction on the mRNA (Figure 2.2.6D). Moreover, Ec-rnTrpL harboring mutation-2 was
ineffective for downregulation of bcr mRNA. These results were very similar to the results
obtained for rsuA mRNA. (Figure 2.2.6E). Together, these results suggest that due to the co-
transcription of rsuA and bcr, both genes are negatively co-regulated by the SRNA Ec-rnTrpL
in a Tc-dependent manner.
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Figure 2.2.6 Genes rsuA and bcr are Cotranscribed and the sSRNA Ec-rnTrpL Decreases the Level of ber
MRNA in a Tc-Dependent Manner. (A) Scheme of rsuA and bcr genes locus in E. coli chromosome. (B) Co-
transcription of rsuA and bcr revealed by RT-PCR analysis of strain E. coli MG1655. The template input is
specified above the panel. (C) qRT-PCR analysis of changes in the bcr mRNA level 5 min after addition of 1
mM IPTG to induce transcription of the SRNA lacZ'-Ec-rnTrpL in strains E. coli MG1655 (pSRKTc-rnTrpL)
and E. coli MG1655 (pSRKGm-rnTrpL). Strain E. coli MG1655 (pSRKTc) was the empty vector control (EVC)
used was as negative control. (D) qRT-PCR analysis of changes in the bcr mRNA level 5 min after addition of 1
mM IPTG to induce transcription of the SRNA lacZ'-Ec-rnTrpL under a series of subinhibitory Tc concentrations
(indicated). (E) gRT-PCR analysis of changes in the bcr mRNA level 5 min after addition of 1 mM IPTG to
induce transcription of the SRNA lacZ'-Ec-rnTrpL or its derivatives with the indicated mutations. For other
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details, see panel (C). In these experiments, bacteria were culturedd in LB medium. For qRT-PCR analysis,
rpoB RNA was used as reference control RNA. Data shown in the graphs were obtained from three independent
experiments, each performed in technical duplicates (means and SDs are indicated).

2.2.7 Analysis of The Role of Peptide Ec-peTrpL

Figure 2.2.1A shows that pPSRKGm-Ec-rnTrpL will not only produce sRNA lacZ'-Ec-
rnTrpL but also peptide Ec-peTrpL. To test whether the peptide Ec-peTrpL plays a role in the
above mentioned posttranscription regulation mechanisms, a plasmid was constructed for
induced production of this peptide independently of the SRNA. The peptide production
plasmid was based on pBAD-bgaB2 (Figure 2.2.7A), which allows for induction by arabinose.
Based on similar experiments with S. meliloti, it was expected that upon addition of arabinose,
the level of dnaA mRMA could be decreased, if the peptide is a limiting factor and works
together with the native SRNA Ec-rnTrpL transcribed from the chromosome. Similarly, it was
expected that upon addition of arabinose and Tc, the level of rsuAbcr mRNA will be
decreased, if the peptide works together with the native SRNA.

In this experiment, either arabinose, or Tc or both Tc and arabinose were added to strain
E. coli MG1655 (pBAD-bgaB2-Ec-peTrpL) and changes in the levels of the mRNAs dnaA,
rsuA and bcr were analyzed by gRT-PCR. The trpE mRNA was also analyzed as negative
control. Figure 2.2.5B shows that while the level of trpE mRNA was not significantly
changed, and increase in the levels of the targets of the SRNA Ec-rnTrpL was detected under
all tested conditions (arabinose to induce peptide production; Tc; Tc and arabinose). Thus,
induction of the peptide does not lead to a decrease in the level of the targets of its cognate
SRNA.
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Figure 2.2.7 Analysis of The Role of Peptide Ec-peTrpL. (A) Scheme of pBAD-bgaB2-Ec-peTrpL. The
pBAD-bgaB2-based plasmid harbor the ara repressor gene araC with its own promoter, the promoter Pgap and
contains a Shine-Dalgarno sequence (SD), followed ATG as the start codon for translation. (B) gRT-PCR
analysis of changes in the levels of the indicated mRNAs 5 min after addition of arabinose, Tc or both (indicated)
to cultures of strain E. coli MG1655 (pBAD-bgaB2-Ec-peTrpL). 0.2% arabinose and/or 1 pg/ml Tc was used. In
this experiment, bacteria were cultured in LB medium. For gRT-PCR analysis, spike in RNA was used as
reference control RNA. Data shown in the graphs were obtained from three independent experiments, each
performed in technical duplicates (means and SDs are indicated).

2.2.8 Comparison of Target mRNA Levels between E. coli MG1655 and E. coli
MG1655 A#rpL
Above changes in mRNA levels were analyzed after overproduction of the SRNA Ec-
rnTrpL. This is a fast and easy way to touch the mechanism; however, SRNA overproduction
may lead to artifacts (MRNAs could be affected due to unnaturally high SRNA levels). Also
another problem is that the SRNA Ec-rnTrpL transcribed from pSRK-plasmids was lacZ'-Ec-
rnTrpL, not the native one. To provide additional evidence for the role of Ec-rnTrpL in
posttranscriptional regulation, it was necessary to construct a deletion mutant and to compare
it to the wild type strain.

A deletion mutant named E. coli MG1655 A#pL was constructed, which lacks the Ec-
rnTrpL sequence (from the ATG start condon of trpL to the end of the terminator; Figure
2.2.8A, Figure 2.2.8B). Due to the used method, the short SRNA sequence was replaced by a
slightly longer scar sequence, which has no function (Figure 2.2.8B).

In the deletion mutant and the wild type, the levels of the following mMRNAs were
compared by gRT-PCR: dnaA, rsuA, bcr, ycaO, sanA, mphC, trpE, and rpoB. Since it can be
expected that in the deletion mutant, due to the lack of transcription attenuation, the level of
trpE mRNA will be increased, trpE could not be used as a negative control in this experiment.
Therefore, rpoB mRNA was used as a negative control (a Ec-rnTrpL independent SRNA), and
a spike in control RNA was used as reference.

Bacteria were cultivated to the exponential growth phase in M9 minimal medium, in
which the Ec-rnTrpL is naturally present in the wild type MG1655 due to the trp promoter
derepression. In M9 medium without Tc, the dnaA mRNA level was two-fold higher in the
deletion mutant E. coli MG1655 A#pL than in E. coli MG1655 wildtype, while the levels of
rsuA and bcr mRNAs in both strains were similar (Figure 2.2.8C). Furthermore, Figure
2.2.8C shows that from the analyzed target candidates, sanA is possibly a Tc-independent
target of the SRNA Ec-rnTrpL. As expected, due to the lack of transcription attenuation in the
deletion mutant, the level of trpE mMRNA level was increased. Importantly, the level of rpoB
used as a negative control was similar in both strains.

When Tc (used at subinhibitory concentration) was present in the M9 medium, the levels

of dnaA, rsuA, and bcr mRNA were lower in the wild type strain than in the A#pL deletion
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mutant (Figure 2.2.8D). This result is in line with the decrease of these MRNAs upon induced
lacZ'-Ec-rnTrpL overproduction, which was described above. Of note, this result supports the
view that rsuAbcr is a Tc-dependent target of Ec-rnTrpL. Furthermore, as expected, the trpE
MRNA level was lower in the wild type due to transcription attenuation.

However, the difference in the trpE mRNA level between the wild type and the deletion
mutant was higher in the presence of Tc (2-fold) than in its absence (approximately 1.3 fold).
This could be explained by increased transcription attenuation in the presence of Tc. Indeed, it
is known that when no translation takes place, hyperattenuation happens (157).

Next, the question was addressed whether in the deletion mutant, the lack of
posttranscriptional regulation of dnaA by Ec-rnTrpL influences the initiation of chromosome
replication. It is known that dnaA overexpression leads to increased initiation of chromosome
replication, which can be measured as an increase in the copy number of chromosomal
origins (oriC) in the cell (160). For this experiment, cultures of strains MG1655 and MG1655
AtrpL were grown in M9 medium at an ODeoonm = 0.2. DNA was purified and using gPCR,
the ratio of the oriC (origin of chromosome replication) level to the terC (site of termination
of chromosome replication) level in the the mutant was compared to that in wild type.
Increased level of oriC was detected in the mutant (Figure 2.2.8E), in line with increased
initiation of chromosome replication due to higher dnaA expression in the absence of the
SRNA Ec-rnTrpL.

The above result suggests that Trp could be a signal for upregulation of dnaA and thus
for increased initiation of chromosome replication under conditions of nutrient availability.
To test whether the chromosome initiation increases upon addition of Trp in a trpL-dependent
manner, wild type and AsrpL strains were grown in M9 medium at an ODsgo nm = 0.2. Then
Trp was added (20 pg/ml) and 1 h later, the oriC/terC ratio was measured by qPCR. Indeed,
the oriC level was increased upon Trp addition, but only in the wild type (Figure 2.2.8F).
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Figure 2.2.8 Comparison of Target mMRNA Levels between E. coli MG1655 and E. coli MG1655 AtrpL. (A)
Scheme of the trp operon locus in the deletion mutant E. coli MG1655 AtrpL. The Ec-rnTrpL was deleted from
ATG start codon. The original Py, was preserved. (B) Colony PCR verifying the replacement of the Ec-rnTrpL
sequence by the scar sequence in E. coli MG1655 AtrpL. M is 100 bp plus marker; Lane 1 was AtrpL-CmR, the
Ec-rnTrpL sequence was replaced by the selection marker CmR; A#pL (scar seq), in the deletion mutant, the
selection marker CmR was replaced by the non-functional scar sequence; wt, wildtype. (C) gRT-PCR analysis
of the levels of the indicated mMRNAs in the exponential phase at ODegoo 0f 0.2. Shown is the difference between
E. coli MG1655 AtrpL and E. coli MG1655 wildtype. (D) qRT-PCR analysis of the levels of the indicated
MRNAs in the exponential phase at ODgoo of 0.3, three minutes after addition of Tc (1 pg/ml). For other
descriptions see panel (C). Spike in RNA was used as a reference control RNA in panels C) and D). (E) gPCR
analysis of the level of DNA near oriC and terC in the exponential phase at ODggo 0f 0.2. Difference is shown
between E. coli MG1655 A#pL and E. coli MG1655. Shown is the difference between the oriC/terC ratio in E.
coli MG1655 wildtype and E. coli MG1655 AtrpL. (F) gPCR analysis of the change in the oriC amount after
addition of Trp to cultures grown in M9 medium. The cells for gPCR were harvested before and 60 min after 20
pg/m) Trp was added. The analysis was performed in cultures of strains E. coli MG1655 (WT) and E. coli
MG1655 AtrpL (AtrpL ). terC was used for normalization (internal control gene). Used strains are indicated.
Data shown in the graphs were obtained from three independent experiments, each performed in technical
duplicates (means and SDs are indicated).

57



2.2.9 Ec-rnTrpL is a hfg-Dependent sSRNA, Which Downregulates dnaA with the Help
of Ribonuclease E

Finally, hfg, rnc and rne mutants were used to test whether Ec-rnTrpL works with Hfg,
RNase I1l and RNase E, respectively. Figure 2.2.9A shows that in the absence of Hfg, the
levels of dnaA and rsuA mRNA are not decreased upon Ec-rnTrpL overproduction, showing
that the action of Ec-rnTrpL depends on the RNA chaperone Hfg. Furthermore, according to
Figure 2.2.9B and Figure 2.2.9C, RNase E but not RNase 111 is necessary for downregulation
dnaA by Ec-rnTrpL. Surprisingly, neither RNase E nor RNase |11 were found to be necessary
for downregulation of rsuA mRNA by Ec-rnTrpL, suggesting that a novel mechanism
operates in this antibiotic-dependent regulation.
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Figure 2.2.9 Ec-rnTrpL is a hfg-Dependent sSRNA, Which Downregulates dnaA with the Help of
Ribonuclease E. (A) gRT-PCR analysis of changes in the levels of dnaA, rsuA and trpE mRNAs 3 min after
addition of IPTG to induce the SRNA overproduction at exponential phase (ODgoo 0f 0.3). Shown is analysis of E.
coli MG1655 (pSRKTc-rnTrpL) (WT) and E. coli MG1655 4ifq (pSRKTc-rnTrpL) (Hfg Mutant) strains. (B)
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gRT-PCR analysis of E. coli BL322 (pSRKTc-rnTrpL) (WT) and E. coli BL321 rnc (pSRKTc-rnTrpL) (RNase
Il Mutant). For other descriptions, see panel (A). (C) gRT-PCR analysis of E. coli N3433 (pSRKTc-rnTrpL)
(WT) and E. coli N3431 (pSRKTc-rnTrpL) (RNase E Mutant). For other descriptions, see panel (A). Since the
RNase E mutant is not a deletion mutant, but a thermosensitive mutant, the cells were firstly cultured from ODsggo
of 0.02 to exponential phase at ODgoo 0f 0.3 at 37 °C, and then cells were shifted to 42°C for 10 min, before
IPTG was added. At the time points 0 min and 3 min after IPTG addition, RNA for gRT-PCR was isolated. For
gRT-PCR analysis, spike in RNA was used as reference control RNA. Data shown in the graphs were obtained
from three independent experiments, each performed in technical duplicates (means and SDs are indicated).
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3 Discussion

3.1 sSRNA rnTrpL of S. meliloti

In this study, the SRNA rnTrpL and the leader peptide peTrpL translated from this SRNA
were characterized. Previous bioinformatic prediction showed that the SRNA rnTrpL has the
capacity to base pair with multiple mRNAs (151). To characterize the SRNA into more detail,
it was necessary to construct suitable deletion mutants. In this work, construction of deletion
mutants of S. meliloti was established in our laboratory. Furthemore, suitable systems for
induced expression of the SRNA and/ or the leader peptide were established.

