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ABSTRACT

Riboswitches are RNA elements that regulate gene
expression in response to their ligand. Although
these regulations are thought to be performed with-
out any aid of other factors, recent studies sug-
gested the participation of protein factors such as
transcriptional termination factor Rho and RNase
in some riboswitch regulations. However, to what
extent these protein factors contribute to the reg-
ulation was unclear. Here, we studied the regula-
tory mechanism of the flavin mononucleotide (FMN)
riboswitch of Corynebacterium glutamicum which
controls the expression of downstream ribM gene.
Our results showed that this riboswitch downreg-
ulates both ribM mRNA and RibM protein levels in
FMN-rich cells. Analysis of mRNA stability and chro-
matin immunoprecipitation—real-time PCR analysis
targeting RNA polymerase suggested the involve-
ment of the mRNA degradation and premature tran-
scriptional termination in this regulation, respec-
tively. Simultaneous disruption of RNase E/G and
Rho function completely abolished the regulation at
the mRNA level. Also, the regulation at the protein
level was largely diminished. However, some FMN-
dependent regulation at the protein level remained,
suggesting the presence of other minor regulatory
mechanisms. Altogether, we demonstrated for the
first time that two protein factors, Rho and RNase
E/G, play a central role in the riboswitch-mediated
gene expression control.

INTRODUCTION

Riboswitches are non-coding RNA elements that control
gene expression in response to cellular conditions. They are
typically composed of two functional domains, a ligand-
binding aptamer and downstream expression platform,
which is involved in the genetic control of associated genes

(1,2). Riboswitches are classified by their specific ligands;
more than 10 small molecule compounds ranging from
amino acids to coenzymes are known to act as ligands. A
ligand binding to the aptamer during and/or after tran-
scription leads to the formation of the ‘on’ or ‘off’ con-
formation of the expression platform region. In the past
decade, many riboswitches have been discovered, and their
molecular mechanisms of gene regulation have been exten-
sively studied (3). From these studies, two general mecha-
nisms, control of the translation initiation by an anti-Shine—
Dalgarno (SD) sequence and control of the transcription
termination by an intrinsic terminator, have been revealed.
In the case of control at the translational level, ligand bind-
ing typically promotes the sequestration of SD sequences by
anti-SD sequences, thus inhibiting ribosome binding to SD
sequences. Without a ligand, an anti-anti-SD sequence in
the aptamer domain base-pairs with an anti-SD sequence,
resulting in the liberation of the SD sequence and transla-
tion of the mRNA. In the transcription termination regu-
lation of riboswitches, a ligand bound to the aptamer typ-
ically facilitates the formation of a transcriptional termi-
nator stem in the expression platform and promotes pre-
mature transcription termination. In the absence of ligand,
the formation of a termination stem is inhibited by an anti-
terminator sequence in the aptamer domain, and transcrip-
tion elongates into the protein-coding region.

In contrast to these canonical mechanisms, recent stud-
ies suggested the participation of protein factors, such as
transcription termination factor Rho and RNase, in some
riboswitch-based gene regulations (4,5). In both cases, these
riboswitches are equipped with anti-SD sequences; there-
fore, ligand-dependent regulation is thought to be per-
formed at both the transcriptional and translational lev-
els. Thus the regulation pathways of riboswitches are more
complicated than had been thought. The redundant regula-
tion pathways in one riboswitch make it difficult to dissect
the relative contribution from either pathway in physiolog-
ical condition. Therefore, to what extent these protein fac-
tors contribute to the regulation is unclear. Also, in some
putative riboswitches, a lack of cis-acting elements such as
anti-SD sequences or the pair of intrinsic terminator and
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anti-terminator sequences suggests that protein factors like
Rho and RNase are involved in the function of these ri-
boswitches (3). However, regulatory mechanism of these ri-
boswitches has not been elucidated and reports that suggest
the participation of protein factors in riboswitch regulation
are limited in y-proteobacteria such as Escherichia coli and
Salmonella enterica (4,5). It is unclear if functional inter-
play between riboswitches and protein factors is widely dis-
tributed.

Corynebacterium glutamicum is a high-GC gram-positive
bacterium that is widely used for the industrial production
of amino acids, and it is expected to be a versatile biocata-
lyst for biofuels and biochemicals (6-10). In addition, this
non-pathogenic soil bacterium is of interest as a model or-
ganism for the Corynebacterineae, an Actinomycetales sub-
order that includes medically important pathogens such as
Corynebacterium diphtheriae and Mycobacterium tuberculo-
sis (11-13). With respect to the riboswitches of C. glutam-
icum, the existence of flavin mononucleotide (FMN), thi-
amin pyrophosphate, cobalamin, and S-adenosyl methio-
nine riboswitches has been predicted by comparative ge-
nomics or RNA-Seq analysis (14-16). Because the ligand
compounds of these riboswitches are used as cofactors for
many enzymes, establishing the fundamental characteristics
of the metabolic regulation of these cofactors is of great in-
terest.

Previously, we demonstrated that the expression of the
C. glutamicum ribM gene, which encodes riboflavin trans-
porter, is regulated by the FMN riboswitch (17). However,
an experimental evaluation of the mechanism has not been
performed. Here, we report that the FMN riboswitch of
C. glutamicum mainly controls ribM gene expression at the
mRNA level by regulating the action of two trans-acting
protein factors, Rho and RNase E/G. Also, we assessed
the relative contributions from either regulation pathways
in physiological condition. Although FMN riboswitch of
C. glutamicum has been thought to be controlled at trans-
lational level by anti-SD sequence from comparative ge-
nomics study (15), our results demonstrated that the reg-
ulation at the mRNA level by Rho and RNase E/G com-
prises the basis of this riboswitch regulation. These findings
revealed the physiological significance of regulation at the
mRNA level by protein factors in riboswitch-mediated gene
expression control. Also, our observations raise a question
about the control of many other riboswitches that have been
thought to be controlled by cis-elements.

