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ABSTRACT

In Staphylococcus aureus, de novo methionine
biosynthesis is regulated by a unique hierarchi-
cal pathway involving stringent-response controlled
CodY repression in combination with a T-box ri-
boswitch and RNA decay. The T-box riboswitch re-
siding in the 5’ untranslated region (met leader RNA)
of the S. aureus metICFE-mdh operon controls down-
stream gene transcription upon interaction with un-
charged methionyl-tRNA. met leader and metICFE-
mdh (m)RNAs undergo RNase-mediated degradation
in a process whose molecular details are poorly un-
derstood. Here we determined the secondary struc-
ture of the met leader RNA and found the element
to harbor, beyond other conserved T-box riboswitch
structural features, a terminator helix which is tar-
get for RNase lll endoribonucleolytic cleavage. As
the terminator is a thermodynamically highly sta-
ble structure, it also forms posttranscriptionally in
met leader/ metICFE-mdh read-through transcripts.
Cleavage by RNase Il releases the met leader from
metICFE-mdh mRNA and initiates RNase J-mediated
degradation of the mRNA from the 5-end. Of note,
metICFE-mdh mRNA stability varies over the length
of the transcript with a longer lifespan towards the
3’-end. The obtained data suggest that coordinated
RNA decay represents another checkpoint in a com-
plex regulatory network that adjusts costly methion-
ine biosynthesis to current metabolic requirements.
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INTRODUCTION

Methionine is the first N-terminal amino acid of nearly all
newly synthesized proteins as well as the precursor for the
vital methyl group donor S-adenosylmethionine (SAM),
making the amino acid indispensable for all living organ-
isms. Like many other bacteria, the versatile Gram-positive
pathogen Staphylococcus aureus is capable of synthesizing
methionine de novo when the amino acid becomes scarce.
The methionine biosynthesis genes in staphylococci are or-
ganized in an operon whose size and arrangement is ex-
tremely rare among the Bacillales (1,2). Thus, except for
metX, which is located elsewhere in the genome, the staphy-
lococcal metICFE-mdh (met) operon encodes all enzymes
required for de novo methionine biosynthesis, with the gene
order matching the single synthesis steps (Figure 1A, B).
Methionine is the amino acid with the highest synthesis
costs regarding ATP consumption (3). Hence, the pathway
is strictly controlled in various microorganisms to avoid me-
thionine accumulation (1,2). Of note, staphylococci have
limited metabolic capacities to reuse excess methionine as
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Figure 1. (A) Schematic view of the organization of the S. aureus met operon including a CodY binding site and its 5 UTR (mef leader). (B) Methionine
biosynthesis pathway in S. aureus, Me-THF, methylene-tetrahydrofolate. (C) Schematic of the binding interactions between tRNA and met leader RNA (T-
box riboswitch). Left: system under methionine deprivation (‘—MET’), right: system under high intracellular methionine levels (‘+MET’). Base pairing of
tRNA anticodon (‘CAU’) with specifier codon (‘AUG’) of met leader and of free 3’ tRNA end (‘(ACCA’) with T-box (depicted in blue) sequence (UGGU’)
is shown. Terminator sequence is highlighted in orange, gray ellipses symbolize RNA polymerase, ‘ON’: read-through into downstream genes, nmet mRNA
transcription, ‘OFF”: premature transcription termination, no met mRNA transcription.

they lack methionine salvage and polyamine synthesis to
recycle or redirect the amino acid into other pathways, fur-
ther highlighting the need for effective control of de novo
methionine biosynthesis in these organisms (4,5). We pre-
viously found that methionine biosynthesis in S. aureus in-
deed undergoes extremely tight regulation by a complex hi-
erarchical network (6). Thus, the met operon is preceded
by a 5" untranslated region (met leader RNA) which repre-
sents a T-box riboswitch to control downstream met operon
transcription. met leader RNA transcription itself is un-
der control of the global transcription repressor CodY
which in turn is sensitive to amino acid starvation and
GTP levels in the cell via (p)ppGpp alarmone production
through RelA /SpoT enzymes in a metabolic emergency cir-
cuit known as bacterial stringent response (7) (Figure 1A).
The combination of stringent response-controlled CodY re-
pressor activity with a T-box riboswitch to regulate gene
expression is rare in bacteria, and staphylococcal methion-
ine biosynthesis is further influenced by immediate R Nase-
mediated decay of met operon mRNA after transcription
(6).

The crucial checkpoint in this hierarchical string of regu-
latory events, however, is the T-box riboswitch, which acts in
a highly selective and strictly methionine-dependent man-
ner to control met operon transcription. T-box riboswitches
represent unique RNA-based bacterial transcription con-

trol platforms that interact with tRNAs as ligands to reg-
ulate downstream gene expression (see references (8,9) for
recent reviews). In brief, T-box riboswitches are located in
5" untranslated regions (UTRs) of genes where they (usu-
ally) control transcription by forming either a transcrip-
tion terminator (system OFF: premature transcription ter-
mination) or an antiterminator (system ON: read-through
into downstream genes). The ON/ OFF decision of a T-
box riboswitch is being made upon binding of either a
cognate uncharged or charged tRNA as ligand (Figure
1C). Thus, for example, when methionine is short in sup-
ply, methionyl-tRNAs become uncharged and the free 3'-
CCA end of the tRNA basepairs with a nucleotide stretch
within the 14-nucleotide T-box consensus sequence present
in the terminator/antiterminator platform of the T-box ri-
boswitch, resulting in antiterminator formation and ON
switch of met operon transcription. Vice versa, if the 3'-
end of the methionyl-tRNA is charged by methionine, no
base pairing interaction with the T-box consensus sequence
takes place and a terminator stem is formed, causing the
RNA polymerase to fall off from its DNA template and to
prematurely stop transcription without reading into down-
stream genes (system OFF) (Figure 1C). Thus, T-box ri-
boswitches represent efficient systems to indirectly sense
amino acid levels in the cell by using tRNA charging as a
proxy. The tRNA 3'-CCA interaction with the T-box mo-
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tif is conserved in all T-box riboswitches, while specificity
for a distinct tRNA is usually conferred by interaction of
the tRNA anticodon with a cognate codon present in the
so-called specifier loop of the riboswitch (Figure 1C). How-
ever, other structural elements in the T-box riboswitch were
shown to contribute to tRNA recognition and binding as
well (10,11).

The T-box riboswitch preceding the S. aureus met operon,
in the following referred to as met leader (RNA), has a num-
ber of interesting features. Thus, in comparison to most bac-
terial T-box riboswitches as well as to other known MET-
T-box riboswitches (2,12), the met leader is larger in size
(i.e. 440 versus ~250 nt). The difference is mainly due to a
long linker region of 226 nucleotides which spans between
stem I at the 5'-end and the terminator/antiterminator plat-
form at the 3’-end (6). The function of this exceptionally
long linker is currently not known. Other striking features
of the system were noticed with respect to met leader and
met operon (m)RNA decay. Thus, upon activation of the S.
aureus met operon T-box riboswitch, we previously found
the metI mRNA to undergo rapid degradation immediately
after transcription (6). Further, the met leader appeared as
a distinct RNA species that was short-lived. Initial exper-
iments suggested unexpected involvement of RNase III in
met leader RNA decay, and of RNase J2 in met operon
degradation (6). However, the molecular details and the bio-
logical significance of these findings remained elusive. Here,
we determined the secondary structure of the mer leader
RNA in its OFF state and detected distinct structural el-
ements that recruit RNase III to execute met leader RNA
cleavage. We identified the exact cleavage site of RNase III
within the terminator helix of the riboswitch and found the
stability of liberated met operon mRNA to vary over the
length of the transcript with the mRNA displaying a longer
lifespan towards the 3’-end, which was also reflected by cor-
responding variations in protein amounts. We hypothesize
that the uncommon, immediate physical separation of the
met leader RNA by RNase 11 initiates targeted met operon
mRNA decay by RNase J that represents an additional level
in the hierarchical methionine biosynthesis control network
to adapt enzyme expression to metabolic requirements.

MATERIALS AND METHODS
Bacterial strains and growth conditions

The strains used in this study are listed in Table 1. Staphy-
lococcus aureus strains were grown in chemically defined
medium (CDM) with (CDM +MET) or without methio-
nine (CDM -MET) described in Supplementary Material 1
when not otherwise stated. For strains carrying resistance
genes on cloning vectors, antibiotics were used at the fol-
lowing concentrations for selection: 5 or 10 pg ml~! ery-
thromycin, 10 wg ml~! chloramphenicol. Staphylococcus
aureus conditional mutants of RNase J2 (rnjB:pMUTIN;
‘rnjBgepleted”) and RNase I (rne::pMUTIN; ‘racgepleted’), in
which the respective RNase genes are under control of an
IPTG-inducible promoter, were grown in absence of the in-
ducing agent, rendering the strains functional RNase mu-
tants.

Bacteria from overnight cultures (CDM +MET) were di-
luted to an initial optical density at 600 nm (ODgq) of 0.05

in fresh medium and grown with shaking at 180 rpm at 37°C
to mid-exponential growth phase. For methionine-deprived
(—MET) conditions bacteria were then washed twice with
1 x PBS, resuspended in CDM -MET and incubated for 2 h
with shaking at 180 rpm at 37°C.