According to Figure 2.1.2B, the level of the pulse-overexpressed sSRNA dervative lacZ'-
rnTrpL was lower than the level of the native SRNA transcribed from the chromosome.
Despite this, the ectopically produced sRNA lacZ'-rnTrpL was able to decrease the levels of
several predicted targets and to base-pair with trpDC mRNA. It is not clear whether the lacZ
5'-UTR, which makes this SRNA derivative to be longer than the native, leaderless SRNA, and
which most probably increases the translation of the trpL ORF, has influence on the base-
pairimg function of the SRNA, for example by changing target prioritization. These questions
can be addressed in a future study by using the SinR-Psini system for induced rnTrpL
production, which was established in this study. In this system, production of the SinR protein
is induced by IPTG, and SinR then activates promoter sinl (153), which controls the
transcription of rnTrpL starting with its native 5’-end (starting with ATG of the trpL ORF).
According to the data (Figure 2.1.4G, Figure 2.1.4H), the levels of several predicted target
MRNAs, including the validated target trpC mRNA, were decreased 10 min after induction of
sRNA production by this system. However, in most of the experiments in this work the lacZ’-
rnTrpL system was used.

As we know, there are three trp operons participating in Trp synthesis in S. meliloti:
trpE(G), trpDC and trpFBA. The initial step of Trp biosynthesis is performed by the protein
encoded by gene trpE(G), while the enzymes of the next two steps are translated from trpDC
MRNA. The trpFBA operon encodes the residual enzymes of the pathway, phosphoribosyl
anthranilate isomerase and Trp synthase. This work shows that the SRNA rnTrpL can base-
pair with trpD and the reporter gene assay shows that complementarity between rnTrpL and
trpD is necessary for down-regulation of trpDC (Figure 2.1.4G and Figure 2.1.5C). This
downregulation is based on mRNA destabilization (156). However, overexpression of rnTrpL
does not affect trpFBA and the regulation of this operon according to trp availability is not
clear (156).

In Gram-negative bacteria, to understand the mechanism of sRNA-mediated mRNA
destabilization, analysis the role of an endoribonucleolytic RNases such as RNase Il or
RNase E is necessary. In a previous work, it was demonstrated that RNase E specifically
cleaves in the 5'-UTR of sinl mRNA, which base-pairs with rnTrpL in an Hfg-independent
manner (61,151). Based on the data in Figure 2.1.11, RNase E participates in degradation of
trpDC, rplUrpmA and smeR mRNAs. However, according to Figure 2.1.11, RNase |11 also
exerts a significant role in downregulation of trpDC and rplUrpmA, while this RNase is not
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needed for smeR mRNA downregulation. One possible explanation of these results is that
both RNases are needed for the function of rnTrpL on its targets but not for the rnTrpL-
independent function of the peptide. Indeed, trpDC and rplUrpmA mRNA base-pair with the
rnTrpL sSRNA, while smeR mRNA is not targeted by rnTrpL but only by the peTrpL peptide
(see discussion below). Indeed, smeR mRNA was discovered as a peTrpL target by ColP
(155). RNase 111 specifically cleaves double-stranded RNA. Since the antisense RNA as-smeR
seems to participate in the peTrpL-dependent downregulation of smeR, it is difficult to
understand while RNase E but not RNase I11 participate in this regulation. According to the
data in Figure 2.1.5, SRNA rnTrpL binds to target mRNAs by imperfect complementarity like
shown for trpD(161). This suggests that an RNA chaperone such as Hfq (61,107) or ProQ
(162) should mediate rnTrpL interaction with mRNA targets. However, S. meliloti does not
own a ProQ homolog and rnTrpL is an Hfg-independent SRNA (151,163). While the peTrpL
peptide and antibiotic such as Tc may exert a role replacing a chaperone, which serves to
mediate the interaction between rplUrpmA and rnTrpL, it is not clear whether the interaction
between trpDC mRNA and rnTrpL needs a chaperone.

As mentioned above, the trp genes of S. meliloti are organized in three operons trpE(G),
trpDC, and trpFBA. However, only trpE(G) operons is regulated by attenuation in the 5'-UTR
(133,150). Based on the trp genes organization, several bacterial groups are known. The one
operon model is present in Escherichia, Salmonella, Vibrio and most members of Bacillales
and Lactobacillales, while Alpha- Beta- Gamma-, Delta- and Epsilon-Proteobacteria,
Spirochaeta and most Actinobacteriadae harbor serveral operons (133). The several trp
operons in bacteria are considered that allow for more flexibility and a complex strategy in
regulation of expression, because precursors or products of different trp operons are used in
different metabolic pathways (133). For now, transcription attenuation in cis was found only
upstream of one operon, normally that starting with trpE (133). This work highlights the
mechanism of a novel stategy for regulation of another trp operon (trpDC) by a SRNA which
originates from the trpE(G) transcription attentuation and acts by base-pairing in trans. Thus,
the rnTrpL RNA sequence acts by two different mechanisms, as a transcription attenuator to
regulate trpE(G) in cis and as a SRNA to destabilize trpDC in trans.

ColP data showed that the smeR and rplUrpmA mRNA directly interact with the peptide
peTrpL (155). While rplUrpmA mRNA was predicted to base-pair with the SRNA rnTrpL,
smeR MRNA was not. Here, a decrease in the level of rplUrpmA mRNA was shown when
SRNA rnTrpL and peptide peTrpL were overproduced for 10 min in the presence of Tc
(Figure 2.1.4H). However, no significant decrease was observed when only peptide peTrpL
was produced in a AtrpL background (Figure 2.1.6B), in line with the finding that both the
SRNA and the peptide are needed for rplUrpmA downregulation. In contrast, smeR is targeted
by the peptide only. Indeed, Figure 2.1.6B shows that upon overexpression of the peptide
peTrpL in AtrpL background, smeR mRNA amount in the cell is decreased under Tc stress.
SmeR is the repressor of SmeAB MDR efflux pump genes which is important to S. meliloti
resistance agianst Tc and other antibiotics.

For rplUrpmA downregulation by rnTrpL, peTrpL and an antibiotic such as Tc is needed.

A new posttranscriptional strategy may be indicated by the antibiotic mediated
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downregulation of rplUrpmA which is used to modulate the production and/or function(s) of
the protein biosynthesis machinery. The rplUrpmA mRNA level change in the cell may affect
the level of L21 and L27 proteins an may lead to biogenesis of ribosmes with alternative
composition. Even though we don't know the role of L21, E. coli L27-deficient mutants were
identified to have downregulated peptidyl transferase activities (164). Interestingly, in
Pseudomonas aeruginosa, an upreuglated expression of multidrug efflux pump genes and
enhanced resistance to aminoglycosides is caused finally by decreasing rplUrpmA mRNA
level. This was explained by attenuation of transcription termination, due to pausing of L21-
and L27-less ribosomes (165). It is reasonable to propose that destabilization of rplUrpmA
mRNA by rnTrpL may serve similar adaptation mediated by specific changes in translation.

peTrpL is known to be the leader peptide of the Trp biosynthesis gene trpE(G). Similar
to the leu operon in Salmonella typhimurium, and different from the trp operon in E. coli and
Salmonella, the trpE(G) expression in S. meliloti during growth is exclusively regulated by
transcription attenuation (132,133,156,166). When sufficient Trp is supplied, termination of
transcription between trpL and trpE(G) occur (133,150,156), but further peTrpL production is
potentialy guaranteed by the trpL ORF-harboring sRNA rnTrpL. Probably, the Trp-
independent transcription of rnTrpL enabled the development of Trp-unrelated functions of
the peptide peTrpL. Indeed, its functions in trans are linked to mechanisms working in
response antibiotics.

The results shown in Figure 2.1.6B, Figure 2.1.8D-F, and Figure 2.1.9A-1 suggest that
the mechanism of smeR mRNA degradation is based on its base-pairing with the anti-sense
smeR mRNA, which is induced by Tc or other substrates that are pumped out by the SmeAB
MDR efflux pump. This degradation is mediated by peTrpL and the respective antibiotic by a
novel mechnanism (155,156). This work shows that smeR, which encodes the repressor of
smeAB (127), is cotranscribed with smeB. Thus, upon antibiotic exposure, the smeABR genes
are cotranscribed. However, uncoupling of smeAB and smeR expression after exposure to
antibiotics is obviously needed. Downregulation of smeR at the posttranscriptional level
supports smeAB expression, antibiotic efflux and thus antibiotic resistance. The
downregulation probably depends on the asRNA induced by the same antibiotics.
Interestingly, the increase in the level of as-smeR RNA upon antibiotic exposure was hard to
test (155), but was easily detected when a transcription reporter mRNA was used (this work).
The asRNA induction was transient (Figure 2.1.9G, Figure 2.1.9H, Figure 2.1.91).
Furthermore, parallel decrease and increase of the MRNA and the asRNA were observed upon
overproduction of wild type and mutated peptides (Figure 2.1.8D-F), suggesting co-
degradation of both RNAs. Probably, this differential, posttranscriptional regulation of
smeABR is aiming to suppress the SmeR synthesis by concomitant SmeAB production. The
results suggest a model of peTrpL-dependent smeABR regulation: exposure to SmeAB
substrates can successfully induce the transcription of smeABR and as-smeR RNA. In the
tricistronic smeABR mRNA, the as-smeR RNA forms a duplex with the smeR transcript and
the duplex is degraded with the help of the peptide peTrpL and Tc or another SmeAB
substrate (127,155).
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Interestingly, in rich medium (under Trp-rich conditions; Figure 2.1.4H) sRNA rnTrpL
does not control rpoE1 mRNA, which is a predicted target of rnTrpL. However, regulation
occurred in minimal GMX medium (Figure 2.1.12D, Figure 2.1.12F). The rpoEl gene
encodes an extracytoplasmic function (ECF) sigma factor. The role of ECF factors is to
control gene expression for responding to physical, chemical or biological stress conditions
(167). Most ECF sigma factors have their own specific anti-sigma factor to control their
activity. Bacteria with a strong ability to deal with different kinds of environmental stressors
harbor genes for many ECF sigma factors (168,169).

While RpoE2 was described as the major ECF sigma factor in S. meliloti which is
activated by various stresses, including heat, salt and stationary phase (170-172), little is
known about the function of RpoEL. This work figured out that the level of rpoE1 mMRNA
decreases when the cells are transferred from high-Trp conditions to low-Trp conditions
(Figure 2.1.12F left panel). And in contrast, rpoE1 mRNA level increses when the conditions
are changed from low-Trp to high-Trp (Figure 2.1.12F right panel). The observation that the
rpoE1 mRNA level was decreased upon overproduction of the SRNA rnTrpL under low-Trp
conditions, while under high-Trp conditions no change was observed, it puzzling. One
possible explanation is that rpoEL1 mRNA is regulated by the sSRNA only under low-Trp
condtions (Figure 2.1.12D). However, under these conditions trpLE(G) are cotranscribed and
almost no sRNA is present in the cell. Most probably, the physiological conditions under
which rpoE1 mRNA is regulated by rnTrpL still remain to be uncovered. The observation that
the results of Figure 2.1.12F do not fit to the results of Figure 2.1.12D suggests that lacZ’-
rnTrpL, which was used in Figure 2.1.12D, is not well suited for this analysis. Thus, in future,
the AtrpC mutation should be introduced in 4sinRI background, and the effect of native 5°-
end SRNA on rpoElshould be tested.

3.2 sSRNA rTrpL of E.coli

As mentioned above, S. meliloti has three trp operons, only trpE(G) is regulated by
transcription attenuation, and the arising sSRNA rnTrpL has antibiotic-independent and
antibiotic-dependent targets. Thus the question arises whether in E. coli having one trp operon,
the homologous sRNA is functional in a similar manner.

This work provides evidence for functions in trans of the SRNA Ec-rnTrpL, which arises
by transcription attenuation of the E. coli trp operon. The bioinformatic prediction showed
that this SRNA has the capacity to base pair with multiple mMRNAs, and Figure 2.2.1D shows
that the levels of several predicted targets was changed after SRNA oberproduction. The
results from the validation experiments strongly suggested that dnaA mRNA is a direct, Tc-
independent target of this sSRNA: the dnaA mRNA level was decreased upon SRNA
overproduction independently of the Tc presence and was increased in the AtrpL deletion
mutant (Figure 2.2.4 and Figure 2.2.8C). Interestingly, the results of this work suggest that
rsuA mRNA, which is co-transcribed with bcr, is directly regulated by the SRNA Ec-rnTrpL,
and this regulation is Tc-dependent. Indeed, only under Tc exposure, the levels of rsuAbcr
MRNA were increased in the AtrpL deletion mutant (compare Figure 2.2.8.C and Figure
2.2.8.D). Base-pairing in vivo was demonstrated by using egfp reporter fusion constructs

showing that SRNA Ec-rnTrpL negatively affects the expression of both dnaA and rsuAbcr
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(Figure 2.2.4 and Figure 2.2.5). Furthermore, the observation that the levels of sanA and
mhpC mRNA were inversely affected in the overproducing and deletion mutant strains
(Figure 2.2.1. and Figure 2.2.8) suggests that Ec-rnTrpL binds to the predicted interaction
regions in sanA and mhpB mRNA and regulates the expression of the corresponding genes
and operons in a negative and a positive way, respectively. In future, it will be interesting to
test additional predicted targets and investigate whether they directly bind to Ec-rnTrpL.