MATERIALS AND METHODS
Media and growth conditions

E. coli was grown at 37°C in Luria-Bertani medium while
C. glutamicum was grown aerobically at 33°C with shaking
at 180 rpm. Media were supplemented with 50-p.g ml~! an-
tibiotics when necessary. For all analyses, 10-ml overnight
pre-cultures of C. glutamicum in A medium (18) was washed
twice with 10-ml minimal medium (BTM medium) (19), and
the cells were resuspended in BTM medium for subsequent
analysis. For all analysis, pre-cultured cells were inoculated
in 100-ml BTM medium supplemented with 1% glucose and
a limited (0.1 wM) or sufficient (1 wM) concentration of ri-
boflavin and grown to mid-log phase.
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Bacterial strains and plasmids

Strains and plasmids used in this study are listed in Sup-
plementary Table S1. Oligonucleotide primers used in this
study are listed in Supplementary Tables S2 and S3. A de-
tailed procedure of construction of strains and plasmids is
described in the ST MATERIAL AND METHODS (Sup-
plementary data).

Quantification of cytoplasmic FMN level

Cytoplasmic FMN levels were quantified as described pre-
viously (17).

Total RNA purification

After cultivation, cultures were mixed with an equal amount
of RNAprotect Bacteria Reagent (Qiagen) and incubated
for 5 min at room temperature. Cells were collected by cen-
trifugation (5 min, 6000 x g, 25°C) and stored at —80°C.
Cells were resuspended in 10-mg/ml lysozyme/TE buffer
and incubated for 1.5 h at 37°C. Total RNA was purified us-
ing NucleoSpin® RNA (MACHEREY-NAGEL) accord-
ing to the manufacturer’s instructions. Purified RNA was
further treated with DNasel (TaKaRa), ethanol precipi-
tated and suspended in water.

Northern blot analysis

A detailed procedure of northern blot analysis is described
in the SI MATERIAL AND METHODS (Supplemen-
tary data). Briefly, digoxigenin (DIG)-labeled anti-sense
RNA probes targeting the RFN element (RFN probe)
and ribM coding region (CDS probe) were used to de-
tect ribM mRNA. Sense strands of ribM RNA of differ-
ent lengths (157, 245 and 950 bases) were synthesized by
in vitro transcription and were used as an RNA molecular
weight marker. Total RNA purified from cultured cells and
synthesized sense-strand RNA were analyzed on a 1.25%
denaturing formaldehyde agarose gel followed by blotting
to nylon membrane. After the hybridization and washing,
hybridized RNA probes were detected using anti-DIG-AP,
Fab fragments, and CDP-star (Roche Applied Science).

Quantitative reverse transcription-polymerase chain reaction

Quantitative reverse transcription-polymerase chain reac-
tion (QRT-PCR) analysis was performed as described pre-
viously (20). Total RNA (20 ng) was used as a template for
analysis of the ribM, aceA and rneG genes, and 0.4 ng was
used for analysis of the 16S rRNA to generate cDNA and
for the subsequent PCR. Each qRT-PCR mixture (20 pl)
contained 500 nM each primer, 10-ul Power SYBR green
PCR Master Mix (Applied Biosystems) or FastStart SYBR
Green Master (Roche Applied Science), 8 units RNase in-
hibitor and 5 units murine leukemia virus reverse transcrip-
tase (Applied Biosystems). The primers used in these reac-
tions are listed in Supplementary Table S3. Reactions were
performed using the ABI 7500 Fast Real-Time PCR System
(Applied Biosystems) with the following cycle parameters:
one cycle of 50°C for 30 min and 95°C for 10 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 30 s. The 16S
rRNA result was used as an internal control.
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Quantitative analysis of RibM protein expression level

Relative expression level of RibM protein was measured by
western blot analysis as described previously (17). Strains
harboring a modified ribM gene encoding C-terminally
FLAG-tagged RibM protein were used. Briefly, cells were
disrupted by vigorous shaking with zirconia/silica beads
(BIO SPEC). After centrifugation to eliminate intact cells
and debris, the supernatant was collected as the cell-free
extract. Total protein in the soluble fraction of the cell-
free extract was determined by the Bio-Rad protein assay
(Bio-Rad Laboratories) using bovine serum albumin as a
standard. Cell-free extracts were analyzed on 12% poly-
acrylamide gels. After transfer to Immobilon-P polyvinyli-
dene fluoride membranes (Millipore), FLAG-tagged pro-
teins were detected with anti-FLAG M2 monoclonal an-
tibody (Sigma). Peroxidase-coupled anti-mouse IgG anti-
body was used as secondary antibody, and chemilumines-
cence reagents (GE Healthcare) were used to develop the
blots.

Semi-quantitative analysis of the relative RibM protein
level was conducted using cell-free extract of strain TK0S5
cultured with 1-uM riboflavin for 9 h as a standard (17).
A calibration curve was obtained using standard samples
containing different amounts of total soluble protein. The
calibration curve was used to estimate the RibM-FLAG ex-
pression content of samples. Relative expression levels of
RibM protein were calculated by normalizing values to that
obtained in —FMN cells of the AribA ribM-FLAG strain
(TKOS).