For rifampicin assays under methionine-deprived condi-
tions, bacteria from overnight cultures were washed twice
with 1x PBS, resuspended in 2x basic medium (25 mM
Na,HPO4, 20 mM KH,POy4, 3.3 mM MgSO,, 18.5 mM
NH,4CI, 17 mM NaCl) and diluted to an initial ODgg of
0.05 in CDM -MET. Bacteria were grown with shaking at
180 rpm at 37°C to mid-exponential phase.

For protein half-life and synthesis rate determinations
bacteria from overnight cultures (CDM +MET) were
washed twice with 1x PBS, resuspended in 2 x basic medium
and diluted in CDM -MET to an initial ODgo of 0.05. Bac-
teria were grown with shaking at 180 rpm at 37°C to mid-
exponential growth phase. Then bacteria were washed once
with CDM -MET without arginine and lysine and were
resuspended in CDM —-MET with 1 mM ‘heavy’ arginine
(L-arginine HCI (3C,°N), Silantes GmbH, #201603902)
and ‘heavy’ lysine (L-lysine HCI ('3C, ’N), Silantes GmbH,
#211603902) (instead of the normal ‘light’ ('>C, '*N) argi-
nine and lysine), t0 sample was taken and methionine or
rifampicin was added to a final concentration of 10 mM
and 100 wg ml~!, respectively. Bacteria were incubated with
shaking at 180 rpm at 37°C. Samples were taken 15, 30,
60 and 240 min after methionine addition (half-life de-
termination) and 15 and 30 min after rifampicin addition
(synthesis rate determination), respectively. Samples were
put on ice and split in two. One half was immediately pel-
leted, 1x washed with ice-cold TE-buffer (10 mM Tris (pH
8.0), 1 mM EDTA) supplemented with complete”, EDTA-
free Protease Inhibitor Cocktail (Roche, #04693132001)
according to manufacturer’s instructions, pellet was snap-
frozen in liquid nitrogen and stored at —80°C until fur-
ther processing described under ‘Sample Preparation for
Proteomics’. The other half of the sample was treated as
described for ‘Preparation of total RNA’. In addition, the
experiment was performed vice versa (switch from ‘heavy’
arginine and lysine to ‘light’ arginine and lysine containing
CDM —-MET). The number of biological replicates per time
point was 4 (2x ‘light’ > ‘heavy’, 2x ‘heavy’ > ‘light’). For
the protein quantification experiment, bacteria were resus-
pended in light medium after washing (no shifting), the t0
sample was taken and processed as described above.

Plasmid and strain construction

All plasmids and oligonucleotides used for this work are
listed in Tables 1 and 2, respectively. Details on mutagen-
esis, cloning and oligonucleotides used for that purpose can
be found in Supplementary Method 1 and Tables S1 and S2.

Generation of markerless chromosomally encoded met leader
mutants

Chromosomal integration of mutated met leader sequences
was accomplished via allelic replacement with inducible
counterselection adapted from Bae & Schneewind using the
PBASE®G6 S. aureus/Escherichia coli shuttle vector (13,14).
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Strain or plasmid Description Reference
Strains
E. coli DC10B E. coli DH10B Adcm (cytosine methylase deficient) for direct cloning into (19)
S. aureus
S. aureus
RN4220 Restriction-deficient derivative of S. aureus 8325-4, cloning host (20)
Newman Methicillin-sensitive isolate, NCTC 8178 20
Newman 106 RNase J2 mutant, rnjB:pMUTIN, Erm(5) (6)
Newman 107 RNase III mutant, rnc:pMUTIN, Erm(5) (6)
Newman 217 RNase Y mutant, rny::ermC, Erm(5) (18)
PRO1 (SAS64RD ApyrFE) hsdR type 111 mutant (restriction deficient), pyrimidine auxotroph (22)
PRO1 ARNaseJ1 RNase J1 mutant, ArnjA, hsdR type 111 mutant, pyrimidine auxotroph (22)
PRO! ARNaseJ2 RNase J2 mutant, ArnjB, hsdR type 111 mutant, pyrimidine auxotroph (22)
PROI ARNaseJ1/J2 RNase J1/J2 double mutant, ArnjA::ermC, ArnjB, hsdR type 111 mutant, (22)
pyrimidine auxotroph, Erm(10)
HGO001 Derivative of S. aureus 8325-4, rsbU restored RN1, agr positive (23,24)
HGO001 Arnc RNase III mutant, Arnc region::cat86 (25)
Newman AAntiTer&Ter met leader AAntiTer&Ter met leader mutant This work
Newman Ter_destab met leader Ter_destab met leader mutant This work
Newman Ter_mutated_1 met leader Ter_mutated_1 met leader mutant This work
Newman Ter_mutated_2 met leader Ter_mutated_2 met leader mutant This work
Newman Ter_mutated_3 met leader Ter_mutated_3 met leader mutant This work
Newman Ter_mutated 4 met leader Ter_mutated_4 met leader mutant This work
Plasmids
pBASE6 ori pE194ts (temperature-sensitive); ori ColE1; G+/G- shuttle; CmR, (14)
AmpR; antisense sec Y under Pxyl/tet promoter
pBASE _met leader+1kb flanking pBASEG6 with wild type met leader sequence and 1 kb flanking regions This work
(pFW001)
pBASE_AAntiTer&Ter pFWO001 with AAntiTer&Ter met leader This work
pBASE _Ter_destab pFWO001 with Ter_destab met leader This work
pGEM-T-easy+Ter_mutated-1 Ter_mutated_1 met leader This work
pBASE6_Ter_mutated_1 pFWO001 with Ter_mutated_1 met leader This work
pBASE_Ter_mutated_2 pFWO001 with Ter_mutated_2 met leader This work
pBASE _Ter_mutated_3 pFWO001 with Ter_mutated_3 met leader This work
pBASE _Ter_mutated 4 pFWO001 with Ter_mutated_4 met leader This work
pEBO1 ori ColEl (E. coli), ori pT181 (Gram+), bla (AmpR), cat (CmR), MCS to (26)
express gene of interest under native promoter, (pCN47 vector with ermC
exchanged by cat)
pEBO1-met leader-metI met leader sequence from —35 signal to 5" region of metI (215 nt) This work
pJCI_tRNAi_deletion pJC1 with met leader, yfp and cI repressor, deletion of tRNA; gene This work

Preparation of total RNA

Total RNA of bacteria was isolated as described previously
(15). RNA was precipitated with 4.67x volume ethanol/3
M sodium acetate pH 6.5 (30:1 mix) at —20°C overnight or
1 x volume isopropanol and 0.1 x volume 3 M sodium ac-
etate pH 6.5 for 10 min at room temperature. Pelleted RNA
was washed with 70% ethanol and solved in RNase-free
ddH;0. The quantity was measured with the NanoDrop
system (Thermo Scientific, ND-2000). RNA was stored at
—80°C.

Northern blot analysis

Unless otherwise specified, 10 wg of total RNA was size
separated on 5% denaturing polyacrylamide gels with 7
M urea according to standard procedures. After gel elec-
trophoresis, RNA was transferred onto a nylon mem-
brane (GE Healthcare, Hybond-XL, #RPN203S) using
the wet electroblotting technique. RNA was then perma-
nently cross-linked to the membrane by UV light (2 x
120 mJ). For larger mRNA fragments, denaturing 1.2%
agarose gels with 1.11% formaldehyde were run in 1x
MOPS (3-morpholinopropane-1-sulfonic acid) buffer. Blot-
ting of RNA onto the nylon membrane after electrophore-

sis was done by classical capillary force technique with
10x SSC buffer (1.5 M NaCl, 150 mM tri-sodium citrate,
pH 7.0) overnight or for 2.5 h using the rapid downward
transfer method (TurboBlotter™ System, Whatman). RNA
was permanently cross-linked by UV light. Membranes
were used for hybridization with sequence-specific, radioac-
tively labeled probes. For dsDNA probes, PCR was per-
formed with primer pairs listed in Table 2, and subsequently
labeled using Klenow fragment (GE Healthcare, Amer-
sham Megaprime DNA Labeling System, #RPN1606) and
[«*?P]-dCTP (3000 Ci/mmol, 10 wCi/pl, Hartmann Ana-
lytic GmbH, Germany, #SRP-205). Oligonucleotides (ss-
DNA) listed in Table 2 were 5-end labeled using T4
polynucleotide kinase (PNK, Thermo Scientific #EK0031)
and [y*P]-ATP (6000 Ci/mmol, 10 wCi/ul, Hartmann
Analytic GmbH, Germany, #SRP-501). Hybridization of
probes was done in Roti®-Hybri-Quick buffer (Carl Roth
GmbH) overnight at 65°C with dsDNA and at 42°C with ss-
DNA probes. RNA sizes were estimated using the pUC mix
marker 8 (Fermentas) as marker for small fragments (100-
1000 nucleotides) and in vitro transcribed RNAs as ruler
for large fragments (1-7.2 kb). Radioactive signals were de-
tected by storage phosphor screens (BAS-IP SR 2040 E) and
the Typhoon™ FLA 7000 laser scanner (GE Healthcare).
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Table 2. Oligonucleotides