It should be noted that the predicted base pairing of the SRNA with each of the five top
predicted targets overlaps with the trpL ORF. The functionally important Trp codons
UGGUGG of the trpL ORF are predicted to be involved in the base pairing of Ec-rnTrpL with
dnaA and rsuA mRNAs (Figure 2.2.4A, Figure 2.2.5A), which were affected to a similar
extent in the deletion mutant (Figure 2.2.8C Figure 2.2.8D). Moreover, the crucial importance
of the first tryptophan codon for the in vivo interaction between Ec-rnTrpL and dnaA mRNA
was demonstrated, thus showing that this codon belongs to the SRNA seed region needed for
this interaction (Figure 2.2.4A). This is in line with previous observations showing that often
highly conserved sRNA parts harbor the seed region (63,75). The S. meliloti Trp codons were
also predicted to base pair with trpD mRNA (Figure 2.1.5A) (156). However, it was not tested
whether these codons belong to the SRNA seed region.

Ec-rnTrpL is a homolog of the attenuator sSRNA rnTrpL in Rhizobaiceae and
Bradyrhizobiaceae (151,156). In S. meliloti, rnTrpL is constitutively transcribed during
growth, and its termination is regulated by attenuation (150). The primary function of the
rhizobial SRNA seems to be the coordination of the expression of separate trp operons. In E.
coli having the trp genes in a single operon, this function is not needed and consequently,
overproduction of Ec-rnTrpL has no effect on the expression of trp genes (156). Despite these
differences, Ec-rnTrpL obviously adopted functions in trans during evolution and was
integrated into the cellular regulatory networks of E. coli. This was probably favored by its
Rho-independent terminator, which can serve as an Hfg-binding site, thus making the
attenuation-liberated Ec-rnTrpL sRNA a suitable candidate for a riboregulator (173). Indeed,
hfg was needed for downregulation of both dnaA and rsuA mRNA upon Ec-rnTrpL
overproduction (Figure 2.2.9A), supporting the view that rnTrpL is a Hfg-dependent sRNA.
In E. coli, RNase E as a single-strand dependent endoribonuclease is responsible for about 60 %
of the mRNA decay in the whole transcriptome (15,16), and RNase Ill as double-strand
dependent endoribonuclease participates in about 12 % of mRNA decay (20). This work
shows that RNase E but not RNase Il is necessary for downregulation dnaA by Ec-rnTrpL
(Figure 2.2.9B and Figure 2.2.9C). However, neither RNase E nor RNase 111 were found to be
necessary for downregulation of rsuA mRNA by Ec-rnTrpL, suggesting that a novel
mechanism operates in this antibiotic-dependent regulation.

The pseudouridine synthase RsuA serves to exert the pseudouridylation of 16S rRNA at
position 516 (158,159) during 16S rRNA assembly of 30S ribosomal subunits (158). An rsuA
mutation causes a defect in pseudouridylation at position 516 of the 16S rRNA, and a D102N
or D102T mutation at a conserved aspartate was shown to cause a defect in catalytic activity
(159). An rsuA mutant does not exhibit any obvious growth defect (159). According to the

results presented here, the SRNA Ec-rnTrpL regulates rsuA mRNA at the posttranscriptional
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level, and this regulation probably leads to ribosomes without this pseudouridylation and
without an obvious growth defect under standard growth conditions. Since this SRNA
regulation is antibiotic-dependent, in future it will be interesting to test whether the absence of
this pseudourydilation has an effect on E. coli resistance to Tc.

Interestingly, bcr is co-transcribed with rsuA and encodes a Bcr protein which is a
multidrug efflux pump. When the major efflux pump permease AcrB is lacking and bcr is
present in multiple copies in a K-12 strain (174), a medium resistance to tetracycline,
fosfomycin, kanamycin and acriflavine is shown, but the resistance to other types of
antibiotics and toxic compounds was not influenced (175). According to this work,
downregulation of rsuAbcr by Ec-rnTrpL is Tc-dependent (Figure 2.2.6 Figure 2.2.7).
However, it is difficult to understand why bcr is downregulated by Ec-rnTrpL in the presence
of Tc, which is expected to be pumped out by the Bcr multidrug efflux pump if AcrB does not
work. One hypothesis to explain this contradiction is that rsuAbcr downregulation by Ec-
rnTrpL under Tc exposure takes place only if the major efflux pump permease AcrB exist in
the cell. In another words, when AcrB is present in the cell, Bcr multidrug efflux pump will
not be activated to pump out Tc, and therefore under such conditions Tc contributes to
rsuAbcr downregulation by the SRNA. Here two strategies or models during downregulation
should be considered. The first one is that rsuAbcr co-transcript mRNA first interacts with Tc
and the complex is detected by the SRNA Ec-rnTrpL for degradation. The second one, based
on the SRNA Ec-rnTrpL half-life results (Figure 2.2.2), is that SRNA Ec-rnTrpL maybe first
interacts with Tc and then acts to degrade the rsuAbcr co-transcript mRNA. This hypothesis
should be tested by in vitro experiments in the furture.

It is known that overproduction of DnaA stimulates initiation of chromosome replication,
but leads to decreased replication speed, and therefore the total DNA amount in the cell is not
increased (176). Additionally, it was reported that that up to four-fold overproduction of
DnaA increases the origins per mass ratio up to 1.8 —fold (177). The here observed increase in
the oriC level of approximately 1.5-fold in the AtrpL deletion mutant supports the view that
the posttranscriptional regulation of dnaA by sRNA Ec-rnTrpL affects the cellular level of the
DnaA protein (Figure 2.2.8E).

As explained in the introduction, the production of Ec-rnTrpL is regulated at the
transcriptional and posttranscriptional level by repression and attenuation, respectively (133).
Since the transcription initiation of Ec-rnTrpL depends on the cellular Trp level, while its
termination and thus the liberation as SRNA on the amount of charged tRNAT™ (132), Ec-
rnTrpL may link important cellular processes in response to tryptophan availability. Such a
link is plausible, because production of Trp is of very high metabolic energy costs (133). Thus,
the cellular level of Trp may serve as a measure of “prosperity” and be used to regulate (via
Ec-rnTrpL) dnaA expression under different nutritional conditions. In rich medium with high
Trp supply, transcription of the SRNA is mostly repressed by the Trp-binding repressor. The
results of this work support the view that high Trp concentration in rich medium leads to
accumulation of dnaA mRNA, higher DnaA production and more frequent initiation of
chromosome replication, which is needed for faster growth under these conditions. In minimal

medium, however, Ec-rnTrpL transcription is derepressed. Since relieve of transcription
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attenuation (co-transcription of trpLEGDCFBA) takes place only under severe Trp
insufficiency conditions (157), in prototrophic E. coli in minimal medium Ec-rnTrpL
transcription is regularly terminated and the sSRNA accumulates. The increased Ec-rnTrpL
production in minimal medium leads to downregulation of dnaA expression, which helps to
adjust the levels of the DnaA protein to the slower growth rate. In the last consequece, this
model suggests that Trp is a signal for regulation of chromosome initiation in E. coli. As
mentioned above, in rich Trp condition, the Trp-binding repressor will prevent transcription
of SRNA Ec-rnTrpL, thus dnaA mRNA level and oriC/terC ratio will increase. Indeed, Figure
2.2.8F shows that only in the wild type but not in the AtrpL mutant, addition of Trp minimal
medium cultures led to increase of the oriC level (as normalized to terC).

Due to the transcription attenuation (132), in minimal medium oscillation in the Ec-
rnTrpL production is expected. On the one hand, since the Trp biosynthesis ensures Trp
supply, transcription of the structural genes is mostly attenuated and the Ec-rnTrpL sRNA is
liberated. On the other hand, during cellular growth, when the intracellular Trp becomes
scarce, attenuation is relieved and Ec-rnTrpL production decreased (trpL is cotranscribed with
the structural genes). This is counterintuitive in the light of dnaA regulation, since it implies
an increase in the level of dnaA mRNA and thus accumulation of DnaA under conditions of
Trp insufficiency. Whether such an oscillation plays a role in DnaA homeostasis in minimal
medium (for example, via a negative feedback-loop together with unknown factors
(173,178,179), remains to be analyzed. However, since the attenuator regulates the trp operon
expression 5- to 8-fold, while the transcription repression is capable to regulate it over a 100-
fold range (132,157), the production of Ec-rnTrpL is regulated mainly at the transcriptional
level, in response to the cellular Trp concentration. Thus, the SRNA Ec-rnTrpL is well suited
to regulate dnaA expression according to the nutrient availability.

Recently, RNA-based regulation of dnaA was described in Alphaproteobacteria. In S.
meliloti, dnaA mRNA is destabilized by the SRNA EspR1, which is induced in a stress- and
growth-stage dependent manner (154). In Caulobacter crescentus, regulation of translation
initiation in response to nutrient availability was shown (180). Furthermore, sSRNAs were
predicted to regulate dnaA in in C. crescentus (181). INterestingly, trans-translation was
described to affect dnaA expression in C. crescentus and E. coli (182). Thus, the here
described regulation of dnaA by the sRNA Ec-rnTrpL may be only a part of the
posttranscriptional mechanisms ensuring the DnaA homeostasis in E. coli.

If defined as a SRNA liberated by transcription attenuation upstream of structural Trp
biosynthesis genes, rnTrpL homologs are present in a wide range of Gram-negative and
Gram-positive bacteria (133,134). This suggests tat rnTrpL could belong to the most
conserved base-pairing SRNAs in bacteria. However, due to the different attenuation
mechanisms of trp operons, which are typically detected in Gram-positive (183,184) and
Gram-negative (132,133) bacteria, their attenuator SRNAs candidates differ markedly. Those
of Gram-negative bacteria harbor a trpL ORF and arise due to ribosome-dependent
attenuation. Therefore, they are potential dual-function SRNAs, which in addition to being
candidates for base-pairing riboregulators, can also act as small mMRNAs (185,186). Indeed, as

mentioned above, the trpL-encoded leader peptide peTrpL has an independent role in
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multiresistance of S. meliloti and related Alphaproteobacteria (156). Now, after providing
evidence for an own function of Ec-rnTrpL as a riboregulator in this work, it is tempting to
speculate that the corresponding Ec-peTrpL peptide is also functional.

In summary, this work expands the limited knowledge on trans-acting SRNAs derived
from 5’-UTRs in bacteria. The data suggests that in S. meliloti, the SRNA rnTrpL, the cellular
level of which is related to tryptophan availability, contributes to degradation of trpDC
MRNA Dby base-pairing, and also downregulates rplUrpmA and rpoE1ImRNAs by different
mechanisms under different conditions. Furthermore, this work identified the amino acids
necessary for functionality of the peptide peTrpL, which is encoded by the SRNA rnTrpL, in
downregulation of rplUrpmA and smeR upon antibiotic exposure. Finally, this work
demonstrates that in E. coli, the SRNA Ec-rnTrpL accumulates in minimal medium, acts in
trans at the posttranscriptional level, and has antibiotic-dependent and independent targets
similarly to its S. meliloti homolog. The existence of Tc-dependent target of Ec-rnTrpl is in
line with the presented finding that Tc stress accelerates it degradation, provided the SRNA
and the mRNA are co-degraded. The presented data suggest that upon Tc exposure, 16S
rRNA pseudourydilation could be decreased, since Ec-rnTrpL decreases the level of rsuA
MRNA in a Tc-dependent manner. Furthermore, the results show that by responding to Trp
availability, the SRNA Ec-rnTrpL contributes to the regulation of chromosome initiation via
posttranscriptional regulation of dnaA. These results imply that Trp is a signal for regulation
of chromosome initiation in E. coli, and the data of this work support this suggestion.
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4 Methods

4.1 Cultivation of Bacteria

E. coli strains were cultivated in LB or M9 minimal medium supplemented with
appropriate antibiotics: Tetracycline (Tc, 20 pg/ml), gentamycin (Gm, 10 pg/ml), ampicillin
(200 pg/ml). Liquid cultures of E. coli strains were cultivated in 10 ml medium in a 50 ml or
100 ml Erlenmayer flask with shaking at 180 rpm at 37°C from an ODgoonm Of 0.02 to an
ODsgoonm of 0.3~0.5, and then processed further. TY was used as growth medium for
prototrophic S. meliloti strains (151). Auxotrophic S. meliloti 2011A4#pC strains were grown
in minimal GMX medium (187) supplemented with L-tryptophan (Trp). Liquid cultures of S.
meliloti strains were cultivated semiaerobically (30 ml medium in a 50 ml Erlenmayer flask
with shaking at 140 rpm.) at 32°C to an ODeoonm Of 0.5, and then processed further.
Antibiotics in selective plates or liquid media for Alphaproteobacteria were used at the
following concentrations, unless stated otherwise: Tetracycline (20 pg/ml), gentamycin (10
pg/ml in liquid cultures and 20 pg/ml in plates), streptomycin (250 pg/ml), spectinomycin
(100 pg/ml). Unless stated otherwise, to both E. coli and S. meliloti strains IPTG was added to
a final concentration of 1 mM. For S. meliloti growth experiments in 96-well microtiter plates,
300 pl culture (diluted to an ODesoonm Of 0.1) per well was used. Plates were incubated on the
shaker (140 rpm) at 30 °C for 60 h (till the cultures entered the stationary phase). For E. coli
growth experiments, cultures in 100 ml medium were incubated in a 500 ml Erlenmayer
flasks, diluted to an ODegoonm Of 0.02 and incubated on the shaker (180 rpm.) at 37 °C from the
exponential phase to the stationary phase).