Analysis of mRNA stability by the Rifampicin chase assay

After cultivation to mid-log phase, 1-ml culture was mixed
with an equal amount of RNAprotect Bacteria Reagent (Qi-
agen) for a reference sample (0 min). Immediately after the
sampling of the reference sample, Rifampicin (Wako) was
added at 200 wg/ml, and samples were taken at 1, 2, 3, 4
and 6 min for strains with an intact rneG gene and at 1, 2, 4
and 8 min for the Arneg AribA rib M-FLAG strain (TK12).
After incubation for 5-15 min at room temperature, cells
were collected by centrifugation (5 min, 6000 x g, 25°C)
and stored at —80°C. The purification of total RNA and
gRT-PCR analysis was performed as described above.

Chromatin immunoprecipitation-PCR analysis targeting
RNA polymerase

The detailed chromatin immunoprecipitation (ChIP) proce-
dure is described in the ST MATERTAL AND METHODS
(Supplementary data). Briefly, C. glutamicum strains har-
boring the rpoC gene with a FLAG-tagged coding sequence
were grown to mid-log phase. Formaldehyde was added
to cross-link chromosomal DNA and RNA polymerase
(RNAP) complexes. Cross-linking was quenched by the ad-
dition of glycine, and cells were then collected. Cell disrup-
tion and genomic DNA shearing were conducted using a
Bioruptor UCD-250 (Cosmo Bio). After the preparation of
the cell-free extract, an aliquot was stored for the purifica-
tion of total genomic DNA sample. FLAG-tagged RNAP
cross-linked with chromosomal DNA fragments was im-
munoprecipitated using anti-FLAG M2 agarose (Sigma).

The total genomic DNA sample and ChIP DNA sample
were purified from the cell-free extract and immunoprecip-
itated fraction, respectively.

Reference DNA (4 ng) and 4-u.l ChIP DNA were used as
a template for qPCR analysis. Each qPCR mixture (20 pl)
contained 500 nM each primer and 10-p.1 FastStart SYBR
Green Master (Roche Applied Science). The primers used
in these reactions are listed in Supplementary Table S3. Re-
actions were performed using the ABI 7500 Fast Real-Time
PCR System (Applied Biosystems) with the following cycle
parameters: one cycle of 50°C for 2 min and 95°C for 10
min, followed by 40 cycles of 95°C for 15 s and 60°C for
30 s. Cycle threshold values were obtained using automated
settings and were used to calculate the concentration factor
and relative RNAP occupancies (see the legend of Figure
3).

Rho-function knock-down

The Rho-function knock-down system was developed
as described in the Supplementary data. C. glutamicum
strains carrying pCRC104 were grown to mid-log phase.
During cultivation, the expression of mutant Rho pro-
tein was induced for 3 h by 1-mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG).

RESULTS

Expression of ribM mRNA is increased under FMN-
depletion conditions

Previously, we demonstrated that the expression of RibM
protein is upregulated under FMN-depleted conditions
(17). Although translational regulation was predicted from
comparative genomics study (15), a prediction of the sec-
ondary structure of the C. glutamicum FMN riboswitch
suggested that a putative SD sequence forms a stem even
in the ligand-free state (Figure 1A). This prompted us
to examine whether the FMN riboswitch regulation is
controlled by some mechanism other than SD sequestra-
tion. Therefore, we carried out northern blot analysis us-
ing RNA probes for the RFN element (an aptamer re-
gion of FMN riboswitch; RFN probe) or RibM protein-
coding sequence (CDS probe) with RNA samples isolated
from C. glutamicum strain TK02 (AribA) (Figure 1B). Be-
cause ribA gene encodes bifunctional GTP cyclohydrolase
11/3,4-dihydroxy-2-butanone 4-phosphate synthase which
catalyzes the first step of riboflavin synthesis, a ribA disrup-
tant will not make FMN and it is therefore possible to bet-
ter control cellular FMN levels in this mutant. The cultiva-
tion of ribA disruptant to mid-log phase in the presence of a
limited (0.1 wM) concentration of riboflavin resulted in de-
creased cytoplasmic FMN levels without affecting growth.
In contrast, supplementing riboflavin at a sufficient (1 wM)
concentration rescued the cytoplasmic FMN level (Supple-
mentary Table S4). Thus, in this study, ribA4-deleted cells
cultured with limited and sufficient riboflavin concentra-
tions are called FMN-deprivation (—FMN) and FMN-rich
(+FMN) cells, respectively. Interestingly, northern analysis
showed that transcripts including the ribM coding region
were markedly increased in —FMN cells (Figure 1B, filled
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Figure 1. Predicted secondary structure of the FMN riboswitch and FMN-dependent regulation of ribM gene expression. (A) Prediction of the RNA
secondary structure of the FMN riboswitch of the C. glutamicum ribM gene. The structures of the RFN element (1-156 nt) and expression platform (157—
243 nt) in the presence of FMN were predicted based on reports from comparative genomics research (15) and RNA fold software (mfold version 3.2;
http://www.frontend.bioinfo.rpi.edu/applications/mfold/cgibin/rna-form1.cgi), respectively. The structure in the absence of FMN (upper right box) was
predicted by RNA fold software (mfold version 3.2). Nucleotides were numbered from the transcription start site, which is designated as ‘1°. The putative
SD sequence and the translation start codon are indicated in green and blue, respectively. Putative anti-SD and anti-anti-SD sequences are indicated in
red. Nucleotides that are mutated in the CAmut or SDcct strains are in gray boxes. (B) Northern blot analysis of 7ibM. Synthesized RNAs were used as a
molecular weight marker (lanes 1-3, 8 and 9). RFN (156 bases), 5’ untranslated region (UTR) (243 bases) and TSP-CDS (935 bases) RNA markers were
synthesized by T7 RNAP. Total RNAs from —FMN cells (lanes 4, 6, 10 and 12) and +FMN cells (lanes 5, 7, 11 and 13) of the AribA (lanes 4, 5, 10 and 11)
and AribA CAmut (lanes 6, 7, 12 and 13) strains were applied. RNA probes targeting the RFN element (left panel) and CDS of rib M (right panel) were
used. White arrowhead represents the transcript that corresponds to the length of the REN element. Filled arrowhead represents the transcripts including
the rib M coding region. (C) Relative expression levels of rib M mRNA (left) and RibM protein (right) in —FMN cells (white bars) and +FMN cells (black
bars) of the AribA rib M-FLAG (TKO05) and AribA CAmut rib M-FLAG (TKO06) strains. The strains are indicated along the horizontal axis (AribA4, TKOS5;
and CAmut, TK06). The values shown are means from at least three experiments and standard deviations.