Oligonucleotides

Purpose Template Name Sequence
cRACE
met leader - FWwW144 CACTCCAAGGCCATTTTCAA
- FW145 GTGATAATTGTTCAGTAAGCAT
metl - FW156 CCTGTCGATTGTCCTAGTTT
- FW157 CACGTACTAAAAATCCTACA
5'-RACE
5" RACE RNA adapter CUAGUACUCCGGUAUUGCGGUACCCUUG
UACGCCUGUUUUAUA
5" RACE RNA adapter GTATTGCGGTACCCTTGT
primer
metl - FW200 CGTGGCTGAATGTAAGACTATA
- Sa_lgsm02-Lext-Rev TCAGCACCTTCTGCTAGTGGT
metF - FW149 GCGATGTTGAAGTGTGTACGTTT
- FwWl61 CGGTGTGATAATGTATAAACCATT
ivt for in-line probing
T7 met leader pJC1_tRNAIi_deletion FW088 TTAACTAATACGACTCACTATAGGGTCTTATA
ACAGTTTAATGAAACGTAAAC
Sa.R_met-sRNA GAAAAAATAAAAAAAGCTTCCGTCCTTCG
T7 short met leader pJCI_tRNAi_deletion FW130 TTAACTAATACGACTCACTATAGGGATTCTT
TACGCACGATTTTTTGTT
Sa.R_met-sRNA GAAAAAATAAAAAAAGCTTCCGTCCTTCG
T7 short met leader pBASE_Ter_destab FW130 TTAACTAATACGACTCACTATAGGGATTCTT
Ter_destab TACGCACGATTTTTTGTT
FWI159 GAAAAAATAAAAAAAGAGTCGTTGAATCGT
CA
T7 short met leader 2.2 kb overlap PCR met FWI130 TTAACTAATACGACTCACTATAGGGATTCTT
Ter_mutated_1 leader Ter_mutated-1 TACGCACGATTTTTTGTT
fragment
FW169 GAAAAAATAAAAAAAGGATCGTTGCCTCGT
T7 short met leader pBASE_Ter_mutated_2 FWI130 TTAACTAATACGACTCACTATAGGGATTCTT
Ter_mutated_2 TACGCACGATTTTTTGTT
FW211 GAAAAAATAAAAAAAGCTTCCGTGCTTCGT
T7 short met leader pBASE_Ter_mutated_3 FW130 TTAACTAATACGACTCACTATAGGGATTCTT
Ter_mutated_3 TACGCACGATTTTTTGTT
FWwW212 GAAAAAATAAAAAAAGCTTCCGTGCCTCGT
T7 short met leader pBASE_Ter_mutated 4 FW130 TTAACTAATACGACTCACTATAGGGATTCTT
Ter_mutated_4 TACGCACGATTTTTTGTT
FW213 GAAAAAATAAAAAAAGCTTCCTGGCTTCGT

dsDNA probes
met leader

metl

metl 5

metC

metC 3/

metF

metF 3’

metE

mdh

ssDNA probes

16S rRNA
5S rRNA

Newman

Newman

Newman

Newman

Newman

Newman

Newman

Newman

Newman

Sa_lgsm02_Fow
Sa_lgsm02_Rev

Sa_lgsm02-Lext_Fow

Sa_0431_R
FW137
Sa_0431-R_RT
Sa_0430_F
Sa_0430_R
FW140
FWwW14l
Sa_0429_F
Sa_0429_R
FW138
FW139
Sa_metE_F
Sa_metE_R
FWO0s1
FWO052

16S_.rDNA_R
5SrRNA

ATGTATTCTAAATGAGTCAGACAACC
CCGTCCTTCGTACCCGAATGA
ACATCAAGTGGAATGTCAGCCA
CTATTGGTGAAAGTGTTGCGCCA

CGAATGATGCAATACCATGCTCA
GCTCGAACAAATCGAGGGTGCCA
ACGAAAGCCAATAACGGCAC
GCCTCCTTTAATGCGTATTTGAT
GCTGATGAGTCTAAAGCACAA
ACAACTCGTTCAATGTGGTGC
TCTGCGAGTGTTACCGCATCTAC
CTCCTTGTGAGCAGTAATAGATT
GGTATTAACACTGACGGTGAT
TGATGGTCGTAATGTATGGGCA
CGTTTGTTCTTCCAATCTGCACG
GCAACTTGGGTTGATTTAACGCAT
GCCACGAGTTGGTAATTGATCTA

TACGGCTACCTTGTTACGACTT
CAGTCCGACTACCATCGGCG




Rifampicin assay for determination of transcript stability

Bacteria were grown to mid-exponential phase as described
above. Then rifampicin to a final concentration of 100 pg
ml~! was added to the culture. Before (0) and after 0.5, 2, 4,
8, 16 and 32 min of rifampicin exposure, RNA was isolated
and Northern blot analyses were performed as described
in Supplementary Method 2. Quantification of bands was
achieved using the Fiji software (16).

In-line probing

DNA templates that contain the T7 promoter sequence for
in vitro transcription using the MEGAscript T7 Kit (Am-
bion, #AM1333) were generated by PCR. Oligos and DNA
templates used to generate the individual T7 templates are
listed in Table 2. Details about in vitro T7 transcription and
in-line probing are given in Supplementary Method 3 and
Table S3.

Rapid amplification of cDNA ends from circularized RNA
(cRACE)

Rapid amplification of cDNA ends from circularized RNA
(cCRACE) was used to determine 5'- and 3’-ends of the met
leader transcript as described previously (17). Briefly, DNA-
free total RNA was treated with RNA 5 pyrophospho-
hydrolase (RppH, NEB, #M0356S) to convert 5 triphos-
phate RNA into 5 monophosphate RNA, to allow for
subsequent circularization of transcripts by ligation of
5’- and 3-ends using T4 RNA ligase (NEB, #M0202).
After phenol/chloroform extraction and ethanol precip-
itation, the circularized RNA was subjected to reverse
transcription using a gene-specific primer oriented to-
wards the 5'-end (FW144_cRACE _metleader_fw), followed
by PCR amplification (FW144_cRACE_metleader_fw and
FW145_cRACE _metleader_rv) (Table 2), cloning of the
PCR products into pGEM®-T Easy Vector System
I (Promega, #A1360) and transformation into E. coli
DCI10B. 5~/ 3’-end fusions were analyzed by nucleotide se-
quencing and mapped to the met leader of S. aureus strain
Newman as reference sequence using the CLC Main Work-
bench analysis tool (Version 6.6.1; www.clcbio.com).

5’ Rapid amplification of cDNA ends (5’ RACE)

5" Rapid amplification of cDNA ends (5 RACE) was per-
formed as described previously (18), but omitting the 5'-
triphosphate removal step (by RNA 5 pyrophosphohy-
drolase treatment) to exclusively detect processed RNA
molecules. Briefly, total RNA was isolated as described
above. A specific RNA 5 adapter (Table 2) was then lig-
ated to the RNA. After phenol/chloroform extraction and
ethanol precipitation, the RNA was subjected to reverse
transcription using gene-specific primers (for metl: FW200,
for metF: FW161) (Table 2), followed by PCR amplifica-
tion (for metl: Sa_lgsm02-Lext-Rev and 5 RACE RNA
adapter primer, for metF: FW149 and 5 RACE RNA
adapter primer) (Table 2) and cloning of the PCR products
into pCR-XL-2-TOPO vector (Thermo Fisher Scientific,
#K8050) and transformation into E. coli DC10B. 5'- ends
were analyzed by nucleotide sequencing and mapped to the
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met operon of S. aureus strain Newman as reference se-
quence using the CLC Main Workbench analysis tool (Ver-
sion 6.6.1; www.clcbio.com).

Sample preparation for proteomics

Cell pellets were resuspended in TE-buffer (50 mM Tris—
HCI pH 7.25, 10 mM EDTA) and disrupted with 0.1
mm glass beads and a homogenizer (4 cycles of 30 sec
at 6.5 m/s). Between each cycle, samples were placed on
ice for 5 min. Glass beads were removed by centrifugation
and lysates were subsequently transferred to a new reac-
tion tube. Protein concentration was determined with Roti-
Nanoquant (Carl Roth GmbH) according to the manu-
facturer’s protocol. For in solution digest 100 g protein
were reduced with 500 mM tris(2-carboxyethyl)phosphine
for 45 min at 65°C and subsequently alkylated with 500 mM
iodoacetamide in the dark for 15 min at room temperature
before digestion was performed with trypsin (protein-to-
enzyme-ratio 200:1) at 37°C for 14 h. Digestion was stopped
by lowering the pH to 2 by adding trifluoroacetic acid before
samples were desalted via C18 columns (Millipore ZipTips)
according to the manufacturer’s protocol.

LC-MS/MS measurements

Tryptic peptides were separated by liquid chromatography
(LC) and measured online by ESI-mass spectrometry. LC—
MS/MS analyses were performed with an EASY-nLC 1200
coupled to an Orbitrap Orbitrap Elite for the half-life and
synthesis rate determination or an Orbitrap Velos Pro for
the protein quantification (Thermo Fisher Scientific). Pep-
tides were loaded on a self-made analytical column (3 pm
particles, Dr Maisch GmbH, OD 360 pm, ID 100 wm,
length 20 cm) and eluted by a binary nonlinear gradient of
5-53% acetonitrile in 0.1% acetic acid over 180 min with a
flow rate of 300 nl min~!. For MS analysis a full scan in the
Orbitrap (m/z 300-1700) with a resolution of 60 000 was
followed by CID MS/MS experiments of the twenty most
abundant precursor ions acquired in the linear ion trap.