The following subinhibitory concentrations of antibiotics and flavonoids were used: 1.5
pg/ml Tc, 27 pg/ml Em, 9 pg/ml Cl, 45 pg/ml Km, 90 pg/ml Gs, and 45 pg/ml Lt. Other
concentrations used are given in the figures and their legends. The time of exposure to
antibiotics and flavonoids is indicated in the legends(155).

4.2 Plasmid Construction and Conjugation for S. meliloti

Cloning procedures were performed essentially as described (156,188). FastDigest
Restriction Endonucleases and Phusion polymerase (Thermo Fischer Scientific) were used
routinely for cloning in E. coli JM109 or E. coli DH5a. When pJetl.2/blunt (CloneJet PCR
Cloning Kit, Thermo Fischer Scientific) was used for cloning, the inserts were subcloned into
the conjugative plasmids pRK4352, pSRKGm, pSRKTc, or pK18mobsacB. Insert sequences
were analyzed by Sanger sequencing with plasmid-specific primers (sequencing service by
Microsynth Seglab, Goéttingen, Germany) prior to conjugation into S. meliloti. All used
plasmids for conjugation in S. meliloti are listed in Table 5.5 Strains and Plasmids and all
oligonucleotides in Table 5.6 Oligonucleotide. The oligonucleotides were synthesized by
Eurofins Genomics, Ebersberg (Germany) and Microsynth, Balgach (Switzerland).

Plasmids pSRKTc-rnTrpL and pSRKGm-rnTrpL for IPTG-inducible transcription of
lacZ'-rnTrpL were constructed as follows. Primers RcsR1 - ATG_Ndel fw and RcsR1_Spel
were used to amplify the rnTrpL-sequence. The PCR products were cleaved with Ndel and
Spel, and cloned into pSRKTc or pPSRKGm cleaved with the same enzymes, resulting in an
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in-frame insertion of the trpL SORF to the ATG of Ndel. To construct pPSRKTc-rnTrpL-
CG40,41GC and pSRKTc-rnTrpL-GG46,47CC, mutated rnTrpL-sequences were amplified
with primers RcsR1_ ATG_Ndel_fw and RcsR1_Spel using as template pDrive-rnTrpL-
CG40,42GC and pDrive-RcsR1-GG46,47CC, respectively. The PCR products were cloned
into pPSRKTc cleaved with Ndel and Spel.

To construct pSUP-PasRegfp, approximately 200 bp upstream of the putative
transcription start site (TSS) of the antisense RNA as-smeR was amplified using primers
EcoRI-asP-smeR-f and asP-smeR-sSD-rev. The first two nucleotides downstream of the
putative TSS were included in the reverse primer, which in addition contained the sequence of
a typical bacterial ribosome binding site and the 5'-sequence of gfp. The gfp sequence of
plasmid pLK64 was amplified with primers sSD-egfp-f and Pstl-egfp-rev, and the two PCR
products were used for overlapping PCR with primers EcoRI-asP-smeR-f and Pstl-egfp-rev.
The resulting PCR product was cloned into plasmid pSUP202pol4-exoP, which contains 300
nt of the 3’ exoP region as a suitable chromosomal integration site, and was cut with EcoRI
and Pstl (189). The resulting plasmid pSUP-PasRegfp was used to analyze the antibiotic-
induced transcription from a putative antisense promoter located downstream of smeR, using
the egfp mRNA as reporter. Since pSUP-PasRegfp confers Tc resistance, it was necessary to
incubate S. meliloti strains with chromosomally integrated pSUP-PasRegfp overnight without
Tc (essentially all cells retained the plasmid, as revealed by qPCR analysis), before adding Tc
again to test for induced promoter activity by qRT-PCR analysis of the reporter egfp mRNA.

To construct pPSRKGm-trpDC’-egfp, the trpDC’ sequence was amplified with primers
Ndel-trpD-fwd and 5’-egfp-trpC-rev. In parallel, egfp was amplified using pLK64 (37) as
template and primers trpC-egfp-fwd and Xbal-egfp-rev. The two PCR products were mixed
and used for overlap-PCR with the primers Ndel-trpD-fwd and Xbal-egfp-rev. The resulting
amplicon was ligated with pJetl.2/blunt, resulting in pJet-trpDC’-egfp. The insert was
subcloned into pSRKGm using Ndel and Xbal. The resulting plasmid pSRKGm-trpDC'-egfp
allows for IPTG-inducible transcription of a bicistronic trpDC’"::egfp mRNA encoding TrpD
and the fusion protein TrpC'-EGFP. The fusion construct contains the first 16 trpC codons
fused in frame to the third codon of egfp. To introduce compensatory mutations into the
trpDC'::egfp reporter, pJet-trpDC’-egfp was subjected to site-directed mutagenesis. Primers
trpD-CG985GC-FW and trpD-CG985GC-RV were used for the compensatory mutation that
restores the interaction with rnTrpL-CG40,41GC. Similarly, primers trpD-CC978GG-FW and
trpD-CC978GG-RV were used to restore the interaction with rnTrpL-GG46,47CC. The
mutated inserts were subcloned into pSRKGm using Ndel and Xbal, resulting in pSRKGm-
trpD-CG985,986GC-trpC'-egfp and pSRKGmM-trpD-CC977,978GG-trpC’-egfp.
Transconjugants containing one of the pSRK-plasmids were stored at -80°C. Double
transconjugants (containing pSRK-plasmids with different antibiotic resistance genes) were
used directly after the transfer of the second plasmid to S. meliloti.

To construct plasmid pK18mobsacB-AtrpL for marker-less deletion of the rnTrpL-
sequence in the chromosome of S. meliloti, a region located upstream of trpL in the
chromosome was amplified with primers del RcsR1 _up Fw and del RcsR1 up Rv. In

parallel, a region downstream of the rnTrpL transcription terminator was amplified with
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primers del_RcsR1_dw_Fw and del_RcsR1_dw_Rv. The two PCR products were mixed and
overlapping PCR was performed with primers del_RcsR1 up_Fw and del _RcsR1_dw_Rv.
The resulting amplicon was cloned into pK18mobsacB, which was cleaved with EcoRI and
Pstl. Plasmid pK18mobsacB-AtrpL was used to delete the chromosomal sequence ranging
from the third nucleotide after the rnTrpL transcription start site to the last T in the TTTT
stretch of the rnTrpL transcription terminator. Similarly, plasmid pK18mobsacB-AtrpC for
marker-less in-frame deletion in gene trpC was constructed. A region starting upstream of
trpC was amplified with primers del_trpC_up_Fw and del_trpC_up_Rv. In parallel, the a
region downstream of trpC was amplified with primers del trpC_dw Fw and
del_trpC_dw_Rv. The two PCR products were mixed and overlapping PCR was performed
with primers del_trpC_up_Fw and del_trpC_dw_Rv. The resulting amplicon was cleaved
with EcoRI and Pstl and cloned into pK18mobsacB (36). Also, plasmid pK18mobsacB-
AsinRI for marker-less sinRI deletion was constructed. A region starting upstream of sinRI
was amplified with primers del_tsinRIl_up_Fw and del_sinRIl_up_Rv. In parallel, a region
downstream of sinRl was amplified with primers del_sinRI_dw_Fw and del_sinRI_dw_Ruv.
The two PCR products were mixed and overlapping PCR was performed with primers
del_sinRIl_up_Fw and del_sinRIl_dw_Rv. Plasmid pK18mobsacB-AsmeR for marker-less in-
frame deletion in gene smeR was also constructed. A region starting upstream of smeR was
amplified with primers del_smeR_up_Fw and del smeR_up_Rv. In parallel, the a region
downstream of smeR was amplified with primers del_smeR_dw_Fw and del_smeR_dw_Ruv.
The two PCR products were mixed and overlapping PCR was performed with primers
del_smeR_up_Fw and del_smeR_dw_Rv. The resulting amplicon was cleaved with EcoRI
and Pstl and cloned into pK18mobsacB. Plasmid pK18mobsacB-AexpR for marker-less in-
frame deletion in gene expR was also constructed. A region starting upstream of expR was
amplified with primers del expR_up_Fw and del expR _up_Rv. In parallel, a region
downstream of smeR was amplified with primers del_expR_dw_Fw and del_expR_dw_Ruv.
The two PCR products were mixed and overlapping PCR was performed with primers
del_expR_up_Fw and del_expR_dw_Rv. The resulting amplicon was cleaved with EcoRI and
Pstl and cloned into pK18mobsacB.

Plasmids constructs were transferred to S. meliloti by diparental conjugation with E. coli
S17-1 as the donor. Bacteria were mixed, washed in saline and spotted onto a sterile
membrane filter, which was placed onto a TY plate without antibiotics. After incubation for at
least 4 h at 30 °C, serial dilutions were plated on TY agar with selective antibiotics.

4.3 Plasmid Construction for Analysis of Ec-rnTrpL in E. coli MG1655

Plasmids pRS-Pup-egfp and pRS-PuprnTrpL-egfp were constructed as follows. First pRS1
plasmid was used to clone a promoterless egfp between the Xbal and EcoRI restriction sites.
A Shine-Dalgarno (SD) sequence was included in the forward primer(by Robina Scheuer).
Then, the trp promoter region with the three operators (position — 61 to + 10; +1 is the
transcription start site) was amplified and the PCR product was cloned between the Ndel and
Xbal restriction sites upstream of SD-egfp, resulting in pRS-Pup-egfp. Similarly, the region
from position -61 to position + 140, which includes the trp promoter and the Ec-rnTrpL
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sequence corresponding to the trp transcription attenuator, was amplified and cloned upstream
of SD-egfp, resulting in pRS-PyprnTrpL-egfp.

Plasmids pSRKTc(Gm)-Ec-rnTrpL for IPTG-inducible transcription of lacZ’-Ec-rnTrpL
contain the Ec-rnTrpL sequence from position + 27 to + 140 (+1 is the transcription start site;
position +27 correspond to A of the ATG start codon of the trpL ORF). The Ec-rnTrpL
sequence, which was cloned in plasmid pJet-Ec-rnTrpL, was cleaved out with Ndel and Xbal
and inserted into pSRKGm or pSRKTc, which was cleaved by the same restriction
endonucleases. To introduce mutations Mutant-1 and Muntant-2 in Ec-rnTrpL, site directed
mutagenesis of pJet-Ec-rnTrpL was performed, and the mutated SRNA sequence was re-
cloned in pSRKTc.

To construct pSRKGm-dnaA’-egfp, first the egfp sequence of plasmid pLK64 was
amplified from the third to the stop codon. The forward primer contained a BamHI restriction
site and codons for a GGGS linker in frame with EGFP, while the reverse primer contained a
Hind 111 restriction site. The PCR product was cloned between the BamHI and HindllI
restriction sites of pSRKGm, resulting in pSRKGm-GGGSegfp. Then the dnaA sequence
from the first to the 32th codon was amplified with primers containing the Ndel (forward
primer) and BamHI (reverse primer) restriction sites and cloned in pJetl.2, resulting in
plasmid pJet-dnaA’. The insert was cleaved out using Ndel and BamHI and cloned in frame
with egfp between the Ndel and BamHI restriction sites of pPSRKGm-GGGSegfp. The
resulting plasmid pSRKGm-dnaA’-egfp allows for IPTG-inducible transcription of
dnaA’::egfp mRNA. To introduce compensatory mutation Ec-rnTrpL-Mutant-1, pJet-dnaA’
was subjected to site-directed mutagenesis, and the mutated dnaA’'Mut sequence was re-
cloned in pPSRKGmM-GGGSegfp, resulting in pSRKGm-dnaA’Mut-egfp. Similarly, pPSRKGm-
rsuAbcr’-egfp and pSRKGm-rsuA’Mut-egfp were constructed.