arrowhead). This fragment is slightly longer than the con-
trol RNA and encompasses the nucleotides from the tran-
scription start site to the C-terminus of the RibM protein-
coding region (Figure 1B, lanes 3 and 9), indicating that the
RNA includes the entire ribM CDS with an untranslated
region. qRT-PCR was performed to compare the mRNA
expression level using primers targeting the rib M coding re-
gion (Figure 1C and Supplementary Table S5). The expres-
sion of ribM mRNA increased ~100-fold in —FMN cells.
These results were consistent with the increase of RibM pro-
tein. Interestingly, in northern analysis, although we did not
observe any signal with the CDS probe in +FMN cells (Fig-
ure 1B, lane 11), the RFN probe detected a short transcript
that corresponds to the length of the RFN element (Figure
1B, lane 5, open arrowhead), indicating that the regulation
of ribM gene expression is executed after transcription ini-
tiation.

We previously found that mutations in the aptamer re-
gion of the FMN riboswitch lead to constitutive expres-
sion of RibM protein (17) and referred to these muta-
tions as constitutive active mutation (CAmut). When the
AribA CAmut strain (TKO07) was analyzed, northern anal-
ysis showed the presence of similar signals between —FMN
and +FMN cells; this pattern resembles that of —FMN cells

of the intact FMN riboswitch strain (Figure 1B). Thus, reg-
ulation at the mRNA level was abolished by CAmut. The
signal intensity was slightly decreased in the CAmut strain,
and the decreased rib M mRNA level was also confirmed by
gRT-PCR analysis (Figure 1C). The origin of this slight de-
crease is discussed below.

RNase E/G-dependent degradation of ribM mRNA con-
trolled by the FMN riboswitch

Since the steady-state mRINA level is controlled by the bal-
ance between de novo synthesis and degradation, decreased
mRNA level in +FMN cells suggests that synthesis and/or
degradation efficiency is changed in response to cytoplas-
mic FMN level. To examine whether ribM mRNA degra-
dation is enhanced in +FMN cells, ribM mRNA stabil-
ity was measured in —FMN and +FMN cells of AribA
ribM-FLAG strain (Figure 2A). As expected, the ribM
mRNA decay was accelerated in +FMN cells. This sug-
gests that the decrease of the steady-state rib M mRNA level
in +FMN cells is attributed to the destabilization of ribM
mRNA. To evaluate the role of RNase in the modulation of
ribM mRNA stability, we attempted to disrupt the RNase
gene. In E. coli, RNase E is a primary endoribonuclease in
mRNA decay (21). In the C. glutamicum genome, there is
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Figure 2. Involvement of RNase E/G in rib M mRNA stability regulation.
(A) The ribM mRNA stability in +FMN cells (filled symbols) and —-FMN
cells (open symbols) of the AribA rib M-FLAG (circles) and ArneG AribA
ribM-FLAG (diamonds) strains. The values shown are means from at least
three experiments and standard deviations. (B) Relative expression levels of
ribM mRNA (left) and RibM protein (right) in —FMN cells (white bars)
and +FMN cells (black bars) of the AribA ribM-FLAG (TKO05), ArneG
AribA ribM-FLAG (TKO09) and AribA SDcct rib M-FLAG (TKO08) strains.
The strains are indicated along the horizontal axis (AribA, TKO0S; ArneG
AribA, TK09; and SDcct, TK08). The values shown are means from at
least three experiments and standard deviations. (C) Northern blot analysis
of ribM. Synthesized RNAs are used as a molecular weight marker (lanes
1 and 8). Total RNAs from —FMN cells (lanes 2, 4, 6, 9, 11 and 13) and
+FMN cells (lane 3, 5, 7, 10, 12 and 14) of the AribA (lanes 2, 3, 9 and
10), ArneG AribA (lanes 4, 5, 11 and 12) and Arho AribA (lanes 6, 7, 13
and14) strains were applied. Anti-sense RNA probes targeting the RFN
element (left panel) and CDS of rib M (right panel) were used. Arrowheads
represent the transcripts increased in the r/o disruptant.

