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ABSTRACT Corynebacterium glutamicum has been applied for the industrial produc-
tion of various metabolites, such as amino acids. To understand the biosynthesis of
the membrane protein in this bacterium, we investigated the process of signal rec-
ognition particle (SRP) assembly. SRP is found in all three domains of life and plays
an important role in the membrane insertion of proteins. SRP RNA is initially tran-
scribed as precursor molecules; however, relatively little is known about its matura-
tion. In C. glutamicum, SRP consists of the Ffh protein and 4.5S RNA lacking an Alu
domain. In this study, we found that 3’-to-5" exoribonuclease, polynucleotide phos-
phorylase (PNPase), and two endo-type RNases, RNase E/G and YbeY, are involved in
the 3’ maturation of 4.5S RNA in C. glutamicum. The mature form of 4.5S RNA was
inefficiently formed in ArneG Apnp mutant cells, suggesting the existence of an al-
ternative pathway for the 3’ maturation of 4.5S RNA. Primer extension analysis also
revealed that the 5 mature end of 4.5S RNA corresponds to that of the transcrip-
tional start site. Immunoprecipitated Ffh protein contained immature 4.5S RNA in
Apnp, ArneG, and AybeY mutants, suggesting that 4.5S RNA precursors can interact
with Ffh. These results imply that the maturation of 4.5S RNA can be performed in
the 4.5S RNA-Ffh complex.

IMPORTANCE Overproduction of a membrane protein, such as a transporter, is use-
ful for engineering of strains of Corynebacterium glutamicum, which is a workhorse
of amino acid production. To understand membrane protein biogenesis in this bac-
terium, we investigated the process of signal recognition particle (SRP) assembly.
SRP contains the Ffh protein and SRP RNA and plays an important role in the mem-
brane insertion of proteins. Although SRP RNA is highly conserved among the three
domains of life, relatively little is known about its maturation. We show that PNPase,
RNase E/G, and YbeY are involved in the 3’ maturation of the SRP RNA (4.5S RNA) in
this bacterium. This indicates that 3’ end processing in this organism is different
from that in other bacteria, such as Escherichia coli.

KEYWORDS signal recognition particle (SRP), RNA processing, RNase E/G, PNPase,
YbeY, Corynebacterium glutamicum

he signal recognition particle (SRP) and its receptor are universally conserved,

essential cellular machinery found in all three domains of life. SRP and its receptor
catalyze the cotranslational targeting of membrane and secretory proteins (1). Eukary-
otic SRP contains six proteins and a 300-nucleotide (nt) RNA (7SL RNA) (2). A 54-kDa
protein subunit that binds to signal sequences and that is part of the 7SL RNA forms the
core of the eukaryotic SRP (2). In contrast, bacterial SRP is much simpler than its
eukaryotic counterpart, consisting of one protein named Ffh (fifty-four homolog) and
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SRP RNA (1). In bacteria, SRP binds to the hydrophobic amino-terminal signal sequence
of the membrane protein and a few secreted proteins as it emerges from the ribosome.
SRP then targets the nascent membrane protein-ribosome-mRNA complex to the SRP
receptor (FtsY), located at the membrane. Subsequently, the membrane protein-
ribosome-mRNA is transferred to the SecYEG channel, and then the membrane protein
is inserted into the membrane (3). A GNRA-type tetraloop of the SRP RNA accelerates
the initial SRP-FtsY assembly in the membrane-targeting process (4). The SRP RNA is
also required for efficient GTPase activation, which controls the targeting of membrane
proteins to the translocon (5, 6). Escherichia coli 4.5S RNA also interacts with elongation
factor G (EF-G) and the 30S ribosomal subunit independently of Ffh (7).

The size and secondary structure of SRP RNA vary significantly. In eukaryotes and
many Gram-positive bacteria, including Bacillus subtilis, the SRP RNA contains an Alu
domain, which is composed of the 5" and 3’ regions (8). In contrast, in many Gram-
negative bacteria, including Escherichia coli, the SRP RNA does not contain an Alu
domain (8). Some Gram-positive bacteria, including Mycobacterium tuberculosis and
Corynebacterium glutamicum, also have a short SRP RNA lacking an Alu domain. The
mammalian Alu domain is a protein-RNA complex, while bacterial Alu domains are
protein free with significant extensions of the RNA (8). The Alu domains arrest trans-
lation elongation of membrane proteins by binding to the elongation factor binding
site of ribosomes until targeting is complete (9). A recent study showed that internal
Shine-Dalgarno-like elements compensate for the lack of SRP Alu domain-mediated
arrest during membrane protein targeting in E. coli (9).