4.4 Construction of S. meliloti 2011 Deletion Mutants

Clone trpL, sinRl, trpC, smeR or expR DNA fragment containing the desired deletion into
plasmid pK18mobsacB, which cannot be replicated in strain S. meliloti 2011. Introduce the
pK18mobsacB-AtrpL, -AsinRlI, -AtrpC, -AsmeR plasmids into strain S. meliloti 2011 by
conjugation. Pick up the transconjugants which are Km resistant. These single crossover
clones are restreaked on the TY-Agar (+ 20ug/ml tryptophan for A#pC) plate which contains
Sm and Km antibiotics. Pick up single colony, resuspend into 100 ul and 1 000 pl 0.9% NacCl
solution, and plate each 100 pl solution on 10% sucrose TY -plates (+tryptophan for A#rpC)
which only contain Sm antibiotic. Culture the cells for 2-3 days. The growing colonies are
double crossover clones selected for surose resistance (clones that have lost the plasmid). Pick
up a double crossover colony and resuspend into 50 pl 0.9% NaCl solution. Drop 2 ul of the
suspension on the TY -plates (+tryptophan for A#pC) with Sm antibiotic, and in parallel on
TY-plates (+tryptophan for A¢pC) with Sm and Km antibiotics. Clones that have lost the
plasmid (double cross over strains) can only can gowth on plates with Sm antibiotic but
whithout Km. Such clones are either deletion mutant or wild type strains. Perform colony

PCR to distinguish deletion mutants from wild type clones.
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4.5 Preparation and Transformation of CaCl,-Competent E. coli MG1655 Cells for

Plasmid Transformation

Dilute overnight culture 1:100 (inoculate 10 ml LB with 100 ul of overnight culture).
Incubation and shaking at 180 rpm and 37°C for 90 min. Culture was filled into a tube and
pelleted by centrifugation at 6 000 g at 4 °C for 2 min. Resuspend cell pellet in 2 ml ice-cold
0.1 M CaCl, and incubation on ice for 30 min. Centrifugation at 13 000 rpm and 4°C for
1 min. Resuspend in 600 pl 0.1 M CaCl; and incubate on ice for 2 h. Add 100 pl of competent
cells to 10-100 ng DNA. Incubate on ice for 30 min. Subject to a heat shock at 42°C for 1 min.
Put on ice for 1 min. Add 1 ml LB (pre-warmed). Culture cells at 37°C for 1 h. Spread 100 pl
or the complete sample on selective medium.

4.6 Construction of E. coli MG1655 Deletion Mutants

Use standard primers to amplify resistance cassette for knockout. The PCR product is
transformed in lambda-red competent cells and integrates in the chromosmome by
homologous recombination. For this, add chromosome homology sequences to your primers
(at the 5" end ). The homology region should be at least 40 bp. It remains in the final construct,
everything in between gets deleted or replaced by the scar sequence, depending on the chosen
method.

Preparation of Lambda-red Competent Cells for Electroporation of a PCR Product

Grow overnight culture of the receiving strain containing the pSim-5-tet plasmid at 30°C
in LB with Tc (6 pg/ml) for selection. Dilute overnight culture 1:100 in 20 ml fresh LB (100
ml flask) with Tc (6pg/ml) for selection, and grow at 180 rpm and 30 °C till ODgoonm 0.4. Start
shaking water bath at 42 °C. Switch culture to 42 °C at 180 rpm for 15 min. Cool immediately
in ice-slurry. Rotate the flask so the whole culture is cooled down quickly. Spin down 4 200
rpm at 4°C for 10min. Pour off supernatant. Wash 3x times with 20ml ice cold 10% glycerol.
Keep cells on ice/ at 4°C, use pre-cooled piptettes etc if possible. Resuspend cells in 400 pl ice
cold 10% glycerol. Mix cells and PCR product and electroporate; 40 pl cells are used with
250-500 ng PCR product (deletion construct with antibiotic cassette); max 3 ul PCR product
should be used. Electroporate with standard settings for E. coli (Ec2: 2.5 kv 4 msec).
Immeditately add 1ml of pre-warmed LB and let cells recover for 1.5 hours at 30°C in
electroporation cuvettes. Transfer cell suspension to Eppenddorf tube and centrifuge at 10 000
rpm at room temperature for 2 min. Pour off supernatant and resuspend pellet in remaining
LB (about 100 ul). Plate everything on selective plates and 50 pl electrocompentent cells as
negative control also on selective plates (LB + 12.5 pg/ml Cm). Incubate plates over night at
30 °C. Restreak colonies on selective plates (LB + Cm) and incubate overnight at 30°C. Screen
colonies with PCR. Restreak selected colonies 2-times on selective plates (LB + Cm) and
incubate overnight at 42 °C to lose pSim5 —tet plasmid present in the used strain. Re-streak
again on new plate and Tc plate to check for pSim5-tet loss.

PCR Mixture

HF Buffer 10 pl
dNTP(10mM) 1pl
KOprimers(1uM) 2.5 ul
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SYFP2-cat template 2 ul

Phusion DNA Polymerase 0.5 ul
H20 31.5 pl
PCR program

98°C (30 s)

98°C (105s)

53°C (105s)

72°C (2 min)

repeat 2-4 steps for 34 cycles
72°C (10 min)

ok wdE

Removal of Cm Selection Marker

Pre-culture a Cm-deletion mutation strain in 10 ml LB +10 pl Cm (15 pg/ml) at 30 'C
overnight. Transform the cells with 709-FLPe plasmid: Dilute the pre-culture to OD 0.04 in
fresh 10 ml LB medium , then shake at 180 rpm and 30°C for 150 min to OD 0.5. Transfer
cells to 50 ml tubes. Incubate for 10 min on ice. Centrifuge at 3 000 rpm and 4°C for 15 min.
Resuspend in 3 ml CCMB) (cold) medium (provided by Susanne Barth-Weber) to prepare
chemically competent cells. Incubate for 10 min on ice immediately. Transfer to 2ml Eppis
(1.5 ml suspension per Eppi), centrifuge at 3 000 rpm and 4°C for 15 min. Resuspend and pool
in 800 ul CCMB (cold). Transfer 150 pl competent cells to a new tube and add 150 ng/pul
709-FLPe plasmid 2 pl. Incubate for 10 min on ice. Perform heat shock at 42°C for 1 min and
immediately put on ice 2 min. Add 1ml LB medium. Incubate at 180 rpm and 30°C for 100
min. Plate on LB agar plate with 50 pg/ml Amp. Incubate at 30°C overnight. Pick 3 colonies
into 5 ml LB medium. Incubate at 180 rpm and 30°C for 2.5 hours. Change to 37°C condition
incubation at180 rpm for 2.5 hours until OD=3. Dilute the culture to 10° and 107 and plate
100 pl on only LB agar plate (without antibiotics). Incubate at 37°C overnight. Re-streak 36
colonies each on only LB plates and LB-Amp-Cm (15 pg/ml) plates. Incubate at 37°C
overnight. Only Cm sensitive clonies can grow on LB only plates but not on plates with Cm.
Screen candicate colonies by PCR test.

The procedure describe above was applied to construct the E. coli MG1655 AtpL mutant.
The E. coli MG1655 4hfg mutant used in this work was constructed by Daniel Edelman. In
this mutant, the hfg gene was replaced by the chloramphenicol cassette. Furthermore, E. coli
rnc and rne mutants were used. The mutants and their respective parental strains were
described previously (190).

4.7 Isolation of Total DNA

1.5 ml S. melililoti culture in stationary phase was filled into tubes and cells were
harvested by centrifugation at 6 000 g and 4 °C for 10 min. The pellet was resuspended in 350
ul TEN-buffer and then centrifugation was conducted at 6 000rpm and 4°C for 10 min. The
following steps were performed: Discard supernatant. Resuspend pellet in 350 pl TENS-
buffer. Add 35 pl 10% SDS, 20 ul proteinase K (20 pg/ul , -20°C) and incubate in 37°C for 2-
4 hours. Add 500 ul phenol/chloroform/isoamylalkohol (25:24:1) (volume 1:1). Vortex 30s or
shake sufficiently, centrifuge at 13 000 rpm and room temperature for 10 min. Transfer upper
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phase to a new Eppi tube. Repeat phenol/chloroform/isoamylalkohol purification steps again.
Add chloroform/ isoamylalkohol(24:1) (volume 1:1). Vortex 30 s or shake sufficiently.
Centrifuge at 13 000 rpm and room temperature for 5 min. Transfer upper phase to a new
Eppi tube. Add 0.1 fold volume 3M sodium acetate pH 5.2, and 2.5 fold volume 96% Ethanol
which was kept at -20°C. Shake until DNA precipitate appears. Centrifuge at 13000 and room
temperature for 5 min. Discard supernantant. Wash pellet in 1ml 75% Ethanol kept at -20°C.
Centrifuge at 13 000 rpm and room temperature for 5Smin. Discard supernatant. Dry the pellet
under the hood. Dissolve the DNA in 100 pul TE buffer. DNA store at 4°C for long time. DNA
concentration and purity was analyzed by measuring absorbance at 260 nm and 280 nm. 1%
argrose gels were used to control the integrity of the isolated DNA.

4.8 Plasmid Isolation by Mini-prep

1.5 ml E. coli DH5a or JM109 culture in stationary phase was filled into tubes and cells
were harvested by centrifugation at 6 000 g and room temperature for 5 min. The pellet was
resuspended in 250 pl Solution P1. Add 250 ul Solution P2. Slowly shake tubes 3 times by
hand. Incubate at room temperature for 5 min. Add 250 pl solution P3. Mix well by hand.
Centrifuge at 13000 rpm and room temperature for 15 min. Transfer supernantant to a new
Eppi tube. Centrifuge once again 13 000 rpm at room temperature for 10 min. Transfer
supernantant into a new tube with 400 ul isopropanol. Vortex 30s or shake sufficiently.
Centrifuge at 13 000 rpm and room temperature for 15 min. Discard supernantant, wash pellet
in 1 ml 70% Ethanol at room temperature. Centrifugation at 13 000 rpm and room
temperature for 1min. Discard supernatant. Dry the pellet under the hood, dissolve the
plamsid DNA in 30 pl ultrapure water. Plasmid DNA is stored at -20°C. Plasmid DNA
concentration and purity was analyzed by measuring absorbance at 260 nm and 280 nm. 1%
argrose gels were used to control the integrity of the isolated plasmid DNA.

4.9 RNA Purification

15 ml S. melililoti culture (ODsgoo = 0.5) or 10 ml E. coli MG1655(ODsoo = 0.3) culture
was filled into tubes with ice rocks (corresponding to a volume of 15 ml) and pelleted by
centrifugation at 6 000 g for 10 min at 4 °C. The pellet was resuspended in 500 pl TRIzol,
only for E. coli MG1655 M9 culture, 1 ul (1 ng/ pl) spike in RNA [in vitro transcript
provided by Robina Scheuer] of S. solfatraicus gene rrp41 was added to the sample at this
step. And incubated at 65 °C for 10 min. Then additional 500 pl TRIzol were added to the
samples and folowing steps were performed: Mix by vortexing.Stand still and incubate for 15
min at room temperature. Centrifugation the glass beads down at 13 000 rpm and room
temperature for 5 sec. Transfer the supernatant (pink) into a tube with 200 pl chloroform. Mix
the supernatant and the chloroform thoroughly about 2 min. Incubate the mixture for 3 min at
room temperature. Centrifuge at 10 000 rpm and 4°C for 20 min to separate the organic (pink)
and water (RNA-containing) fraction. Put the probes back on ice. Transfer the upper (clear)
phase to a tube with 500 ul isopropanol. Mix by vortexing. Centrifuge at 10 000 rpm and 4°C
for at least 30 min. Discard the supernatant; RNA is distributed at the tube wall. Wash the
RNA with 1 ml 75% Ethanol (cold, -20°C). Centrifuge at 10 000 rpm andt 4°C for 5 min.
Remove and discard the ethanol. Dry shortly the pellet under the hood, dissolve the RNA in
200 pl cold, RNase-rree water. Work fast and keep the samples cold. To remove residual
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RNases, add 200 pl hot-phenol, incubate at 65 °C for 3-5 min, vortex for 30s or shake
sufficiently 3 times. Centrifuge at 10 000 rpm and room temperature for 10 min. Transfer the
upper phase to a new tube with 200 pl phenol:chloroform:isoamylalcohol (25:24:1). Mix by
vortexing. Centrifuge at 10 000 rpm and room temperature for 10 min. Transfer the upper
phase to 200 ul 24:1 chloroform:isoamylalcohol. Centrifuge at 10 000 rpm and room
temperature for 10 min. Transfer the upper phase to 2.5 fold volume of 96 % ethanol (cold, -
20°C) and 0.1 fold volume 3M sodium acetate to precipitate RNA. Incubate at -20 °C
overnight. Centrifuge at 10 000 rpm and 4°C for 20 min. Discard the supernatant. RNA is
distributed at the tube wall; wash the RNA with 1 ml 75% ethanol (cold, -20°C). Centrifuge at
10 000 rpm and 4°C for 5 min. Discard the ethanol. Dry the pellet under the hood, elute the
RNA in 30 ul RNase-free water. RNA is stored at -20°C

RNA concentration and purity was analyzed by measuring absorbance at 260 nm and 280
nm. 10% polyacrylamide-urea gels and staining with ethidium bromide were used to control
the integrity of the isolated RNA. For qRT-PCR RNA, 10 pg samples were digested with 1 pl
TURBO-DNase for 30 minutes to remove remaining DNA. PCR with rpoB-specific primers
was performed for each sample, to check for residual DNA. The DNA-free RNA was then
diluted to a concentration of 20 ng/ul for the gRT-PCR analysis.