Proteome data processing

Relative protein quantification was achieved using the
MaxQuant software (version 1.6.1.0.) (27) and the An-
dromeda plug-in (28). The *.raw files were searched against
a S. aureus strain Newman database (downloaded from
Uniprot at 15 July 2018, 2584 entries). Additionally,
MaxQuant’s generic contamination list was included dur-
ing the search. Database search was performed with follow-
ing parameters: digestion mode, trypsin/P with up to two
missed cleavages; variable modifications, methionine oxida-
tion and acetylation of protein N-termini, a maximal num-
ber of five modifications per peptide and activated ‘match-
between-runs’ feature. The false discovery rates of peptide
spectrum match and protein were set to 0.01. Only unique
peptides were used for protein quantification. The identi-
fied proteins from MaxQuant output files were filtered for
contaminants, only identified by site and reverse hits with
the Perseus software (v. 1.6.1.3). Proteins were accepted if
at least two unique peptides could be identified in at least
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two of the four biological replicates. The LFQ-values were
log,-transformed, exported and used for statistical analysis
using TM4 (29). Statistical significance required a P-value
<0.01 in an ANOVA applying standard Bonferroni correc-
tion. For comparison of protein amounts within one sam-
ple, the intensities of all identified peptides were normalized
by dividing the respective intensity by the median of all pep-
tide intensities of the same condition. According to Silva et
al. (30) the normalized intensities of the three most abun-
dant peptides of a proteins were summed to obtain the final
quantitative value.

RESULTS
met leader RNA secondary structure

met leader RNA overall organization. To get an insight into
the structural constraints of S. aureus met operon T-box
riboswitch function, we determined the secondary struc-
ture of the met leader RNA in its OFF- state (i.e. with-
out tRNA ligand) by in-line structural probing (31) (Figure
2A). The approach was augmented by computational fold-
ing predictions using the mfold algorithm (32), with exper-
imental data being entered into the program as constraints
to eventually build the met leader RNA secondary struc-
ture model (Figure 2B). Structural probing revealed that the
met leader RNA harbors typical elements necessary for T-
box riboswitch function such as stem I, stem II, stem IIA /B
pseudoknot and stem III as well as a terminator helix (Fig-
ure 2). In contrast to other T-box riboswitches, however,
the met leader RNA was found to harbor three additional
stem—loops (designated L I-III) that span in a region be-
tween stem 1IA/B and stem 111 (Figure 2). Also, a number
of minor aberrations within conserved riboswitch elements
were detected.

Stem I structural elements. Stem I (nt 27-129) harbors
at its base a putative kink-turn element that consists of a
typical asymmetric loop flanked by two short helices (Fig-
ure 2B). The overall arrangement of the met leader kink-
turn matches the structures conserved in many T- and S-
box riboswitches (9). Other than those elements, however,
the kink-turn loop of the met leader lacks a 5'-GA-3" motif
that normally flanks the loop at either side (33). Immedi-
ately distal from the kink-turn, a canonical specifier loop
was identified (nt 42-47 and nt 110-117) which harbors the
AUG specifier triplet that is supposed to interact with the
anticodon of the cognate met-tRNA (nt 114116, marked
in green in Figure 2B). Immediately 3’ of the AUG speci-
fier codon a conserved purine (G117) is present which, in
other T-box riboswitches, was shown to stabilize the spec-
ifier codon/ anti-codon interaction (10). Also, the speci-
fier loop of the met leader harbors two conserved sequence
motifs (marked in yellow in Figure 2B) that are known
to undergo weak non-canonical base pairing (9) which is
reflected by partial protection of these sequence stretches
from degradation in the in-line probing approach (Figure
2A, gels #1-3). Finally, the distal region of stem I carries
an AG-bulge (nt 63-71) with a 5-AGAGA-3’ motif (nt 67—
71) and the terminal loop (nt 78-88) with a 5-GCUGAGA-
3’ motif (nt 82-88) (both marked in orange in Figure 2B).
These two sequence stretches are highly conserved in T-box

riboswitches and were previously shown to undergo base-
pairing with each other to form a platform for stem I/tRNA
elbow interaction (10,34). In agreement with this function,
the regions were found to be protected from degradation
during in-line structural probing (Figure 2A, gels # 1 & 2).

Stem II and stem IIA | B pseudoknot. Next to stem I, struc-
tural probing demonstrated presence of stem Il and a stem
IIA/B pseudoknot which are both conserved features in
most T-box riboswitches (9). Of note, stem II (nt 133-145)
of the met leader is unusually short and lacks an S-turn
internal loop typical for other T-box riboswitches (Figure
2B) (9). Stem II is followed by a canonical stem ITA/B (nt
150-163) whose apical loop sequence (nt 156-158) base-
pairs with a downstream single-stranded stretch (nt 169-
171) thereby forming a pseudoknot that is found in many T-
box riboswitches (Figure 2A, gel # 3; Figure 2B, nucleotides
marked in light blue).

Insertion between stem I1A| B and stem III.  'The most strik-
ing and characteristic feature of the met leader is the pres-
ence of 150 additional nucleotides (nt 174-323) inserted
between the stem IIA/B pseudoknot and stem III (Figure
2B). Structural probing revealed this region to harbor three
stem-loops, designated stem L I (nt 174-205), L II (nt 217—
283) and L I1I (nt 293-323) (Figure 2A, gels #4 & 5). Stem L
I is a 10 bp-long helix, carrying an internal 3+2 asymmet-
ric loop (nt 180-182 and 198-199) and a 7-nt apical loop
(nt 187-193). Stem L II represents a 22 nt-long helix, with
a proximal 4+3 (nt 224-227 and 274-276) and a distal 3+2
(nt 237-239 and 263-264) asymmetric internal loop as well
as an A/C mismatch pair (nt 232 & 269). The apical loop of
stem L II consists of 11 nt (nt 246-256). Finally, stem L III
is a 10 bp-long helix with an 11-nt apical loop (nt 303-313)
(Figure 2B). The L I-III elements are absent in all other T-
box riboswitches analyzed so far, and presence of this region
expands the size of the linker region between stem I and the
T-box sequence to 226 nt.

Stem 111, T-box and terminator stem. Stem 111 is a highly
conserved T-box riboswitch structure of variable sequence
and length (9). Stem III of the met leader RNA (nt 330-
351) consists of a 9-bp stem and an apical loop of four nu-
cleotides (nt 339-342) (Figure 2A, gel # 5). The structure
precedes the T-box sequence (nt 357-370, dark blue in Fig-
ure 2B) which forms (in the OFF-state of the met leader
RNA) a small bulge (nt 361-365) that is stabilized at its
base by two consecutive G/C base pairs (Figure 2A, gel #
S; Figure 2B). Downstream of the T-box motif a terminator
stem is present which is an essential structural feature of all
riboswitches that control downstream genes via transcrip-
tion termination (Figure 2A gel #5, Figure 2B). The T-box
transcription terminator of the met leader RNA consists of
a 23-bp stem (nt 377-427) with an U/C mismatch pair (nt
392 & 412) and a small 5-bp apical loop (nt 400-404). Of
note, the size of the met leader terminator stem is longer
than most other known T-box riboswitch terminators (12).
Also, due to its length and sequence, the met leader termi-
nator is a thermodynamically highly stable structure (free
energy AG = —32.60 kcal/mol). Similar to other T-box sys-
tems, the met leader terminator harbors seven (conserved)
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nucleotides (nt 384-390, marked by asterisks in Figure 2B)
that are capable to basepair with the T-box sequence to sup-
port antiterminator formation once the system is ON (Fig-
ure 2B, top). Thus, in presence of uncharged met-tRNA, the
proximal 5-part of the terminator stem and the T-box se-
quence become part of the antiterminator, thereby forming
the characteristic T-box bulge (nt 361-367) which is prone
to interact with the free 3’-CCA end of tRNA ligands (Fig-
ure 2B, top; Figure 1C).

met leader RNA cleavage

Endonucleolytic cleavage releases the met leader RNA from
met operon mRNA. We previously reported that also un-
der methionine-rich conditions basic transcription of the
met leader takes place as a stand-alone transcript of 440
nucleotides in size resulting from Rho-independent tran-
scription termination (Figure 3A, first lane). On the con-
trary, no transcription of the met operon occurs (Figure
3A, second lane and (6)). Upon methionine depletion, met
leader transcription is usually further induced with tran-
scriptional read-through into the downstream met operon
(6). In these read-through transcripts, we actually expected
the met leader RNA to be attached to the met operon
mRNA, which would give rise to a long transcript of ~7.6
kb in size. However, we were never able to detect stable tran-
scripts of this size (6). Instead, Northern blot hybridization
of total RNA with a met leader-specific probe using 1.2%
agarose gels shows a band whose size (~400 nt) corresponds
to that of the met leader RNA alone (Figure 3A, third lane).
Re-hybridization of the same blot with a probe from the
3’-end of the met operon mRNA (i.e. metE) detected two
signals. The faint 7.2 kb band in Figure 3A (fourth lane)
would match the size of the met operon mRNA without
the met leader, suggesting release of the latter by endonu-
cleolytic cleavage, while the strong 4 kb 3’ met operon sig-
nal is unexpectedly small (for reasons see paragraphs be-
low) (Figure 3A). Rifampicin stability assays (using 5%
PAA gels for higher resolution) identified two met leader-
specific RNA species, a faint 440-nt band and a more abun-
dant 390-nt fragment, which are both short-lived and be-
come rapidly degraded (Figure 3B). To substantiate the hy-
pothesis of met leader RNA cleavage and release, we per-
formed 5'-RACE with a metI-specific primer and native to-
tal RNA to determine the 5'-end of met operon mRNA
(see Materials and Methods for details). Successful PCR
amplification of met operon-specific fragments by this ap-
proach confirmed that, upon methionine depletion, tran-
scriptional read-through occurs from the met leader into
the met operon (data not shown). Nucleotide sequencing
of the amplicons revealed that the 5-ends of 50% (n =
12) of met operon transcripts are located at position 418
in the 3'-portion of the met leader (Figure 3C and Sup-
plementary Table S4). We conclude from this experiment
that the read-through transcripts must have undergone en-
donucleolytic cleavage, as the 5-RACE data were obtained
with (RNA 5 pyrophosphohydrolase, RppH) untreated to-
tal RNA, indicating presence of 5 monophosphate ends
which are typically generated upon RNA cleavage events in
native RNA molecules. Cleavage of the transcript separates
the met leader RNA from the met operon mRNA, thereby

leaving the last 23 nt of the 3'- met leader end attached to
the met operon mRNA (Figure 3C).