In E. coli, the SRP RNA, known as 4.5S RNA (114 nt), is processed by RNase P to
generate a mature 5’ end (10). The mature 3’ end of the 4.5S RNA is generated by
3'-to-5" exoribonuclease and RNases T, D, PH, and BN/Z (11). RNase T is relatively more
important for maturation than the other RNases, and RNase Il is the least effective (11).
The B. subtilis SRP RNA (small cytoplasmic RNA [scRNA]), which contains an Alu domain,
is more than twice the length (281 nt) of the E. coli 4.5S RNA (12). The 5’ mature end
is directly generated by RNase Ill, and the mature 3’ end is generated by RNase Y and
3" exonucleolytic trimming, mainly performed by RNase PH (12, 13). The mature 3’ end
of scRNA can also be generated by inefficient RNase Ill cleavage (12, 13).

C. glutamicum is a Gram-positive, nonpathogenic soil bacterium which was first
isolated in a screen for microorganisms that excrete L-glutamate (14). C. glutamicum is
currently used for the industrial production of more than 2.5 million tons of the flavor
enhancer L-glutamate and 1 million tons of the feed additive L-lysine per year (15). Far
beyond traditional L-amino acid production, this bacterium has been widely applied in
the industrial production of various other metabolites, including p-amino acids, organic
acids, diamines, fuels, and proteins (16, 17). C. glutamicum belongs to the mycolic
acid-containing actinomycetes, which also includes the genera Mycobacterium, Nocar-
dia, and Rhodococcus. In addition to C. glutamicum, this group also contains many
industrially important bacterial species. Streptomyces is best known for the production
of secondary metabolites with antibiotic properties. Furthermore, many of these my-
cobacteria can be opportunistic pathogens of humans. However, in spite of these
species’ importance, the process of SRP assembly in this group is poorly understood. In
this study, we identified the major process of 4.5S RNA maturation in C. glutamicum.
The purification of Ffh proteins from RNase mutants suggests that precursors to 4.5S
RNA can interact with Ffh.

RESULTS

PNPase, RNase E/G, and YbeY play a role in the maturation of C. glutamicum
4.5S RNA. A high-throughput RNA sequencing (RNA-seq) approach suggested the
genomic position of 4.5S RNA in C. glutamicum ATCC 13032 (18). M. tuberculosis 4.5S
RNA (C8 small RNA) was mapped between tRNASer and Rv3722¢, encoding aspartate
aminotransferase (19). The orientation of the neighboring genes is conserved in both
M. tuberculosis and C. glutamicum (Fig. 1A). To examine which RNases are involved in
the maturation of C. glutamicum 4.5S RNA, we focused on all endo-type RNases except
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FIG 1 (A) Genomic positions of 4.5S RNA in M. tuberculosis (mtu) and C. glutamicum R (cgl). (B) Growth
of the R strain (wild type) harboring pCRB52iP (vector plasmid), the AybeY strain harboring pCRB52iP, and
the AybeY strain harboring pCRB52iP-ybeY. For the growth curve, overnight cultures of the wild type
harboring pCRB52iP (circles), the AybeY strain harboring pCRB52iP (triangles), and the AybeY strain
harboring pCRB52iP-ybeY (squares) grown on A-rich medium containing 1% glucose were washed and
inoculated into fresh A-rich medium containing 1% glucose and 1 mM IPTG (isopropyl-B-b-thio-
galactopyranoside). Cell growth was monitored by measuring the ODg,,. Average values and standard
deviations from at least three independent cultivations are shown.