4.10 Digestion of Puirfied Insert PCR Product or Plasmid DNA with Two Restriction
Enzymes
Double digestion was performed according to the Thermofisher Fastdigest Restriction
Enzyme kit protocol for plasmid and PCR product. 1% argrose gels were used to control the
integrity of the two enzymes digestion of plasmid DNA, however, digested PCR product can
not be check by gel test.

4.11 Purification and Ligation of Double Digested Insert PCR Product and Plasmid

E.Z.N.A. DNA Probe Purification Kit and E.Z.N.A. Gel Extraction Kit were used to
purifiy the digested PCR product and plasmid. The following steps were performed: Mix 200
ng vector and 100 ng insert DNA with ddH-O to a final volime of 30 ul. To each mixture, and
3.5 ul ligase buffer (10x) and 1.5 ul T4 DNA ligase.Incubate at 16 °C for overnight or at room
temperature for 2 h.

4.12 Northern Blot Hybridization
Total RNA (10 pg) was denatured in urea-formamide containing loading buffer at 65 °C.
Samples were placed on ice and loaded on 1 mm thick, 20 x 20 cm, 10% polyacrylamide-urea
gel. Separation by electrophoresis in TBE buffer was performed at 300 V for 4 h. The RNA
was transferred to a positively charged nylon membrane for 2 h at 100 mA using a Semi-Dry
Blotter. RNA was crosslinking the to the membrane by UV light. The membrane was pre-
hybridized for 2 h at 56 °C with a buffer containing 6x SSC, 2.5x Denhardts solution, 1%
SDS and 10 pg/ml Salmon Sperm DNA. Hybridization was performed with radioactively
labeled oligonucleotides (see Table 5.5 Oligonucleotides) in a solution containing 6x SSC, 1%
SDS, 10 pg/ml salmon sperm DNA for at least 6 h at 56 °C. The membranes were washed
twice for 2 to 5 min in 0.01% SDS, 5% SSC at room temperature. Signal detection was
performed with a BioRad molecular imager and the Quantity One (BioRad) software. For
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quantification, the intensity of the SRNA bands was normalized to the intensity of the 5S
rRNA. For re-hybridization, membranes were stripped for 20 min at 96 °C in 0.1% SDS.

4.13 Radioactive Labeling of Oligonucleotide Probes

5'-labeling of 10 pmol oligonucleotide was performed with 5 U T4 polynucleotide kinase
(PNK) and 15 puCi [y-32P]-ATP in a 10 pl reaction mixture containing buffer A provided by
the manufacturer. The reaction mixture was incubated for 60 min at 37 °C. 30 pl water was
added. Unincorporated nucleotides were removed using MicroSpin G-25 columns.

4.14 Quantitative RT-PCR (QRT-PCR)

For analysis of relative steady state levels of RNAs by one step real time RT-PCR (gRT-
PCR) or Strand specific gRT-PCR, the Brilliant Il Ultra Fast SYBR® Green QRT-PCR
Mastermix (Agilent) was used. Each 10 pl reaction mixture contained 5 pl Master Mix
(supplied), 0.1 pul DTT (100 mM; supplied), 0.5 pul RT/RNase Block solution (supplied), 0.4
pl water, 1 ul of each primer (10 pmol/ul)(Table Oligonucleotide), and 2 pl RNA (20 ng/ul).
Rountly ,first only the primer needed for cDNA synthesis was added to the reaction mixture.
After cDNA synthesis and incubation for 10 min at 96 °C to inactivate the reverse
transcriptase, the probes were cooled to 4 °C, the second primer was added, and PCR was
performed starting with 5 min incubation at 96 °C. For one-step qRT-PCR, both primers were
added simultaneously, before the cDNA synthesis step. Used primer pairs and their
efficiencies (as determined by PCR using serial two-fold dilutions of RNA) are listed in Table
Oligonucleotide. The gRT-PCR reaction was performed in a spectrofluorometric thermal
cycler (Biorad). The quantification cycle (Cq), was set to a cycle at which the curvature of the
amplification is maximal. As a reference gene for determination of steady-state mMRNA levels,
rpoB (encodes the B subunit of RNA polymerase) was used (Baumgardt et al., 2016). Cq-
values of genes of interest and the reference gene were used in the Pfaffl-formula to calculate
fold changes of MRNA amounts by Pfaffl method.

Two-step gRT-PCR Mixture

RNase free water 0.4 ul

MasterMix 4 ul
First primer 1ul
DTT 0.1l
RNase block 0.5 ul
RNA 2 ul( 20 ng/pl)

Two-step gRT-PCR Protocol
Incubate the above mixture at 50°C (10 min). Inactivate the reverse transcriptase at
95°C(3 min). Add the second primer (1 ul) and perform the following PCR program:

94°C (3 9)
56°C (559)
60°C (559)
repeat steps 4-6 for 39 cycles

Mowbd e
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5. 95°C (105)
6. Melt Curve 65°C to 95°C, increment 0.5°C + Plate Read

One-step gRT-PCR Mixture

RNase free water 0.4 ul
MasterMix 4 ul

Forward primer 1pl

Reverse primer 1l

DTT 0.1l

RNase block 0.5ul

RNA 2 1l (20 ng/pl)

One-step gRT-PCR Program

50°C (10 min)

95°C (3 min)

94°C (35)

56°C (5s)

60°C (5 5)

repeat steps 3-5 for 39 cycles

95°C (105s)

Melt Curve 65°C to 95°C, increment 0.5°C + Plate Read

Nk~ WNE

415 gPCR

To determine plasmid-DNA levels, gPCR with plasmid-specific primers (Table
Oligonucleotide) and Power SYBR® PCR Mastermix were performed. The provided PCR
master mix included all components necessary for performing real-time PCR except primers,
template, and water, which were added as described for gRT-PCR. The qPCR reaction and
quantification were performed like described for gRT-PCR analysis of total RNA.

gPCR Mixture

RNase free water 0.4 ul
MasterMix 4 ul
Forward primer 1ul
Reverse primer 1ul
DTT 0.1l
RNase block 0.5ul
DNA 2 ul( 20 ng/pl)
gPCR Program

1. 95°C(3 min)

2. 94°C (39)

3. 56°C(559)

4. 60°C (59),

5. repeat 3-5 steps 39 cycles
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6. 95°C (10 s)
7. Melt Curve 65°C to 95°C, increment 0.5°C + Plate Read

4.16 eGFP Fluorescence Measurement in S. meliloti

S. meliloti 20114trpL strains containing two plasmids (pSRKGm- and pSRKTc-
constructs for IPTG-induced expression of eGFP reporter fusions and the SRNA, respectively)
were used. Cultures were grown in TY with Gm and Tc to an ODesoonm Of 0.5. ODs were
measured on the spectrometer. The production of an eGFP fusion protein and the regulatory
SRNA was induced simultaneously with 1 mM IPTG for 20 min. 300 pl of the cultures were
transferred to a 96-well microtiter plate. eGFP fluorescence was measured on a Tecan Infinite
M200 reader. OD vaues measured on the Tecan were used for normalization.

4.17 eGFP Fluorescence Measurement in E. coli

E. coli MG1655 strains containing plasmids pRS-PtrpL-sSD-egfp or pRS-PtrpL-rnTrpL-
sSD-egfp were used. Strains were cultured in M9 medium to ODsoonm 0.5 or stationary phase
(ODeoonm 1.7). ODs were measured on the spectrometer. Tryptophan was added at the
indicated concentrations. 300 pl of the cultures were transferred to a 96-well microtiter plate.
eGFP fluorescence was measured on a Tecan Infinite M200 reader, OD measured on the
Tecan was used for normalization.

4.18 Analysis of Reporter egfp mRNA in S. meliloti

S. meliloti 20114¢pL (pSUP-PassmeR-egfp) was used. Antibiotics were added. 10 ml of
the cultures were transferred to 50 ml with ice rocks, and pelleted by centrifugation at 6,000 g
for 10 min at 4 °C. RNA was isolated by TRIzol protocol. egfp mRNA level before and after
addition of an antibiotic was measured by qRT-PCR.

4.19 Analysis of Reporter egfp mRNA in E. coli

E. coli MG1655 strains containing pPSRKGm- and pSRKTc-constructs for IPTG-induced
expression of egfp mMRNA reporter fusions and the SRNA, respectively), were used. Starins
were cultured in LB medium with Gm and Tc to ODeoonm 0.5. The production of the egfp
fusion reporter mRNA and the regulatory sSRNA was induced simultaneously with 1 mM
IPTG for 3 min. 10 ml of the cultures were transferred to 50 ml tubes filled with ice rocks,
and pelleted by centrifugation at 6,000 g for 10 min at 4 °C. RNA was isolated using TRIzol.
egfp mMRNA level was measured by gRT-PCR.

4.20 Determination of the Half-life of SRNA Ec-rnTrpL in E. coli MG1655

E. coli MG1655 strain was pre-cultivated in M9 minimal medium at 37°C overnight.
Culture was diluted to ODsoo nm 0.02 and grown to ODsoo nm 0.3 at 37°C, using 100 ml M9
minimal medium in 500 ml Erlenmayer flask. The culture were separated in 10 ml-portions
into 50 ml Erlenmayer flasks as fast as possible. To each 10 ml culture 10 pl Tc was added to
a final concentration of 1 pug/ml or same volume 70% alcohol was added as a negative control.
After 3 min, rifampicin (50 pg/ml) was immediately added to stop transcription. Samples for
RNA isolation were withdrawn after incubation at 180 rpm and 37 °C for a series of
timepoints (0 min, 0.5 min, 1 min, 1.5 min, 2 min, 2.5 min, 3 min, 5 min, 10 min). RNA was
isolated as described above. The sSRNA level was analyzed by Northern blot hybridization.
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SRNA signals were quantified and normalized to internal control signals (5S rRNA). Linear-
log graphs were used for half-life calculation.
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5 Materials

5.1 Antibiotics

Antibiotics Concentration | Dissolved in E.coli E.coli S.mel
(mg/ml) (ug/ml) (ml/ml) (ug/ml)

Tc 10 75% EtOH 20 0.2 20

Km 10 ddH20 25 0.25 200!
Amp 100 ddH20 100-200 0.1-0.2 200
Gm 4 ddH20 10 0.25 on
Sm 100 ddH20 100-250 0.1-0.25 250
Sp 10 ddH20 10 0.1-1 100
Nm 100 ddH20 120 0.12 120
Cap 17 75% EtOH 34 0.2 500
Nal 40 0.2M NaOH 20 0.05 10

Rif 30 MeOH/NaOH 200 0.2 500

110 pg/ml in liquid medium, 20 pg/ml in plate

Antibiotics dissolved in ddH>O were sterilized using 0.22 um filter.
Antibiotics dissolved in 75% EtOH were not sterilized.

Km,Sp: 300 mg (10 mg/mi*30), in 30 ml ddH20

Ap,Sm,Nm: 3 g(100 mg/mI*30), in 30 ml ddH.O

Gm: 120 mg(4 mg/ml*30), in 30 ml ddH,0
Tc: 300 mg(10 mg/mIi*30), in 30 ml 75% EtOH
Cap: 510 mg(17 mg/ml*30), in 30 ml 75%EtOH
Nal: 1.2 g(40 mg/mI*30), in 30 ml ddH.O
5.2 For 1 Liter TY Medium and TY Soild Medium:
BactoTrypton 59
Heteextract 39
CaCl 0.3¢g

Fill up with waterto 1 L

for TY solid medium, add 6 g Bacto-Agar to 400 ml TY medium

Autoclave for 15 min at 121 °C

5.3 For 1 Liter LB medium and LB Soild Medium:

Peptone 10g
YEASTextract 59
NaCl 10 ¢

Water diltuted to 1 L

for LB solid medium add 6 g LB-Agar to 400 ml LB-medium
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| Autoclave for 15 min at 121 °C

5.4 For 1 liter M9 mineral medium:

100 ml M9 salt solution (10X) Na;HPO4 33.7 mM
KH2PO4 22.0 mM
NaCl 8.55 mM
NH4CI 9.35 mM

20 ml 20% glucose glucose 0.4%

1ml 1 M MgSOg4 MgSO4 1 mM

0.3ml 1M CaCl, CaCl, 0.3mM

1ml biotin (1 mg/ml) biotin 1 pg

1ml thiamin (1 mg/ml) thiamin 1pg

10 ml trace elements solution (100X) trace elements 1X

add to 867 ml sterile water

Stock Solutions:

M9 salt solution (10X) Na:HPO4-2H20 75.2 g/L
KH2PO4 30 g/L
NaCl 59/L
NH4CI 59/L

For 500 ml stock solution add 100 g glucose to 440 ml water. Autoclave for 15 min at
121°C.

1 M MgSOs 1 M MgS0O.-7H,0 24.65 g/100 ml

For 100 ml stock solution dissolve 24.65 g MgSO4-7H20 in 87 ml water. Autoclave for 15
min at 121°C.