RNase 111 is involved in met leader RNA decay. As shown
in Figure 3B, we found the met leader RNA species to
be short-lived. In Gram-positive bacteria, main players of
RNA decay are RNases 11 (a double-strand (ds)-specific
endoribonuclease), J1/J2 (a bifunctional single-strand (ss)-
specific endo- and 5-3’' exoribonuclease) and Y (a ss-
specific endoribonuclease), the latter known to be involved
in riboswitch RNA turnover in Bacillus subtilis and S.
aureus (35-37). To study the influence of staphylococcal
RNase(s) on met leader stability, we subjected total RNA
isolated from S. aureus conditional mutants of RNase J2
(rnjB::.pMUTIN; ‘rnjByepieted’), RNase I (rnc::pMUTIN;
‘ricgepleted’) and a deletion mutant of RNase Y (rny.:ermC;
Arny) (all grown in CDM without methionine) to Northern
blot hybridization using 5% PAA gels. Figure 4A confirms
the detection of two met leader-specific fragments (~440
and ~390 nt) by this approach, with similar band patterns
being displayed by the wildtype and the Arny as well as
rnjBaeplecd Mutants, indicating that neither RNase Y nor
RNase J2 are involved in met leader RNA degradation.
In the rncgepleted mutant background, however, enrichment
of the larger 440 nt fragment was detectable (Figure 4A).
Rifampicin stability assays and half-life determination fur-
ther revealed that stability of the 440 nt transcript increased
in the rncgeplerea strain, resulting in longer half-life of the
met leader RNA in comparison to the wildtype, while met
leader RNA degradation remained unaffected in the Arny
and rnjBgepleiea mutants (Figure 4B, C). A faint 390 nt band
arising from cleavage of the stand-alone met leader tran-
script was still detectable in rncgeplered (Figure 4A). This is
explicable by the nature of the rncgepiciea Strain as condi-
tional mutant that still displays minimal residual R Nase I11
activity. Indeed, when using a RNase III deletion mutant
(kindly provided by Isabelle Caldelari), the cleaved form of
the met leader is no longer traceable (Supplementary Fig-
ure S1). Together, the combined data suggest that RNase
II1, but not RNases Y or J2, is an important driver in met
leader RNA decay.

RNase I has a cleavage site within the met leader. To an-
alyze the nature and exact size of the ~390 and ~440 nt
met leader-specific RNA fragments, we determined their 5'-
and 3’-ends. For this purpose, we performed cRACE with
RNA isolated from S. aureus wildtype and the rncgepieted
mutant grown under methionine-deprived conditions. In
both strains, the 5'-end of the met leader mapped to iden-
tical positions (i.e. nt 404,416 of the S. aureus strain New-
man genome; nt 1 in Supplementary Figure S2), demon-
strating that wildtype and rncgepleied mutant initiate tran-
scription of the riboswitch at the same site. Determination
of 3’-ends by this approach, however, elucidated major dif-
ferences between wildtype and the rncgepieted strain (Figure
4D). Thus, in the wildtype, 68% of transcripts ended at po-
sition 388 of the met leader which matches the size of the
lower band detected in Figure 4A, while 5% of transcripts
ended more downstream in a region between nt 425 and
440 (Figure 4D), corresponding to the upper band in Figure
4A. In contrast, in the rncyepieed Strain (which still displays
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minor RNase III activity) only 30% of transcripts mapped
to position 388, whereas 26% ended in the nt 425440 re-
gion of the met leader (Figure 4D). Based on these results,
we consider the lower (~390 nt) met leader-specific RNA
fragment to represent an RNase I1I-derived cleavage prod-
uct of the met leader. The faint upper (~440 nt) fragment,
however, reflects non-cleaved met leader stand-alone RNA
species which are likely to result from residual transcrip-
tion termination events that continue to occur even upon
activation of the system under methionine-deprived con-
ditions. When combining these findings with the 5-RACE
data obtained for met operon mRNA 5'-end detection (see
above), we conclude that cleavage occurs at positions 388 *
389 and 417 » 418 of the met leader RNA, generating a 2-
nucleotide 3’ overhang that is typical for RNase III action
(Figure 3C). According to the structural probing data, the
identified cleavage site is located within the terminator stem
of the riboswitch which is in good agreement with the func-
tion of RNase III as ds-specific endoribonuclease (Figure
2B).

RNase III targets the terminator stem structure of the met
leader RNA. To further challenge the hypothesis of termi-
nator cleavage by RNase 11, we generated a series of mark-
erless chromosomally encoded S. aureus mutants carrying
alterations within the terminator/ antiterminator platform
and studied the effects of these mutations on met leader
RNA cleavage. In the first mutant, named Ter_mutated_1I,
we retained the terminator stem structure and the base-
pairing strength, but altered the terminator nucleotide se-
quence (Figure 5A). The structure of the Ter_mutated-1
met leader RNA was assessed by in-line probing, confirm-
ing presence of a terminator stem similar to that of the
wildtype (Figure 5B). Northern analysis of total RNA, iso-
lated upon growth with and without methionine, demon-
strates that met leader RNA cleavage is strongly impaired
in mutant Ter_mutated_1, resulting in enrichment of non-
cleaved 440 nt met leader RNA (Figure 5C). Next, we cre-
ated mutants (i) Ter_destab in which introduction of mis-
matches prevented terminator stem formation (Figure 5A
and B) as well as (i1)) mutant AAntiTer&Ter in which the
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entire antiterminator and terminator sequence stretch (nt
352 to 439) was deleted. Although the met leader is tran-
scribed (reflected by presence of multiple met leader RNA-
specific bands), precise met leader RNA cleavage is com-
pletely abolished in both mutants (Figure 5C). Of note, no
enrichment of non-cleaved stand-alone met leader RNA is
detectable in mutants Ter_destab and AAntiTer&Ter which
both lack the terminator stem structure (Figure 5C). Fi-
nally, when analyzing the mutants for met operon transcrip-
tion (using a metE-specific probe), mutant Ter_mutated_1
was unable to switch on downstream gene transcription
under methionine-deprived conditions, which is consistent
with an impaired T-box function in this mutant (Figure
5D). In mutants Ter_destab and AAntiTer&Ter, however,
met operon transcription was found to be activated inde-
pendent of methionine supply, reflecting deregulation of the
transcription control mechanism due to the lack of an effec-
tive transcription termination signal. From the combined
data we conclude that the terminator stem is a necessary
structure for met leader RNA degradation which, however,

also involves sequence specificity to initiate physical separa-
tion of the met leader from met operon mRNA.

Sequence constraints of met leader RNA terminator cleavage.
RNase 111 is known to target RNA helices of 20-25 bp in
size, with the homodimeric enzyme usually cleaving within
a GC-rich sequence motif thereby generating 3’-overhangs
of two nucleotides on the processed dsRNA products (38).
Previous in vitro studies demonstrated that the sequence
of the cleavage site itself is not required for recognition by
RNase II1 and its catalytic activity (39). Instead, nucleotides
outside the cleavage site, designated as proximal, middle
and distal protein-interacting boxes, were shown to be re-
quired for substrate recognition and cleavage (Figure SA)
(40). As shown in Figures 3-5, cleavage of the met leader
occurs between nucleotides 388 * 389 and 417 * 418, re-
spectively. To analyze putative sequence-specific constraints
for RNase III action on the met leader in vivo, three met
leader mutants (mutants Ter_mutated_2, 3 and 4) with point
mutations within or adjacent to the cleavage site were gen-
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Figure 5. Alteration of the terminator stem structure and influence on met leader cleavage. (A) Predicted secondary structures of terminator regions in
met leader RNAs of wild type and mutants “Ter_mutated_1" and “Ter_destab’. Point mutations introduced are highlighted in red, gray boxes indicate
regions interacting with RNase III dimers as described in (40), P: proximal, M: middle, D: distal box. Nucleotides engaged to form the T-box bulge in
antiterminator conformation (see also Figure 2B) are marked by asterisks (*). RNase III is depicted as pac-man. Position of RNase III cleavage site in
wild type met leader is indicated by a dashed line. (B) In-line probing gel sections of the terminator region of met leader wild type, “Ter_mutated_1’ and
‘Ter_destab’ RNA are shown. Position of guanosines (G) as in “Ter_destab’ is given on the left of each gel, annotations as in Figure 2A. (C) Total RNA
isolated from S. aureus Newman and the met leader mutants “Ter_mutated_1’, “Ter_destab’ and ‘AAntiTer&Ter’ grown in CDM with (‘+MET’) or without
methionine (‘—MET’) was run on a PAA gel. Northern blot was hybridized with a met leader-specific probe and subsequently re-hybridized with a 5S
rRNA-specific probe as loading control. (D) Total RNA same as in (C) was run on an agarose gel. Northern blot was probed with mezE-specific probe and
subsequently re-hybridized with a 16S rRNA-specific probe as loading control. Black arrowheads mark 3’ met mRNA transcripts.