nonspecific RNases and RNase H, which is a DNA-RNA hybrid-specific RNase. We also
selected two 3’-to-5' exoribonuclease RNases, polynucleotide phosphorylase (PNPase)
and RNase II/R, which are likely involved in RNA maturation. The RNases that exist in C.
glutamicum are listed in Table S2 in the supplemental material. Our attempt to disrupt
the rnpB gene, encoding the RNase P RNA component, failed. This suggests that RNase
P is essential in C. glutamicum, as is the case in both E. coli and B. subtilis (20). We also
constructed RNase J (CgR_1799), RNase Z (CgR_2416), RNase II/R (CgR_2111), and YbeY
(CgR_2159) disruptants. Previously, we also constructed RNase E/G, RNase lll, and
PNPase disruptants (21, 22). The growth of the ybeY mutant was severely impaired. In
an A-rich medium containing 1% (wt vol~") glucose at 33°C, the growth rate of the
wild-type strain was 0.83 = 0.02 h—, while the AybeY mutant strain grew at 0.47 = 0.01
h~". Normal growth was restored by complementation with pCRB52iP-ybeY, a plasmid
carrying the wild-type ybeY gene (Fig. 1B). Next, we performed Northern blotting using
the entire 4.5S RNA probe and total RNAs isolated from wild-type and ArneG, Arnj, Arnc,
AybeY, ArnZ, Apnp, and ArnR mutant cells and observed precursor RNAs in the Apnp,
ArneG, and AybeY mutants (Fig. 2A). In the case of M. tuberculosis, 4.5S RNA appeared
as a large smear during the exponential phase, but in stationary phase, a distinct band
corresponding to mature 4.5S RNA was seen (19). Therefore, we next performed
Northern blotting using total RNAs isolated from C. glutamicum cultures in the expo-
nential growth and stationary phases; however, here a difference was not observed
(Fig. 2B). These data suggest that PNPase, RNase E/G, and YbeY are involved in the
maturation of 4.5S RNA in C. glutamicum.

Mapping of the 5’ and 3’ ends of 4.5S RNA precursors. To determine the 5’ end
of the 4.5S RNA precursors, we performed primer extension analysis using total RNA
isolated from the wild-type and Apnp, ArneG, and AybeY mutant cells. As shown in Fig.
3A, only one 5’ end was detected in the wild type and the Apnp, ArneG, and AybeY
mutants. The detected 5’ end was located just downstream of the primary sigma factor
SigA (0”) promoter (Fig. 3B). The consensus sequences of the SigA-dependent pro-
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FIG 2 Accumulation of 4.5S RNA precursors in Apnp, ArneG, and AybeY mutant cells. (A) Effect of the
ArneG, Arnj, Arnc, AybeY, ArnZ, Apnp, and ArnR mutations on the maturation of 4.55 RNA. Total RNAs from
the exponentially growing R strain (wild type) and ArneG, Arnj, Arnc, AybeY, ArnZ, Apnp, and ArnR mutant
strains were analyzed by Northern hybridization using the entire 4.5S RNA probe. (B) Maturation of 4.55
RNA in exponential- and stationary-phase cultures. Total RNAs of C. glutamicum from exponential- and
stationary-phase R strain (wild type) and ArneG, Apnp, and AybeY mutant cells were analyzed by Northern
hybridization using the entire 4.55 RNA probe. The DynaMarker RNA Low Il molecular mass marker
(BioDynamics Laboratory) was used to determine the lengths of the RNAs in some experiments. The
experiments were carried out three times.

moter were defined to be GNTANANTNG for the —10 region and TTGNCA for the —35
region (23), indicating that the 5" mature end of 4.5S RNA is generated by transcription
initiation at the first nucleotide in C. glutamicum.