1 M CaCl; 1 M CaCl,-2H.0 14.70 g/100 ml

For 100 ml stock solution dissolve 14,70 g CaCl,-2H20 in 94.5 ml water. Autoclave for 15
min at 121°C.

Biotin (1 mg/ml) biotin (Lmg/ml) 50 mg/50 ml

For 50 ml stock solution dissolve 50 mg biotin in 45 ml water. Add small aliquots of 1N
NaOH until the biotin has dissolved. Add water to a final volume of 50 ml. Sterilize the
solution over a 0.22-uM filter. Prepare 1 ml aliquots and store at -20°C.

Thiamin (1 mg/ml) thiamin-HCI (1mg/ml) 50 mg/50 ml

For 50 ml stock solution dissolve 50 mg thiamin-HCI in 45 ml water. Add water to a final
volume of 50 ml. Sterilize the solution over a 0.22-um filter. Prepare 1 ml aliquots and
store at -20°C.
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100X trace elements EDTA

solution FeCls-6H20
ZnCl,
CuCl;-2H20
CoCl-2H20
H3BO3
MnCl-4H;0

5g9/L

0.83 g/L
84 mg/L
13 mg/L
10 mg/L
10 mg/L
1.6 mg/L

13.4 mM
3.1 mM
0.62 mM
76 UM
42 uM
162 uM
8.1 uM

Dissolve 5 g EDTA in 800 ml water and adjust the pH to 7.5 with NaOH. Then add the
other components in the quantities mentioned above and add water to a final volume of 1 L.

Sterilize the solution over a 0.22-um filter.

5.5 Strains and Plasmids

Plasmids present in strains of E. coli DH5a or JM109 Resistance
pSRKTc Tc'
pSRKGm Gm'
pk18mobsacB Km'
pSUP202poL4-ExoP Tc'
pRS1-sSD-egfp Gm'
PRK4352 Tc'
pSRKTc-rTrpL Tc'
pSRKTc-sinRI-rnTrpL Tc'
pSRKTc-Ec-rnTrpL Tc'
pSRKTc-rnTrpL-CG40,41GC Tc'
pPSRKTc-rnTrpL-GG46,47CC Tc'
pSRKTc-EcrnTrpL-Mutant-1 Tc'
pSRKTc-EcrnTrpL-Mutant-2 Tc'
pSRKGm-rnTrpL Gm'
pSRKGm-sinRI-rnTrpL Gm'
pSRKGm-peTrpL Gm'
pSRKGm-EcrnTrpL Gm'
pSRKGm-trpDC'-egfp Gm'
pSRKGm-trpD-CG985,986GC-trpC'-egfp Gm'
pSRKGm-trpD-CC977,978GG-trpC'-egfp Gm'
pSRKGm-dnaA'-egfp Gm'
pSRKGm-dnaAMUT-egfp Gm'
pSRKGm-rsuA’-egfp Gm'
pSRKGm-rsuAMUT-egfp Gm'
pSRKGm-peTrpL-N3A Gm'’
pSRKGm-peTrpL-T4A Gm'
pSRKGm-peTrpL-Q5A Gm'
pSRKGm-peTrpL-N6A Gm'
pSRKGm-peTrpL-17A Gm'
pSRKGm-peTrpL-S8A Gm'
pSRKGm-peTrpL-19A Gm'
pSRKGm-peTrpL-W10A Gm'
pSRKGm-peTrpL-W11A Gm'
pPSRKGm-peTrpL-W12A Gm'
pPSRKGm-peTrpL-R14A Gm'’
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pk18mobsacBAtrpL Km'
pk18mobsacBAtrpC Km'
pk18mobsacBAsmeR Km'
pk18mobsacBAsinR-I Km'
pSUP202poL4-PasR-egfp Tc'
pBAD-tm-Ec-peTrpL Amp'
pRS1-PtrpL-sSD-egfp Gm'
pRS1-PtrpL-EctrpL-sSD-egfp Gm'
Plasmids present in strains of E. coli S17-1 Resistance
pSRKTc Tc'
pSRKGm Gm'
PRK4352 Tc'
pSRKTc-rTrpL Tc'
pSRKTc-sinRI-rnTrpL Tc'
pSRKTc-rnTrpL-CG40,41GC Tc'
pSRKTc-rnTrpL-GG46,47CC Tc'
pSRKGmM-rnTrpL Gm'
pSRKGm-sinRI-rnTrpL Gm'
pSRKGm-peTrpL Gm'
pSRKGm-trpDC’-egfp Gm'
pSRKGm-trpD-CG985,986GC-trpC'-egfp Gm'
pSRKGm-trpD-CC977,978GG-trpC'-egfp Gm'
pSRKGm-peTrpL-N3A Gm'
pSRKGm-peTrpL-T4A Gm'
pSRKGm-peTrpL-Q5A Gm'
pSRKGm-peTrpL-N6A Gm'
pSRKGm-peTrpL-17A Gm'
pSRKGm-peTrpL-S8A Gm'
pSRKGm-peTrpL-19A Gm'
pPSRKGm-peTrpL-W10A Gm'
pSRKGm-peTrpL-W11A Gm'
pPSRKGm-peTrpL-W12A Gm'
pSRKGm-peTrpL-R14A Gm'
pk18mobsacBAtrpL Km'
pk18mobsacBAtrpC Km'
pk18mobsacBAsmeR Km'
pk18mobsacBAsinR-I Km'
pSUP202polL4-PasR-egfp Tc'
S. meliloti strains Resistance
S. meliloti 2011 Sm'
S. meliloti 2011A4¢rpL Sm'
S. meliloti 2011 AtrpC Sm'
S. meliloti 2011 AsmeR Sm'
S. meliloti 2011 AsinRI Sm'
S. meliloti 20114trpL AtrpC Sm'
S. meliloti 20114¢rpL AsmeR Sm'
S. meliloti 20114¢rpL AsinRI Sm'
S. meliloti 2011 (pSRKTc-rnTrpL) Sm', Tc'
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S. meliloti 2011 pSRKGm-rnTrpL Sm', Gm'

S. meliloti 20114¢pL pSRKTc-rnTrpL Sm', Tc'

S. meliloti 20114#rpL pPSRKGm-rnTrpL Sm', Gm'

S. meliloti 20114#rpL pPSRKGm-peTrpL Sm', Gm'

S. meliloti 20114#rpL pRK4352 pPSRKGm-peTrpL Sm," Tc',Gm'
S. meliloti 20114#rpL pRK4352 pPSRKGm Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-N3A Sm’, Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-T4A Sm’, Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-Q5A Sm’, Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-N6A Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-I7A Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-S8A Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-I9A Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-W10A Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-W11A Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-W12A Sm', Tc', Gm'
S. meliloti 2011 pRK4352 pSRKGm-peTrpL-R14A Sm', Tc', Gm'
S. meliloti 2011 pSRKGm-peTrpL Sm', Tc', Gm'
pSUP202poL4-PasR-egfp

S. meliloti 20114trpL pSRKTc Sm', Tc', Gm’
pSRKGm-trpDC’-egfp

S. meliloti 20114trpL pSRKTc Sm', Tc', Gm'
pSRKGm-trpD-CG985,986GC-trpC'-egfp

S. meliloti 20114trpL pSRKTc Sm', Tc', Gm'
pSRKGm-trpD-CC977,978GG-trpC’-egfp

S. meliloti 20114trpL pSRKTc-rnTrpL Sm', Tc', Gm'
pSRKGm-trpDC’-egfp

S. meliloti 20114trpL pSRKTc-rnTrpL Sm', Tc', Gm'
pSRKGm-trpD-CG985,986GC-trpC'-egfp

S. meliloti 20114trpL pSRKTc-rnTrpL Sm', Tc', Gm'
pSRKGm-trpD-CC977,978GG-trpC’-egfp

S. meliloti 20114trpL pSRKTc-rnTrpL-CG40,41GC Sm', Tc', Gm'
pSRKGm-trpDC’-egfp

S. meliloti 20114trpL pSRKTc-rnTrpL-CG40,41GC Sm', Tc', Gm'
pSRKGm-trpD-CG985,986GC-trpC’-egfp

S. meliloti 20114trpL pSRKTc-rnTrpL-CG40,41GC Sm', Tc', Gm'
pSRKGm-trpD-CC977,978GG-trpC’-egfp

S. meliloti 20114trpL pSRKTc-rnTrpL-GG46,47CC Sm', Tc', Gm'
pSRKGm-trpDC’-egfp

S. meliloti 20114¢rpL pSRKTc-rnTrpL-GG46,47CC Sm', Tc', Gm'
pSRKGm-trpD-CG985,986GC-trpC'-egfp

S. meliloti 20114¢rpL pSRKTc-rnTrpL-GG46,47CC Sm', Tc', Gm'
pSRKGm-trpD-CC977,978GG-trpC'-egfp

S. meliloti 2011 AtrpL AtrpC pPSRKGm-rnTrpL Sm', Gm'

S. meliloti 20114trpL AsinRI pPSRKGm-sinRI-rnTrpL Sm', Gm'

E. coli strains Resistance

E. coli MG1655 None
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E. coli MG1655 A#rpL None

E. coli MG1655 pSRKTc-Ec-rnTrpL Tc'

E. coli MG1655 pSRKGm-Ec-rnTrpL Gm'

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-1 TC'

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-2 TC'

E. coli MG1655 pSRKTc TC'

E. coli MG1655 pSRKTc Tc'
pSRKGm-dnaA’-egfp

E. coli MG1655 pSRKTc Tc', Gm'
pSRKGm-dnaAMUT'-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL Tc', Gm'
pSRKGm-dnaA’-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL Tc', Gm'
pSRKGmM-dnaAMUT'-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-1 Tc', Gm'
pSRKGm-dnaA’-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-1 Tc', Gm'
pSRKGmM-dnaAMUT'-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-2 Tc', Gm'
pSRKGm-dnaA’-egfp

E. coli MG1655 pSRKTc-Ec-Mutant-2 Tc', Gm'
pSRKGm-dnaAMUT-egfp

E. coli MG1655 pSRKTc Tc', Gm'
pSRKGm-rsuA’-egfp

E. coli MG1655 pSRKTc Tc', Gm'
pSRKGm-rsuAMUT'-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL Tc', Gm'
pSRKGm-rsuA’-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL Tc", Gm'
pSRKGmM-rsuAMUT "-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-1 Tc', Gm'
pSRKGm-rsuA’-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-1 Tc", Gm'
pSRKGm-rsuAMUT "-egfp

E. coli MG1655 pSRKTc-Ec-rnTrpL-Mutant-2 Tc", Gm'
pSRKGm-rsuA’-egfp

E. coli MG1655 pSRKTc-Ec-Mutant-2 Tc", Gm'
pSRKGm-rsuAMUT'-egfp

E. coli MG1655 pBAD-tm-Ec-peTrpL Amp'

E. coli MG1655 pRS1- sSD-egfp Gm'

E. coli MG1655 pRS1-PtrpL-sSD-egfp Gm'

E. coli MG1655 pRS1-PtrpL-EctrpL-sSD-egfp Gm'

E. coli BL322 RNase 11" pSRKTc-Ec-rnTrpL Sm', Tc'
E. coli BL321 RNase Il pSRKTc-Ec-rnTrpL Sm', Tc'
E. coli N3433 RNase E* pSRKTc-Ec-rnTrpL Tc'