erated (Figure 6A). Structural probing confirmed integrity
of the terminator stem structure (Figure 6B) and North-
ern analyses demonstrate that met leader RNA cleavage is
still detectable in all three mutants (Figure 6C). However,
in mutant Ter_mutated_3 (which carries three nucleotide ex-
changes), enrichment of non-cleaved met leader stand-alone
RNA species occurs, suggesting that RNase III-mediated

cleavage is diminished, but not completely abolished in this
mutant (Figure 6C). The data corroborate that the sequence
of the cleavage site itself is of minor importance for en-
donucleolytic processing by RNase III in vivo. Neverthe-
less, certain critical sequence constraints adjacent to the
cleavage site seem to exist which influence activity of the
enzyme.
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Figure 6. Sequence constraints of met leader RNA terminator cleavage. (A) Sequence and predicted secondary structure of terminator regions in met
leader RNAs of wild type and mutants “Ter_mutated_2’, ‘Ter_mutated_3" and ‘Ter_mutated_4’. Point mutations introduced are highlighted in red, gray
boxes indicate regions interacting with RNase III dimers as described in (40), P: proximal, M: middle, D: distal box. Nucleotides engaged to form the
T-box bulge in antiterminator conformation (see also Figure 2B) are marked by asterisks (*). Position of RNase III cleavage site in wild type met leader
is indicated by a dashed line. (B) In-line probing gel sections of the terminator region of met leader wild type, ‘Ter_mutated_2’, ‘“Ter_mutated_3" and
‘Ter_mutated_4° RNA are shown. Position of guanosines (G) as in ‘Ter_destab’ is given on the left and right of the gel, respectively, annotations as in Figure
2A. (C) Total RNA isolated from S. aureus Newman and the met leader mutants ‘Ter_mutated 2’, ‘“Ter_mutated_3” and ‘Ter_mutated 4’ grown in CDM
with (‘“+MET’) or without methionine (‘—MET’) was run on a PAA gel. Northern blot was hybridized with a met leader-specific probe and subsequently

re-hybridized with a 5S rRNA-specific probe as loading control.

Fate of met operon (metlCFE-mdh) mRNA and protein ac-
cumulation

Stability of the metICFE-mdh mRNA varies over the length
of the transcript. Highly structured 5 UTRs (such as
riboswitches) usually protect mRNAs from degradation.
The data obtained so far demonstrate that the met operon
mRNA exists as a transcript that lacks the riboswitch (after
met leader RNA cleavage) and which may undergo RNA
decay. To study the stability of the met operon mRNA we
performed rifampicin stability assays over the entire length
of the transcript by using specific probes that target the sin-
gle genes of the operon (Figure 7A-C). Figure 7B revealed
that hybridization with a metI-specific probe, located in the
5" portion of the transcript, resulted rather in a smear than
a clear band. Only at time point t0 (prior to rifampicin ad-
dition), a blurry metl-specific band of 1 kb in size was de-
tectable which, however, was highly instable as it was found
to be degraded already 0.5 min after transcription arrest by
rifampicin. Hybridization with a metC-specific probe, lo-
cated in the 5" portion of the transcript as well, did not re-
sult in any detectable signal (neither smear nor band). In

contrast, hybridization with metE- and mdh-specific probes
from the 3’-end of the operon revealed a fragment of ~4
kb in size (Figure 7B). Compared to metl, this metE/ mdh-
specific fragment was more stable as it was still detectable
four minutes after rifampicin-induced transcription arrest
(Figure 7B). The results of these experiments demonstrate
that the stability of the metICFE-mdh mRNA varies over
the length of the transcript with the 5'-portion being more
instable than the 3’ part of the operon.

The stable 3'-part of the met operon mRNA covers partly
metF as well as the complete metE and mdh genes. Next,
we further characterized the length and nature of the stable
4 kb met E/ mdh-specific fragment. Northern blot hybridiza-
tion with various probes revealed that the stable transcript
comprises the 3’ portion of metF as well as the metE and
mdh genes (Figure 7C and B). Size calculation and Northern
blot hybridization with a 5-metF probe (data not shown)
suggested that metF is only partly covered by the stable 4
kb transcript. Indeed, 5'-RACE experiments mapped the
majority of the 5-ends of the transcript to the 3’ portion
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c¢DNA synthesis. Transcripts characterized by 5'-RACE are depicted as wavy lines, dashed regions symbolize the range of detected 5" ends. The percentage

of each transcript group detected is given on the right.
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of metF (Figure 7D). As shown in Figure 7D, the 5" ends
span a wide range within metF which speaks against the
presence of a dedicated endoribonucleolytic cleavage site in
this region. Finally, by performing cRACE experiments, we
found the 3’ end of the stable 4 kb transcript to map 81 nu-
cleotides downstream of the mdh stop codon, demonstrat-
ing presence of a 3'-UTR in met operon mRNA (data not
shown). Together, the stable part of the met operon mRNA
spans a region between the 3'-metF, metE and mdh genes as
well as an 81 nt-long 3'-UTR.

RNase J is involved in metICFE-mdh mRNA decay. Next,
we were interested in identifying the RNase(s) involved in
the exonucleolytic degradation of the cleaved met operon
mRNA from the 5" end. The sole enzyme with known 5 to
3" exonuclease activity in S. aureus is RNase J (J1/J2). Al-
though the J1/J2 enzyme complex is not essential in S. au-
reus, generation of J1 and J1/J2 double mutants by classical
temperature-sensitive allele replacement vectors was noto-
riously difficult due to growth impairment of J1 mutants
at 42°C (22). Eventually, employing a novel temperature-
independent replacement vector allowed mutation of the
RNase J-encoding genes in a dedicated pyrimidine aux-
otrophic S. aureus background (i.e. strain S. aureus PRO1)
(22). For assessing the influence of RNase J on met operon
mRNA decay, we employed RNase J1 (ArnjA), J2 (ArnjB)
and J1/J2 (Arnj4/B) mutants obtained in S. aureus PRO1
(all kindly provided by Peter Redder). Initial experiments,
however, revealed that S. aureus PRO1 (for unknown rea-
sons) is unable to activate its own chromosomal met operon
upon methionine deprivation, making it impossible to study
met leader/ met operon decay directly in the PRO1 mutant
strains (data not shown). We therefore cloned the met leader
(under the control of its native promoter) along with the
adjacent 5'-region of metl onto a vector which was trans-
formed into S. aureus PRO1 wildtype as well as into the
three isogenic RNase J mutants (Figure 8A). Figure 8B
demonstrates that methionine deprivation indeed induces
met leader/ metl transcription from the vector (though
only at low level). In the S. aureus PRO1 wildtype back-
ground plasmid-derived metl-specific mRNA is not de-
tectable which is probably due to its rapid degradation (Fig-
ure 8B). In contrast, the metI-specific transcript is enriched
in the RNase J1 (ArnjAd), J2 (ArnjB) and J1/J2 (ArnjA/B)
mutants (Figure 8B). These data strongly suggest that the
RNase J1/J2 complex is involved in the degradation of met
operon mRNA by executing 5 to 3’ exonucleolytic cleavage
of the RNA.

Cleavage by RNase III facilitates met operon mRNA degra-
dation. Next, we asked the question whether or not RNase
I1I-mediated release of the mer leader might have an influ-
ence on degradation of the met operon mRNA from the
5’-end. As detection of full-length met operon transcripts
proved to be notoriously difficult (Figures 3 and 7), we fo-
cused on the stability of the very 5'-end of the met operon
mRNA and transformed the met leader/ 5’ metI plasmid
(described above) into S. aureus Newman and its isogenic
RNase I1I (rnc::pMUTIN; racgeplerea) mutant. Northern hy-
bridization using a 5" metl-specific probe (Figure 9A) re-
sulted in the detection of a larger (i.e. 970 nt) fragment

in the rncgepleted Mutant in comparison to the 550-nt band
present in the wildtype (Figure 9B). The fragment size in the
FRCdepleted Strain is in agreement with a non-cleaved plasmid-
derived met leader/ 5" metl transcript, confirming lack of
met leader RNA release in a rncgepleed background (Fig-
ure 9B). Importantly, the non-cleaved met leader/S metl
transcript becomes stabilized in the rncgepieted strain. Thus,
rifampicin stability assays revealed that, in the RNase I11-
proficient wildtype, processed 5" metl RNA is degraded af-
ter two minutes, while in the rncgepieted background the non-
cleaved met leader/5 metl transcript is still detectable after
eight minutes (Figure 9C). These data led us to conclude
that the met leader protects met operon mRNA from 5 to
3" exonucleolytic degradation. Cutting off the met leader
through RNase III, however, abolishes this effect and favors
degradation of the met operon mRNA.