one RNase E homolog (rneG), and its gene product, RNase
E/G, has been reported to degrade mRNA (22). There-
fore, we analyzed ribM mRNA stability in the rneG dis-
ruptant. The stability was markedly increased with the dis-
ruption of the rneG gene in +FMN conditions, while the
effect of rmeG disruption was very small in —FMN cells
(Figure 2A). Consequently, FMN-dependent regulation of
rib M mRNA stability was abolished in the rneG disruptant.
The results in the AribA strain that neither the stability of
known RNase E/G target (aceA mRNA) (22) nor the rneG
mRNA level was modulated by cytoplasmic FMN level
ruled out the possibility that RNase E/G activity was de-
creased in —FMN cells (Supplementary Figure S1). These

results suggest that RNase E/G specifically degrades the
FMN-bound form of ribM mRNA. Consistent with this,
a 6-fold increase in the steady-state level of ribM mRNA
was observed in rneG-deleted cells under +FMN conditions
but not under —FMN conditions by qRT-PCR (Figure 2B
and Supplementary Table S5). However, a large part of the
FMN-dependent regulation of rib M mRNA remained. In-
deed, in northern blot analysis, the signal in +FMN cells
was undetectable even in the rneG disruptant (Figure 2C,
lane 12). Unexpectedly, in contrast to the mRNA level, the
RibM protein level in +FMN cells was not increased by
rneG deletion. Instead, the RibM protein level in —FMN
cells was slightly decreased with rneG deletion (Figure 2B).
Thus, RNase E/G clearly takes part in the FMN riboswitch
function. However, regulation at both the mRNA and pro-
tein levels remained in the rneG disruptant.

In E. coli, a translating ribosome lowers the accessibil-
ity of the RNA degradosome to the mRNA, resulting in
increased mRNA stability (23). To examine whether the re-
duction in mRNA level in +FMN cells is a secondary ef-
fect of the decreased translation efficiency, a putative SD
sequence of the ribM gene (AGGGGA) was mutated to
AGGCCT to lower the ribosome affinity (SDcct mutant).
As expected, the mutations markedly decreased the RibM
protein level, which could not be detected even in —FMN
cells (Figure 1C, less than 0.002-fold compared with the
intact SD strain). However, in contrast to protein levels,
ribM mRNA levels of the SDcct strain were nearly iden-
tical to those of the intact SD strain in both +FMN and
—FMN cells (Figure 2B and Supplementary Table S5) and
decay of ribM mRNA was only slightly accelerated by SD
mutations under —FMN conditions (Supplementary Fig-
ure S2A). This slight difference in ribM mRNA stability is
probably due to the stabilization effect by efficient transla-
tion which occurs only in intact SD strain. Absence of such
difference in +FMN conditions suggests that translation
is inhibited in +FMN cells of intact SD strain. These re-
sults imply the existence of FMN-dependent translation in-
hibition. In the CAmut strain, mRNA stability control was
not observed, and the stability was almost the same as that
of —FMN cells of the intact FMN riboswitch strain (Sup-
plementary Figure S2B). These results are consistent with
the hypothesis that the regulation of rib M mRNA stability
depends on the FMN-dependent conformational change.
Also, the result that CAmut did not destabilize ribM mRNA
indicates that the decreased mRNA level in the CAmut
strain (Figure 1B and C) is not due to the altered mRNA
stability caused by the mutations.

Premature transcriptional termination occurs in +FMN cells

The results presented thus far imply the presence of ribM
gene regulatory mechanisms other than mRNA degrada-
tion. In riboswitch-based gene regulation, the control of
premature transcriptional termination is one of the gen-
eral mechanisms. To test the possibility that premature tran-
scriptional termination occurs in +FMN cells, we com-
pared the transcription elongation efficiency of +FMN and
—FMN cells. For this purpose, we measured the amount of
ribM gene DNA fragment purified by ChIP with RNAP. Be-
cause the occupancy of RNAP on specific genome regions



is correlated with the transcription efficiency of the region
(24), this analysis enables us to clarify whether the tran-
scription efficiency is modulated in ribM. Using the AribA
rpoC-FLAG strain, DNA associated with RNAP in vivo
was co-immunoprecipitated, and the amount of purified
DNA was measured by quantitative PCR (qPCR). To mon-
itor the local occupancy of RNAP within the rib M gene, five
primer pairs were designed (Figure 3A). The results were
normalized to the RFN1 region to compare the transcrip-
tion elongation efficiency. In —FMN cells, RNAP occupan-
cies were constant throughout the entire coding region of
ribM, indicating that most transcription elongated to the
end of the ribM gene, as expected. In contrast, in +FMN
cells, RNAP occupancies in the coding region decreased to
40-60% that of the RFNI region (Figure 3B). These re-
sults strongly indicate that premature transcription termi-
nation occurs selectively in +FMN cells. In the AribA CA-
mut 7poC-FLAG strain (TK14), we expected that RNAP
occupancies in the coding region would not be decreased
even in +FMN cells and that FMN-dependent regulation
of RNAP occupancies would be abolished because CAmut
fixes the conformation of the FMN riboswitch in the ‘on’
state. Unexpectedly, RNAP occupancies in the CDS de-
creased in —FMN cells of the CAmut strain. These results
suggest that mutations in the RFN element may raise some
termination sites or transcription pausing sites that enhance
termination events, which leads to the decreased expression
of ribM mRNA in CAmut strain (Figure 1C). However, we
also observed FMN-dependent regulation of RNAP occu-
pancies being abolished by CAmut (Figure 3C). These re-
sults suggest that the FMN-dependent response of RNAP
elongation depends on an FMN-dependent conformational
change of the FMN riboswitch.