E. coli N3431 RNase E" pSRKTc-Ec-rnTrpL Tc'

E. coli MG1655 Hfq" pSRKTc-Ec-rnTrpL Tc'

E. coli MG1655 Hfq pSRKTc-Ec-rnTrpL Tc'
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5.6 Oligonucleotides

Name

| Sequence

For work with S. meliloti 2011

RcsR1  ATG_Ndel fw

CGCACATATGGCAAACACGCAGAACATTTCG

RcsR1_Spel

CGCACTAGTAAAAAAGCCGCCTCGAAATCTC

RcsR1-CG40GC-fw2

GTGGGCTGCCTGAGGCGGCCTTGACCAG

RcsR1-CG40GC-re2

GCCTCAGGCAGCCCACCACCAGATCGAA

RcsR1-GG46CC-fwd

GGCTCGCTGACCCGGCCTTGACCAGTCATGCG

RcsR1-GG46CC-rev

GTCAAGGCCGGGTCAGCGAGCCCACCACCAGAT
C

Fw_SinR_Ndel

CGCACATATGGCTAATCAACAGGCTGTC

Rv_5'rcsR1_Sinl_TSS

CGAAATGTTCTGCGTGTTTGCCATGTAGCGATGC
TGTCAGGCTC

Fw_Sinl _ TSS 5'rcsR1

GAGCCTGACAGCATCGCTACATGGCAAACACGC
AGAACATTTCG

RcsR1_Spel rev

CGCACTAGTAAAAAAGCCGCCTCGAAATCTC

Sm-trpLORF-seNde

TATGGCGAACACCCAGAACATCAGCATTTGGTG
GTGGGCCCGGTAGT

Sm-trpLORF-asXba

CTAGACTACCGGGCCCACCACCAAATGCTGATGT
TCTGGGTGTTCGCCA

del RcsR1 up Fw

AAAGAATTCTCGTGGATATGACCGGGTG

del_ RcsR1 up Rv

GCCGTCGACGGATCCGAGGCAATGGGCGGAAGT
GTTAGCGC

del RcsR1 dw_Fw

TGCCTCGGATCCGTCGACGGCCGCGTGGAAAGA
CCGGCTT

del RcsR1 dw_Rv

AAACTGCAGCAGCGCCAGCAGCACTTCGC

Sm_delta_rcsR1_mut_checkFW

TCCGGCAGAAAGAGAACCAT

Sm_delta_rcsR1_mut_checkRV

GACGCAACGCTTCTGATCAT

delsinRI-up-Fw-Eco

AAAGAATTCGGAATATGGAGGTTGCGCAG

delsinRI-up-Rv

GCCGTCGACGGATCCGAGGCACGACATGTTTG

delsinRI-dw-Fw

TGCCTCGGATCCGTCGACGGCTTCTTTCCCCA

delsinRI-dw-Rv-Pst

AAACTGCAGCTTCTTCTCGCTGCCAATGG

Sm-trpLORF-seNde

TATGGCGAACACCCAGAACATCAGCATTTGGTG
GTGGGCCCGGTAGT

Sm-trpLORF-asXba

CTAGACTACCGGGCCCACCACCAAATGCTGATGT
TCTGGGTGTTCGCCA

del trpC up Fw

AAAGAATTCGGCACGATCACCAACTTCG

del_trpC_up_Rv

GCCGTCGACGGATCCGAGCAGGCTTCGATGCGG
CGCAG

del _trpC_dw_Fw

TGCCTCGGATCCGTCGACGGCGGCTCGGCAAGC
ATCATG

del_trpC_dw_Rv

AAACTGCAGCTTCGCCATTGCCTCGACG

Sm delta trpC_mut _checkFW

CATCTTCAATCTGCTCGGCC

Sm_delta_trpC_mut_checkRV

CAGTCAACGCCTCCATTTCG

del smeR up Fw

AAAGAATTCATGAGAGCTGGTCCATTCCG

del_smeR_up_Rv

GCCGTCGACGGATCCGAGGCACTCGGCGTCGGC
CTTGGT

del smeR dw Fw

TGCCTCGGATCCGTCGACGGCGCACTCCAGTCTC
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TCTTTGC

del smeR dw Rv

AAACTGCAGCCTCAACCGGAAAGCAAGAG

Cheak-AsmeR-Fw

ATCCTGATGACCTCGCTCG

Cheak-AsmeR-Rv

CCAATTCAACACGATCCGCT

Xbal-egfp-rev

TGCTCTAGATTACTTGTACAGCTCGTCCA

Ndel-trpD-fwd

CGCACATATGAGTGATTTGAAGCCGTTC

5'-egfp-trpC-rev

ACAGCTCCTCGCCCTTGCTGATCTCCTCTCGCTTA
TAGG

trpC-egfp-fwd

CCTATAAGCGAGAGGAGATCAGCAAGGGCGAGG
AGCTGT

trpD-CG-985-GC-FW

CTTGCAGGCGTTGATCACCGTCTCGAAC

trpD-CG-985-GC-RV

GATCAACGCCTGCAAGGCGACCTTGGCG

trpD-CC-978-GG-FW:

AAGGTCGGGTTGCAGCGGTTGATCACCG

trpD-CC-978-GG-RV:

GCTGCAACCCGACCTTGGCGCCGCCGCT

TrpL-N3A-fw TATGGCGGCCACCCAGAACATCAGCATTTGGTGG
TGGGCCCGGTAGT

TrpL-N3A-rv CTAGACTACCGGGCCCACCACCAAATGCTGATGT
TCTGGGTGGCCGCCA

TrpL-T4A-fw TATGGCGAACGCCCAGAACATCAGCATTTGGTG
GTGGGCCCGGTAGT

TrpL-T4A-rv CTAGACTACCGGGCCCACCACCAAATGCTGATGT
TCTGGGCGTTCGCCA

TrpL-Q5A-fw TATGGCGAACACCGCGAACATCAGCATTTGGTG
GTGGGCCCGGTAGT

TrpL-Q5A-rv CTAGACTACCGGGCCCACCACCAAATGCTGATGT
TCGCGGTGTTCGCCA

TrpL-N6A-fw TATGGCGAACACCCAGGCCATCAGCATTTGGTGG
TGGGCCCGGTAGT

TrpL-N6A-rv CTAGACTACCGGGCCCACCACCAAATGCTGATG
GCCTGGGTGTTCGCCA

TrpL-17A-fw TATGGCGAACACCCAGAACGCCAGCATTTGGTG
GTGGGCCCGGTAGT

TrpL-17A-rv CTAGACTACCGGGCCCACCACCAAATGCTGGCG
GTTCTGGGTGTTCGCCA

TrpL-S8A-fw TATGGCGAACACCCAGAACATCGCCATTTGGTGG
TGGGCCCGGTAGT

TrpL-S8A-rv CTAGACTACCGGGCCCACCACCAAATGGCGATG
TTCTGGGTGTTCGCCA

TrpL-19A-fw TATGGCGAACACCCAGAACATCAGCGCCTGGTG
GTGGGCCCGGTAGT

TrpL-19A-rv CTAGACTACCGGGCCCACCACCAGGCGCTGATGT
TCTGGGTGTTCGCCA

TrpL-W10A-fw TATGGCGAACACCCAGAACATCAGCATTGCGTG
GTGGGCCCGGTAGT

TrpL-W10A-rv CTAGACTACCGGGCCCACCACGCAATGCTGATGT
TCTGGGTGTTCGCCA

TrpL-W11A-fw TATGGCGAACACCCAGAACATCAGCATTTGGGC

GTGGGCCCGGTAGT

TrpL-W11A-rv

CTAGACTACCGGGCCCACGCCCAAATGCTGATGT
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TCTGGGTGTTCGCCA

TrpL-W12A-fw TATGGCGAACACCCAGAACATCAGCATTTGGTG
GGCGGCCCGGTAGT

TrpL-W12A-rv CTAGACTACCGGGCCGCCCACCAAATGCTGATGT
TCTGGGTGTTCGCCA

TrpL-R14A-fw TATGGCGAACACCCAGAACATCAGCATTTGGTG
GTGGGCCGCGTAGT

TrpL-R14A-rv CTAGACTACGCGGCCCACCACCAAATGCTGATGT

TCTGGGTGTTCGCCA

EcoRI-asP-smeR-fw

CGGAATTCGCTCCTGGGCTGCATCTTCTG

asP-smeR-SSD-rev

CTCCTCTTTAATTCCCGCCTCGGCCCTAACTGA

RcsR1-RT-PCR-f ATGGCAAACACGCAGAACAT
RcsR1-RT-PCR-r AAAGCCGCCTCGAAATCTCC
sinl -F-grt TCAGGATAGTGAACGGAAA
sinl -R-qrt GTATCGTCCAGCATATTCG
motE -F-qgrt GCGAAATCGAAAAGTTCTG
motE -R-qrt GCTTAAGCCAGTCCTCGTAT
phoR -F-grt GATCGTCAAGCATATCCTCA
phoR -R-qrt CCGATGGCTACAGCTTTTAT
flgA -F-grt TGAGCAAGAACCTGAGGTAA
flgA -R-qrt CGGGATAGATCGTCTGCT
trpC -F-qrt CGTCCTCGTCGAAGTACAC
trpC -R-qgrt GGTAATCCCGCTCTTCTCTA
gntR-F-qrt ACGTTGACCTATTCCCAGAT
gntR-R-qrt GGAACCGTAGAGATTGTCCT
mcpU-F-qrt CCGTCTATATCGACAGTCTCC
mcpU-R-qrt CGACATAGGTGGAGATGAAT
rpmA-F-qrt ATGGCACACAAGAAAGCTG
rpmA-R-qrt GTAAGCGCAAAAATCGTATG
smeR-F-grt GTAAAGGGCGAGGAAAAGAT
smeR-R-qrt GAGCGGATGTTCTACAAGAA
trpE-F-qrt ATGCTTTCGAGGAAGAGGTC
trpE-R-qrt TTGGTCATGATGGTGAAGGC
rpoB -F-qrt ATCCTCGACACCTTCTACAC
rpoB -R-qrt GATAGTTGCCGTAGAGATCG
SmeBR-RT-PCRf GATCTTCTTCGTCCCGGTCT
SmeBR-RT-PCRr ATCATGTCTTCGTGGGGCA
pSUP_fwd TCCTTGAAGCTGTCCCTGAT
pSUP_rev GAGAAGCAGGCCATTATCGC
pSRK_fwd CTCTTCGCTATTACGGCAGC
pSRK_rev GGGCTGCAGGAATTCGATATC

SmelRcsR1-NB

GCTCCATCTCTCAATCACGCATG

5S-rRNA_Smel-NB

GTTCGGAATGGGAACGGGTGCAG

For

work with E. coli MG1655

Ec-rnTrpL-fw_Ndel

CGCACATATGAAAGCAATTTTCGTACTGAA

Ec-rnTrpL-fw_Xbal

TGCTCTAGAAAAAAAAGCCCGCTCATTAGGC

Ec-trpL-KO-Fw

GTTAACTAGTACGCAAGTTCACGTAAAAAGGGT
ATCGACAGCCTTTGAGTGAGCTGATAC
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Ec-trpL-KO-rv

GTTTTTGTGTTTGCATTGTTATTCTCTAATTTTGT
TCGCTCATATGAATATCCTCCTTAG

EcTpL-mutant1l-Fw

AAAGGTTCCTGGCGCACTTCCTGAAACG

EcTpL-mutantl-Rv

TGCGCCAGGAACCTTTCAGTACGAAAAT

EcTpL-mutant2-Fw

TCGTACTCTTAGGTTGGTGGCGCACTTC

EcTpL-mutant2-Rv

CCAACCTAAGAGTACGAAAATTGCTTTC

Ec-trpLp-Nhel-Fw

CGCTAGCTGGCAAATATTCGTAAATG

Ec-trpLp-Xbal-Rv

CTCTAGAACGTGAACTTGCGTACTAG

Ec-p-trpL-Xbal-Rv

CTCTAGAAAAAAAAAGCCCGCTCATTAGG

EcRsu-IGR-AAGTw

CTAACTTAAGAATGACTTTCAGGAGCCC

EcRsu-IGR-AAGrv

AGTCATTCTTAAGTTAGACGACGCTGGCA

EcDnaA-CC62-63GGf

TGAGTTAGGAGCCACAGAATTCAGTATG

EcDnaA-CC62-63GGr

TGTGGCTCCTAACTCATCCTGCAATCGG

Ec-RsUA-qRT-Fw CACCCAACGGTGCTCTATTT
Ec-RsuA-gRT-Rv CTGCCGTATCGTCAGCTACA
Ec-Bcr-gRT-Fw TTCGGCAATGATTTTCTTCC
Ec-Bcr-gRT-Rv CGGCGCTTAAGAATGAGAAC
Ec-SanA-gRT-Fw TTAGTCCTGATCGGCTTGCT
Ec-SanA-gRT-Rv GGCATTAATCGCTCCTTGAA
Ec-Ycao-gRT-Fw CAGCGAGTGGGAAAAAGAAG
Ec-Ycao-gRT-Rv AGACCAGAGCCTGTTCCAGA
Ec-DnaA-gRT-Fw ATCATTCTCACCTCGGATCG
Ec-DnaA-gRT-Rv AGACGTTGGCGATAAAGAA
Ec-MhpC -gRT-Fw ACGCTGCGCATCCATTTTAA
Ec-MhpC -qRT-Rv CCACGCTTTTCAGGATTCGT
Ss041-qRT-Fw GCATCCAAGGCACCTATCTC
Sso041-gRT-Rv GGAGGCGGCCATTAATGAAA
RT-rsuA-bcr-Fw AATTGCCAGCGTCGTCTAAC
RT-rsuA-bcr-Rv CTGAGGGTCATCTGCGTACT

Ec rntrpL_NB_oligo

GGCTGGGTATCTGATTGCTTTACG

Ec 5S_NB_oligo CATCGGCGCTACGGCGTTTCACTT
5.7 Enzymes

Name Company

TURBO-DNase Invitrogen

T4-DNA-ligase Thermofisher Scientific

T4-polynucleotidkinase

Thermofisher Scientific

Tag-polymerase

Qiagen

FastDigest-RestrictionEnzymes

Thermofisher Scientific

Phusion Polymerase

Thermofisher Scientific

5.8 Kits
E.Z.N.A. Gel Extraction Kit OMEGA
E.Z.N.A. DNA Probe Purification Kit OMEGA

Brilliant 111 Ultra-Fast SYBR®Green QRT-

PCR Master Mix

Agilent Technologies
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5.9 Special Tubes and 96-well Plates

0.2ml Low Profile Thin-walled 8 Tube Strips

Thermofisher Scientific

Optically clear flat 8 Cap Strips

Thermofisher Scientific

MICROPLATE 96WELL PS F-BOTTOM
CLEAR MICROLON

Greiner bio-one
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