Detection of met operon-encoded proteins. Next, we asked
the question of whether mRNA stability might influence
protein amounts or synthesis rates. Thus, we initially de-
termined intracellular proportions of met operon-encoded
Metl, MetC, MetF, MetE and Mdh enzymes by liquid
chromatography (LC)/mass spectrometry (MS) (Figure
10A). Relative protein quantification by LC-MS/MS anal-
ysis, performed in mid-exponential growth phase, identi-
fied MetE as the most abundant protein of the met operon-
encoded enzymes (69%), followed by Mdh (11%) and MetC
(10%). The least abundant proteins were MetF (4%) and
Metl (6%) (Figure 10A). As detectable cellular protein lev-
els are the result of available transcript amounts, translation
rate and protein degradation, we studied these processes
as well. First, we analyzed protein stabilities by measur-
ing the half-lives of the Met enzymes. For this purpose, we
performed a pulse experiment by combining stable isotope
labeling of amino acids (SILAC) with gel-free LC-MS/MS
analysis (41). The SILAC approach allows to differenti-
ate between ‘old” and ‘newly’ synthesized proteins accord-
ing to their respective isotope labels which are acquired
upon a shift to media containing either stable isotope la-
beled (heavy) or unlabeled (light) amino acids (Figure 10B).
In brief, following growth in CDM (without methionine,
but containing light arginine and lysine) to mid-exponential
phase, bacteria were washed with PBS to remove any light
amino acids and shifted to CDM containing heavy argi-
nine and lysine (label switch) (Figure 10B). Samples were
taken at different time points after the label switch (t0’, t15,
t30', t60" and t240') and analyzed by LC-MS/MS (Figure
10B, C). The label switch set a defined end-point of pro-
tein synthesis with light amino acids. Accordingly, proteins
synthesized after the label switch exclusively contain heavy
arginine and lysine residues. Hence, the label switch allows
monitoring the stability of light proteins accumulated prior
to the label switch thereby distinguishing them from newly
synthesized heavy proteins. As this approach only considers
proteins made prior to the switch, changes in transcription
and translation that might occur after the switch, will not in-
fluence the results of the half-life determinations. The exper-
iment revealed that, in contrast to its low abundance, Metl
displayed a striking long half-life of 7.2 h (Figure 10C).
Also Mdh, which exhibits a half-life of 8.2 h, is long-lived,
while stability of MetE is lower (half-life 4.8 h). Finally, the
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lowest half-life in this experiment was displayed by MetC
(i.e. 2.2 h) (Figure 10C). To investigate a putative direct in-
fluence of met operon mRNA stability on protein synthe-
sis, we next determined the synthesis rates of the Met en-
zymes. Thus, we again performed a SILAC experiment, but
now adding rifampicin to block further met operon tran-
scription after the label switch (Figure 10B). In this exper-
imental set up, Met enzymes will be exclusively translated
from transcripts made prior to transcription arrest, with
mRNA stability likely to influence protein synthesis rates.
As described above, accumulation of these newly synthe-
sized proteins can be readily monitored by measuring the
incorporation of heavy arginine and lysine residues after
the label switch (Figure 10B). Samples were taken before
and after rifampicin addition at different time points af-
ter the label switch and analyzed by LC-MS/MS (t0" and

t30") and Northern hybridization (t0’, t15" and t30") (Fig-
ure 10B&D). The latter confirmed immediate met operon
transcription arrest after the addition of rifampicin as only
traces of the stable metE-specific met operon mRNA were
detectable after 15 min (Figure 10D, right). From the LC-
MS/MS data we calculated the doubling times of the en-
zymes as a measure for the protein synthesis rates (Figure
10D, left). Among all Met enzymes, MetE and Mdh dis-
played the shortest doubling time (i.e.~30 min), reflecting
a high protein synthesis rate. Higher doubling times (and
accordingly lower protein synthesis rates) were recorded for
Metl and MetC (~70 min) as well as for MetF (150 min)
which displayed the lowest synthesis rate (Figure 10D, left).
As these data are commensurate to met operon transcript
stabilities, we conclude that varying mRNA degradation af-
fects translation and the resulting protein amounts, with the
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latter being further influenced by variations in protein sta-
bility and possibly other (so far) unknown factors.

DISCUSSION
met leader RNA secondary structure

Secondary structure determination revealed that the met
leader RNA indeed harbors all structural features known
from classical T-box riboswitches. By its size, however,
the element stands out from the majority of other T-
box riboswitches, including those with methionyl-tRNA
specificity (2,42). Interestingly, the met leader RNA T-
box riboswitch was previously shown to prefer interaction
with initiator-methionyl-tRNA over elongator-methionyl-
tRNA to activate the system (6). As both methionyl-tRNA
species possess a CAU anticodon to be recognized by
the specifier AUG codon, discrimination is likely to in-
volve additional structural features both on the tRNA and
met leader RNA side. tRNA structures usually recognized
by T-box-riboswitches comprise, in addition to the anti-
codon and the 3’ CCA sequence, the T- and D-arms which
form the tRNA elbow in canonical L-shaped tRNAs (10).
Sequence-specific differences between initiator- and elonga-
tor methionyl-tR NAs mainly exist in the D- and T-arms as
well as in the acceptor stems of these tRNA species. Co-
crystallization and NMR studies with glyQS and tyrS T-

box riboswitches demonstrate that the tRNA elbow and an-
ticodon stem closely interact with stem I of the T-box ri-
boswitch (10,43-46). In this dynamic interaction, the kink-
turn and hinge regions confer flexibility to stem I to enable
bending over the tRNA (10,11,47). Except for the missing
GA motif within the kink-turn, stem I of the met leader
is not particularly different from other T-box riboswitches,
suggesting similar structural interaction with methionyl-
tRNAs, but making it unlikely that stem I considerably con-
tributes to initiator/ elongator tRNA discrimination. The
role of the adjacent stem II and stem ITA/B pseudoknot
in T-box riboswitch function is still poorly understood, the
more so as the structures may even lack in some systems (i.e.
in glyQS) (9). Recent findings suggest that stem II bridges
and latches the otherwise weak AU-rich specifier codon—
tRNA anticodon interactions, making it dispensable for the
GC-rich glyQS riboswitch codons (48). This lateral stabi-
lization of the codon—anticodon interaction turned out to
be essential in T-box riboswitches of the ultrashort stem I
type, such as the ileS T-box riboswitch of Mycobacterium
smegmatis, compensating for the absence of the stem I plat-
form usually interacting with the tRNA elbow (49-51). It
is therefore tempting to speculate that the short stem II of
the met leader might be involved in the tRNA binding pro-
cess as well. At least for the g/yQS system, the linker re-
gion between stem I and stem III was suggested to play



a role in exact tRNA positioning by acting as a ruler to
monitor the tRNA length and overall shape (52,53). In-
terestingly, the additional stem-loops within the linker re-
gion seem to be specific for the staphylococcal MET-T-box
riboswitch, and it is well conceivable that they may play
a role in methionyl-tRNA interaction and discrimination.
Species-specific structural features contributing to differen-
tial tRNA selectivity have been previously described for the
S. aureus glyS T-box riboswitch, suggesting certain evolu-
tionary flexibility in T-box systems which might allow for
adaptation to distinct metabolic profiles of bacteria (54).
Finally, through the insertion of stems LI to LIII into the
linker region, the met leader becomes unusually long. In
concert with the specific structural features of the linker, it is
possible that the extended transcription time to synthesize
the long met leader might further facilitate correct recogni-
tion and positioning of the tRNA. Recent single-molecule
fluorescence resonance energy transfer (smFRET) studies
dissected tRNA/ T-box riboswitch interaction as a highly
dynamic process that proceeds in two steps, with the an-
ticodon being recognized first, followed by 3’-CCA bind-
ing through the T-box bulge (11). The latter step is accom-
panied by a conformational change of the distal part of
the T-box riboswitch to contact the tRNA (11). Postulat-
ing that tRNA binding is an induced-fit process that takes
place while the T-box riboswitch RNA is transcribed (55),
extended transcription time of the met leader may allow for
exact shape recognition and binding of the cognate tRNA.
However, in absence of three-dimensional stuctural data of
the met leader RNA (or any other MET-T-box riboswitch)
this is mere speculation at the moment. In general, T-box ri-
boswitches are increasingly recognized as promising targets
for anti-infective drugs to interfere with bacterial growth
(56-59). In that sense and in the light of the ongoing an-
tibiotic resistance crisis, detailed structural analyses of bac-
terial T-box riboswitches is certainly a worthwhile task.