Rho-factor contributes to the FMN riboswitch-mediated con-
trol of transcription elongation

To test the possibility that Rho-factor is involved in the pre-
mature transcriptional termination observed in ribM, we
performed ChIP-qPCR analysis in the rho disruptant (Fig-
ure 3D). In —FMN cells, RNAP occupancies in the cod-
ing region were similar to those in the RFNI1 region, as
observed in the rho-intact strain (Figure 3D). However, in
contrast to the rho-intact strain, deletion of the r/o gene re-
sulted in RNAP occupancies in the protein-coding region
that were more than 70% of those of the RFN1 region in
+FMN conditions (Figure 3D). Thus, the FMN-dependent
decrease of RNAP occupancies was partially relieved by
deletion of the rho gene. This result strongly indicates that
Rho-factor contributes to the premature transcription ter-
mination of ribM in +FMN cells.

Then we assessed the effect of rho disruption on ribM
gene expression. In —FMN cells of the rho gene disrup-
tant, in addition to the ribM transcript detected in the
AribA strain, longer transcripts were detected (Figure 2C,
lanes 13 and 14, open arrowheads). This suggests that Rho-
dependent transcription termination occurs at the end of
the ribM gene and that the disruption of the rho gene di-
minished termination at the proper site. Interestingly, rib M
transcripts were also detected in +FMN cells, indicating
that expression of rib M mRNA was increased by rho disrup-

Nucleic Acids Research, 2015, Vol. 43, No. 1 525

translati
ranslation cos

FMN riboswitch ribM_CDS
1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900

A REN1,2 CDS2 Cterm

|
-300 -200 1

B 1.4 C 1.4
g 1.2 ¢ 1.2} [} D-FMN_W+FMN
o 14 o 1
2 0.81 2038
Z 0.61 Z06 I
4
3 0.44 <z 0.4
X 0.24 @ 0.2
0 0
RFN1 RFN2 CDS CDS2 Cterm
D E
1.4 & 2 {ribMmRNA | RibM protein |
$1.2 @ O-FMN ®+FMN T
o 1 015
o (%
3o -
o T0.5
<04 2054 —
x 0.2 0
0

AribA ~ Arho | AribA ™ Arho
AribA AribA

RFN1 RFN2 CDS CDS2 Cterm
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riboswitch function. (A) Schematic of targets of ChIP-qPCR analysis. A
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Relative RNAP occupancies (Rel. RNAP Occ.) at each target region (hor-
izontal axis) in —FMN (white bars) and +FMN (black bars) cells of the
AribA rpoC-FLAG (TK13) (B), AribA CAmut rpoC-FLAG (TK14) (C)
and Arho AribA rpoC-FLAG (TK15) (D) strains. The values shown are
means from at least three experiments and standard deviations. (E) Rel-
ative expression levels of ribM mRNA (left) and RibM protein (right) in
—FMN cells (white bars) and +FMN cells (black bars) of the AribA rib M-
FLAG (TKOS) and Arho AribA ribM-FLAG (TK17) strains. The strains
are indicated along the horizontal axis (AribA, TKO05; and Arho AribA,
TK17). The values shown are means from at least three experiments stan-
dard deviations.

tion in +FMN conditions (Figure 2C, lane 14). Quantita-
tive analysis showed that, in +FMN cells, disruption of the
rho gene increased both the mRNA and protein levels more
than 10-fold, while in —FMN cells, no such increase was ob-
served (Figure 3E and Supplementary Table S5). To test the
possibility that rho gene expression is increased in +FMN
cells, leading to enhanced transcription termination, we ex-
amined the expression level of Rho protein (Supplementary
Figure S3). Western blot analysis showed that the expres-
sion level of Rho protein decreased rather than increased
in +FMN cells (Supplementary Figure S3, lanes 3 and 4).
Although the cause of this decrease is unclear, this result
rules out the possibility. Taken together, these results indi-
cate that Rho selectively recognizes the FMN-bound form
of the FMN riboswitch and terminates transcription.

Inhibition of Rho function in the ArneG strain completely
abolished the FMIN-dependent regulation of ribM mRNA

The results presented thus far indicated that both RNase
E/G and Rho contribute to FMN riboswitch-dependent
regulation of ribM gene expression. These observations
prompted us to construct double deletion mutant of rneG
and rho. However, we could not obtain such a strain, prob-
ably owing to a synthetic lethal effect. Therefore, we de-
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veloped a Rho-function inhibition system in which Rho
function is inhibited by overexpressing a dominant-negative
mutant of Rho protein (see SI and Supplementary Fig-
ure S3). Although the effect of the knock-down of Rho
function (RhoKD) on ribM gene expression is smaller to
that of rho gene deletion (Figures 3E, 4B and Supplemen-
tary Table S5), signals in northern blot analysis of +FMN
cells were detected in the RhoKD strain (Figure 4A, lanes
10 and 12). In accordance, qRT-PCR analysis showed that
RhoKD had 10-fold increased rib M mRNA expression in
+FMN cells but not in —FMN cells (Figure 4B and Sup-
plementary Table S5). Similar effects were also observed in
RibM protein expression levels. Then, we tested the effect
of rneG gene deletion in the RhoKD background. Dele-
tion of the rneG gene diminished the differences in the pat-
terns of northern blot signals between +FMN and —FMN
cells. Although the signal intensities seems slightly stronger
in +FMN cells than in —FMN cells (ratio of signal inten-
sity of whole lane was 1:1.5 (lane 13:lane 14)), qRT-PCR
analysis showed that simultaneous disruption of the rneG
gene and Rho function almost completely diminished the
FMN-dependent regulation of rib M mRNA levels (Figure
4B). These results strongly indicate that FMN-dependent
regulation of rib M mRNA was mainly controlled by RNase
E/G and Rho. In addition to these observations, northern
blot analysis revealed that a signal corresponding to the
size of the ribM gene was decreased in the ArneG AribA
RhoKD strain (Figure 4A, gray arrowhead). Instead, a
strong signal was observed at ~3 kb (Figure 4A, filled ar-
rowhead). Although the signal intensity was weak, a band
with similar mobility was observed in —FMN cells of the
Arho AribA strain (Figure 2C, lane 13). These results sug-
gest that longer transcripts produced under Rho-function-
deficient conditions were processed by RNase E/G. With
respect to the short fragment corresponding to the size of
the RFN element observed in +FMN cells (Figure 4A, open
arrowhead); although the signal was markedly diminished
by the simultaneous disruption of rneG and Rho function,
a band with the same mobility was detected in the ArneG
AribA RhoKD strain. Some exoribonucleases may work af-
ter FMN-dependent premature transcription termination
by Rho and/or FMN-dependent cleavage by RNase E/G.
With respect to the RibM protein level in +FMN cells,
as expected, deletion of the rneG gene increased RibM ex-
pression about 2-fold in the RhoKD background (Figure
4B and Supplementary Table S5). This result indicates that
RNase E/G-dependent degradation of ribM mRNA con-
tributed to the repression of RibM protein expression in
+FMN cells. In contrast, in —FMN cells, deletion of the
rneG gene in the RhoK D background decreased RibM pro-
tein expression to about one-third the level in rneG-intact
cells (Figure 4B). This result is similar to that observed in
strains harboring intact Rho function (Figure 2B). Con-
sidering that ribM mRNA levels in —FMN cells were not
changed as a result of rneG deletion, the translational effi-
ciency may be decreased in ArneG strains. Although further
investigations are required to uncover the role of RNase
E/G, differences in the RibM protein expression level in
+FMN and —FMN conditions were considerably reduced
with the simultaneous disruption of Rho function and the
rneG gene, indicating these two factors plays a key role in

the FMN riboswitch function in C. glutamicum. Besides
these mechanisms regulating the mRNA level, minor FMN-
dependent regulation of the RibM protein level remained
even in the absence of regulation at the mRNA level, im-
plying the existence of translational regulation of this ri-
boswitch (Figure 4B).

DISCUSSION

With respect to the relationship between the translation ef-
ficiency and mRNA stability, many studies reported (23)
that ribosome association with mRNA for translation pre-
vents the mRNA from RNase attack, resulting in increased
stability. Conversely, when translation is prematurely termi-
nated by a non-sense mutation or amino-acid starvation,
the untranslated region of RNA is degraded more rapidly
than that being translated. Similar phenomena have been
observed in some riboswitches that operate at the transla-
tional level. In the vitamin B12 riboswitch of the E. coli btuB
gene, sequestration of the SD sequence occurs in response
to its ligand, adenosylcobalamin (25). A precise analysis us-
ing a reporter system demonstrated that the inhibition of
translation initiation by ligand binding is accompanied by
a decrease in mRNA stability. Thus, ribosome-free RNA
is subjected to ribonuclease-dependent degradation (25,26).
A similar consequence was observed in the THI-box ri-
boswitch of thiM (4,27). In both cases, it is thought that the
modulation of mRNA stability is a secondary effect of the
translational regulation.

In this study, we demonstrated that the FMN riboswitch
of C. glutamicum ribM also decreased the stability of rib M
mRNA in an FMN-dependent manner. However, it should
be noted that this riboswitch is essentially different from
that of btuB and thiM because the FMN-dependent reg-
ulation of ribM mRNA stability occurred even in strains
with defective translation (Supplementary Figure S2A). Al-
though the inhibition of translation slightly decreased the
ribM mRNA stability in —FMN cells, the effect was too
small to affect the steady-state level of ribM mRNA (Fig-
ure 2B). Analysis using an rneG disruptant showed that the
deletion of rneG eliminated the FMN-dependent regulation
of ribM mRNA stability, demonstrating the importance of
RNase E/G in the regulation of mRNA stability (Figure
2A). From these observations, we conclude that the FMN
riboswitch of C. glutamicum ribM directly controls the sta-
bility of mRNA in response to its ligand. This situation is
similar to that of the lysine riboswitch of E. coli lysC. It has
been recently reported that, in addition to translational reg-
ulation, the /ysC riboswitch directly controls mRNA stabil-
ity by altering the accessibility to the degradosome in re-
sponse to lysine (4). Thus, the ribM and lysC riboswitches
may utilize a similar mechanism to control mRNA stability.
However, the effect of mRNA stability control on the reg-
ulation of the protein expression level is different between
the ribM and lysC riboswitches. In the lysC riboswitch, the
deletion of the RNase E cleavage site had only minor effects
on the ligand-dependent regulation of translational fusion.
In contrast, in the ribM riboswitch, the deletion of rneG
in RhoKD conditions impaired the regulation not only of
mRNA but also of RibM protein (Figure 4B). This result re-
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vealed the importance of rib M mRNA stability control by
RNase E/G in the regulation of RibM protein expression.