RNase I1I mediates met leader RNA cleavage

Apart from the long linker region, the most striking struc-
tural feature of the met leader RNA was the identification
of a terminator stem that represents a target for cleavage by
RNase III (Figures 2B, 4A). This is rather unusual as bac-
terial riboswitch turnover is commonly associated with the
action of RNase P and RNase Y (36,37,60). The met leader
terminator stem comprises a helix of 23 bp which is above
the average length of terminator stems usually present in
other T-box riboswitches (including MET-T-box systems)
(2,42). RNase I1I requires double-stranded RNA stretches
of 20-25 bp for cleavage, and it is therefore reasonable to
suggest that the length of the stem in combination with
presence of a GC-rich region renders the terminator an
RNase III target (38,39). Lack of met leader RNA cleav-
age in mutants that are devoid of the terminator stem struc-
ture (Ter_destab, AAntiTer&Ter) or possessing a termina-
tor stem with an altered sequence (Ter_mutated_1) (Fig-
ure 5C) strongly support this hypothesis. In agreement with
our previous studies, met leader RNA was overabundantly
present also under methionine-rich conditions in which the
system is actually OFF. Indeed, in presence of methionine
no met operon expression took place while constitutive ba-
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sic transcription of the met leader occurred regularly under
all growth conditions. This is attributed to the somewhat
‘leaky’ CodY-mediated repression of the system which most
likely supports immediate activation of met operon tran-
scription when needed. As the prematurely terminated met
leader RNAs (‘stand-alone transcripts’) carry the termina-
tor stem, RNase III-driven cleavage and decay of the met
leader under methionine-rich conditions comes as no sur-
prise (Figures 3 and 5). However, met leader RNA cleavage
was also detected under methionine-deprived conditions
when met operon mRNA was transcribed upon antitermi-
nator formation and read-through into downstream met
operon genes (Figures 3-6). As antiterminator and termi-
nator are mutually exclusive structures, read-through tran-
scripts should actually lack the terminator stem as RNase
IIT target. However, our combined experiments clearly
speak in favor of terminator stem presence and RNase I11-
mediated cleavage of the read-through transcripts. Termi-
nator stem presence in read-through transcripts might be
explained by the high thermodynamic stability of the ter-
minator stem (free energy AG = —32.60 kcal/mol) which
is associated with its length and GC-richness (Figure 2B).
Formation of the antiterminator is likely to be transient as
it is the thermodynamically much weaker structure which
is only required to allow the RNA polymerase to pass the
distal expression platform of the T-box riboswitch to ac-
complish downstream gene transcription (8). At the same
time, immediate terminator stem formation in read-through
transcripts will release uncharged tRNAs from the T-box ri-
boswitch which will then be available for amino acid charg-
ing, once sufficient amounts of the cognate amino acid is
synthesized (8). In this respect, terminator stem formation
in met leader/ met operon read-through transcripts makes
sense.

RNase J mediates met operon mRNA decay

Cleavage of a (T-box) riboswitch by RNase I1I was a rather
unexpected finding of this study. Commonly, riboswitch
RNAs either remain attached to the mRNA or were shown
to be cleaved by RNase P or RNase Y (36,37,60). In B.
subtilis thrS, T-box riboswitch cleavage was found to occur
immediately upstream of the terminator stem, leaving the
structure as a protective element that stabilizes the mRNA
and prevents degradation (61). In contrast, in the S. au-
reus met leader/met operon system we found the terminator
stem to recruit RNase III to cleave off the met leader from
the met operon mRNA, thereby considerably destabilizing
the transcript (Figures 4 and 9). The data further show
that met operon mRNA degradation occurs from the 5'-
end (Figure 7), with the mRNA decay being accomplished
by RNase J (Figure 8), the sole enzyme known to date
in Gram-positive bacteria with 5 to 3’ exoribonucleolytic
activity (35). The RNase III cleavage removes the protec-
tive stem structure from the met mRNA and creates a 5’
monophosphate end that is prone to exonucleolytic degra-
dation. Unexpectedly, mRNA degradation was not equally
efficient over the length of the met/ CFE-mdh mRNA. Thus,
the 5 part of the transcript (encoding metl, metC and
the 5" part of metF) was more rapidly degraded than the
3’ end (covering the metF 3/, metE and mdh genes) (Fig-
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ure 7). The molecular background of these differences in
metICFE-mdh mRNA stability is currently not known. The
scenario, however, is reminiscent of previous findings in E.
coli and other bacteria showing that polycistronic mRNA
can undergo differential RNA decay, leaving some genes
within the operon more stable than others, with direct con-
sequences for protein expression levels (62-65). In this re-
spect, RNA decay was found to be regulated by mRNA sec-
ondary structures (62), and a recent study in S. aureus also
identified distinct structural elements within a staphylococ-
cal mRNA which influenced activity of RNase Y (66). It
is well conceivable that similar functional elements might
exist in the metICFE-mdh mRNA. However, preliminary
bioinformatic analysis of the transcript did not reveal suf-
ficient indications for that so far (data not shown). An-
other possibility to protect mRNAs from degradation is
their decoration with ribosomes during translation which
blocks access of RNases to cleavage sites within the RNA
molecule (62,67). In this context, codon bias (i.e. the un-
even use of synonymous codons in the genome) was shown
to play a critical role for translation and mRNA turnover
(68,69). Thus, rare codons are usually translated slower
which causes pausing of the ribosomes, leading to stabi-
lization of the mRNA by protecting the transcripts from
RNases (68). Indeed, when performing a codon usage anal-
ysis (by employing the graphical codon usage analyzer 2.0
(70)) we identified a stretch of rare codons located within
in the 3’ part of the metF gene (see Supplementary Figure
S3 for details). 5-RACE analysis showed that this region
covers the majority of 5’-ends of the stable 3’-end transcript
of the metICFE-mdh mRNA (Figure 7D). Thus, rare codon
usage and protection by ribosomes might be involved in sta-
bilization of the transcript towards the 3’-end. But, clearly
more experimental work is needed to substantiate this hy-
pothesis.

Met enzyme amounts are influenced by varying transcript and
protein stabilities

Cellular protein levels are determined by a number of fac-
tors such as transcript availability and translation rate as
well as by the stability of the synthesized protein. When
quantifying intracellular levels of the single Met enzymes,
we found considerable differences regarding relative pro-
tein amounts. Thus, enzymes engaged in the early steps of
methionine biosynthesis such as transsulfuration (executed
by Metl and MetC) are less abundant than MetE which
performs the final and decisive methylation step to convert
homocysteine into methionine, a reaction which is also in-
volved in essential SAM recycling (Figure 10A). MetE is
by far the most abundant protein encoded by the operon
(i.e. 69 %). The enzyme represents a cobalamin-independent
methionine synthase which, in E. coli, was described to be
100-fold less efficient than the cobalamin-dependent me-
thionine synthase MetH (71). Under methionine-deprived
conditions, MetE can account for up to 3% of total solu-
ble protein in E. coli to compensate for the low efficiency of
the enzyme (2,71,72). It is reasonable to suggest that staphy-
lococci may accumulate high intracellular MetE levels for
the same reason, for instance through stabilizing its mRNA.
Indeed, when determining the protein synthesis rates after
transcription arrest we found enzymes encoded towards the

stable 3’-end of the met operon mRNA (i.e. MetE, Mdh) to
have higher synthesis rates than those located at the insta-
ble 5’ end (i.e. Metl, MetC, MetF) (Figure 10D). However,
transcript stability and protein synthesis rates are not the
only factors influencing cellular protein amounts. In this re-
spect, protein degradation is another important checkpoint
and when determining the half-lives of the Met enzymes we
found significant differences regarding individual Met en-
zyme stabilities (Figure 10C). Thus, for example, Metl has
a long half-life (i.e. 7.2 h) and it is tempting to speculate
that this might compensate for localization of the metI gene
in the extremely short-lived 5’-portion of the transcript and
the low protein synthesis rate (Figure 10D). Interestingly,
not all of the enzymes encoded by the met operon seem to
follow such a clear relationship between gene position, syn-
thesis rate, protein stability and the detectable amount of
protein. For example, Mdh (a protein of so far unknown
function) which is encoded together with MetE in the sta-
ble 3’ transcript part, displays a similar protein synthesis
rate as MetE. Despite of this and a very long Mdh half-
life, the protein is by far less abundant than MetE (i.e. 11%
versus 69%) (Figure 10A, C, D). The combined data sug-
gest that transcript and protein stability are important, but
certainly not the sole factors that adjust enzyme amounts to
current metabolic requirements. Clearly, more future work
is needed to fully understand staphylococcal methionine
biosynthesis, for instance by addressing other regulatory
levels such as translation initiation, enzyme activities and
allosteric feedback control.

CONCLUSIONS

The strictly methionine-dependent and complex regulation
of de novo methionine biosynthesis, involving a hierarchical
string of regulatory cues, is probably due to the fact that
staphylococci lack important methionine recycling path-
ways. Staphylococci therefore avoid overproduction of this
metabolically costly amino acid. Coordinated mRNA de-
cay seems to significantly contribute to the control of the
pathway, thereby adding another layer of complexity to
this sophisticated regulatory network. From an evolution-
ary point of view it is remarkable that staphylococci are the
only genus among the Bacillales family to employ a T-box
riboswitch to control the pathway. Even more astonishing,
however, is the fact that this distinct MET-T-box riboswitch
has unique structural features that distinguish it both from
other methionyl-tRNA-specific systems as well as from T-
box riboswitches in general. Notably, the unique terminator
stem structure which renders this MET-T-box riboswitch
an RNase III target, seems to be the key structural fea-
ture that sparks subsequent RNA decay events. Revealing
the further details of this process, particularly regarding the
mechanisms that stabilize the metr operon mRNA towards
the 3’-end, are interesting future experimental tasks.
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