The control of transcription termination is one of the
general mechanisms of many of the riboswitches discov-
ered to date. A previous comparative genomics study pre-
dicted that ~40% of riboswitches analyzed use ligand-
dependent sequestration of an intrinsic transcription termi-
nator to regulate downstream gene expression (28). In addi-
tion to these predictions, the experimental demonstration of
ligand-dependent transcription termination has also been
reported for many riboswitches since their discovery (29—
31). These analyses were performed using an in vitro tran-
scription assay, and they demonstrated that ligand bind-
ing facilitates premature transcription termination. In this
study, we performed RNAP-ChIP-qPCR analysis instead
of in vitro transcription analysis to examine if premature
transcription termination occurs in ribM (Figure 3B-D).
Although this analysis cannot rule out the possibility that
some factors other than the riboswitch or ligand are in-
volved, this method has the advantage that the results ob-
tained reflect the transcription efficiency in vivo. Using this
analysis, we succeeded in demonstrating that the FMN ri-
boswitch induces transcription termination in response to
its ligand more directly than has been reported.

We also confirmed that Rho is involved in this termina-
tion regulation under +FMN conditions. The involvement
of Rho-factor in the riboswitch function was suggested re-
cently (5). Using in vitro transcription analysis, the authors
clearly revealed that the magnesium riboswitch of S. enter-
ica and the FMN riboswitch of E. coli control the Rho-
dependent termination independent of translation. They
also tested the effect of Rho inhibition on reporter gene
expression in vivo using transcriptional fusion construct.
However, the physiological significance of Rho-dependent
termination on target gene expression control remains ob-
scure because it is possible that these riboswitches primar-

ily control translation initiation to regulate downstream
gene expression (15,32). In the present study, we demon-
strated that disrupting the rfo gene increased the transcrip-
tion elongation efficiency under + FMN conditions (Figure
3B and D). We also demonstrated that disruption of Rho
function increased ribM mRNA level only under +FMN
conditions (Figures 3E and 4B). Together with the result
that Rho expression was not increased in + FMN cells (Sup-
plementary Figure S3), these results indicate that Rho mon-
itors the FMN-dependent conformational change in the
FMN riboswitch and selectively terminates transcription
in the presence of FMN. Furthermore, our results show
that disruption of Rho function significantly increases the
RibM protein level in addition to the ribM mRNA level.
These results strongly indicate that Rho-dependent termi-
nation practically participates in FMN riboswitch-based
ribM gene expression control. Taken together, this is the
first assessment of the physiological significance of Rho-
dependent termination in gene expression control by a ri-
boswitch.

Although our results suggested that both RNase E/G
and Rho monitor the FMN-dependent conformational
change of FMN riboswitch, the precise locations of Rho-
dependent termination site(s) and RNase E/G cleavage
site(s) were not determined. Probably these sites are lo-
cated in expression platform and would be exposed in the
presence of FMN as reported in other riboswitches previ-
ously (4,5). Structure-probing assay together with in vitro
transcription/cleavage assay using various mutant DNA
templates or RNAs is required to determine the accurate
site(s).

A previous comparative genomics study predicted that
most riboswitches of bacterial groups other than Firmicutes
and Fusobacterium are controlled at the translational level
(28). However, recent findings in y-proteobacteria that sug-
gested the participation of protein factors such as RNase
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or transcription termination factor Rho in these riboswitch
functions raise the question about the generalization of
these situations (4,5). In this study, we demonstrated that
the FMN riboswitch of C. glutamicum ribM mainly con-
trols ribM mRNA by using Rho and RNase E/G to regu-
late RibM protein expression. This observation not only re-
vealed that the interplay between the riboswitch and protein
factors is not confined to y-proteobacteria but also raised
a question about the control of many other riboswitches
that have been thought to be controlled by cis-elements.
In addition, recent studies in Sinorhizobium meliloti (a-
proteobacteria), Treponema denticola (spirochaeta) and
Streptomyces griseus (actinobacteria) have shown that ri-
boswitches lacking an obvious intrinsic transcription ter-
minator sequence seem to be controlled at the mRNA level
(33-35). Our observations suggest that these riboswitches
would utilize some protein factors as the FMN riboswitch
of C. glutamicum ribM. Taken together, the participation
of protein factors in riboswitch function would be a widely
distributed mechanism.

One interesting observation is that the FMN riboswitch
of C. glutamicum ribM utilizes both Rho and RNase E/G
for its regulation. This is the first example of a riboswitch
that employs two trans-acting protein factors acting in
mRNA metabolism. Both Rho and RNase E/G act in
mRNA metabolism but in different pathways. Although
FMN is a key effector, the use of these protein factors
would render the FMN riboswitch responsive to physiolog-
ical states other than the FMN concentration. For example,
in E. coli, it is speculated that Rho activity is unlocked from
inhibition by the RNA chaperone Hfq in response to amino
acid starvation via RelA protein-dependent Hfq oligomer-
ization (36-38). Although these observations were made in
E. coli and C. glutamicum does not have a homolog of /fq,
we can speculate that some signals cause Rho activity to
be inhibited, leading to an increased expression of RibM
protein in C. glutamicum. On the other hand, our results of
the rho disruptant showed FMN-dependent regulation of
ribM expression probably owing to RNase E/G and trans-
lational regulation (Figure 3E). Thus, redundancy in regu-
latory pathways might not only expand the diversity of ef-
fectors but also ensure the regulation under various growth
conditions. Furthermore, it should be noted that the dy-
namic range of the rib M FMN riboswitch gene regulation is
relatively large compared with other riboswitches (Supple-
mentary Table S6). By using two factors that act in differ-
ent pathways, this riboswitch has a relatively large dynamic
range of regulation.
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