To identify the 3’ ends of 4.5S RNA molecules in wild-type and Apnp, ArneG, and
AybeY mutant cells, we performed 3’ rapid amplification of cDNA ends (RACE) analysis.
For each strain, at least 100 clones were sequenced for each 3" RACE-PCR product. The
results of 3’ RACE analysis are summarized in Table 1. In the wild-type cells, the 3’ end
of 66 clones was located 89 nucleotides (nt) downstream of the transcriptional start site
(TSS) and is referred to as the +89 end. In addition to this 3’ end, other 3" ends of 4.55
RNA were also detected in the wild type. In the wild type, the 3’ ends of 11 clones, 7
clones, and 14 clones were located at 100 nt, 124 nt, and 132 nt downstream of the TSS,
respectively, and are referred to as the +100, +124, and +132 ends, respectively. This
indicates that the most abundant and the shortest 3’ end (the +89 end) detected in the
wild-type cells corresponds to the mature 3’ end of 4.5S RNA. In addition, a +124 end
was not detected in Apnp mutant cells. In the Apnp mutant, the number of clones with
a mature 3’ +89 end was reduced, while the number of clones with the longest 3" end
(the +132 end) was increased. In the Apnp mutant, the 3’ ends of 35 clones were
located at the +89 site, the 3’ ends of 17 clones were located at the 4100 site, and the
3’ ends of 46 clones were located at the +132 site. The secondary structure of the 4.55
RNA precursor was predicted using RNA fold software (mfold [http://mfold.rna.albany
.edu/?q=mfold/rna-folding-form]). As shown in Fig. 4, a GC-rich hairpin loop followed
by a run of U residues was found at the 3’ end (position +132) of the transcript, which
resembles typical bacterial rho-independent transcriptional terminators. These results
indicate that the +132 end corresponds to the 3’ end of the primary transcript. In the
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FIG 3 Mapping of the 5’ end of 4.5S RNA precursors. (A) Primer extension analysis of 4.5S RNA from
wild-type and Apnp, ArneG, and AybeY mutant cells. Primer extension products were derived from the
total RNAs of wild-type and Apnp, ArneG, AybeY, and ArneG Apnp mutant cells grown on A-rich medium
containing 1% glucose medium and separated on a denaturing polyacrylamide gel along with sequenc-
ing ladders (C, T, G, and A) obtained using the same primer. Parts of the sequence around the 4.55 RNA
coding region are indicated on the left side. The transcriptional start site (TSS) is indicated by arrows. (B)
Promoter sequence of 4.5S RNA. The genomic positions of 4.5S RNA and parts of the sequence around
the promoter region of 4.5S RNA are shown. The transcriptional start site of the 4.5S RNA is defined as
position +1. The experiment was carried out 4 times.

ArneG mutant, the number of clones with the +89 end was reduced to 27, while the
number of clones with the +124 end was increased to 38. Furthermore, in the ArneG
mutant, only two clones with a +100 end were detected. This indicates that RNase E/G
cleaves at the +100 site of the 4.5S RNA precursor. In the AybeY mutant, the number
of clones with a +89 end was reduced, while the number of clones with a +100 end
was increased. This indicates that the mature 3’ end is generated by the action of YbeY.
In the AybeY mutant, the 3’ ends of 5 clones and 32 clones were located at the +89 and
+100 sites, respectively.

We also constructed ArneG Apnp and ArneG AybeY double mutants. The growth of
the ArneG Apnp mutant was severely defective (Fig. 5). In an A-rich medium containing
1% (wt vol~") glucose at 33°C, the growth rate of the ArneG mutant was 0.72 = 0.02
h—1, the growth rate of the Apnp mutant was 0.73 = 0.01 h—", and the growth rate of
the ArneG Apnp double mutant strain was 0.55 = 0.01 h—". We successfully obtained
ArneG AybeY double mutants that grew significantly more slowly than the single AybeY
mutant. The colonies of the ArneG AybeY double mutant required incubation on A-rich
agar plates for 3 to 4 days before they became visible. However, after long-term
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TABLE 1 Summary of 3’ RACE analysis?

Position of No. of clones

3’ end
+89
+90
+91
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aFor each strain, at least 100 clones of each 3" RACE-PCR product were sequenced. The numbers of
sequenced clones are indicated in each column. The transcriptional start site of the 4.5S RNA transcript is
defined as position +1.

cultivation (about 2 days) in liquid A-rich medium, the ArneG AybeY double mutant
strain sometimes grew better, probably because of a spontaneous mutation. Therefore,
we did not determine the growth rate of the ArneG AybeY double mutant strain. In
addition, the Apnp AybeY double mutant could not be generated, suggesting that the
simultaneous disruption of ybeY and pnp is lethal in C. glutamicum. To verify that the
precursor molecules have 3’ extensions, Northern blotting was performed using the 3’
spacer region-specific RNA probe. As shown in Fig. 6B, the precursor molecules were
detected by the 3’ spacer region-specific RNA probe in the ArneG, Apnp, ArneG Apnp,
and ArneG AybeY mutants. In addition, using the entire 4.5S RNA probe, an increased
amount of the 4.5S RNA precursor was detected, while a decreased amount of mature
4.5S RNA was detected in the ArneG Apnp mutant (Fig. 6B). These results indicate that
PNPase, RNase E/G, and YbeY are required for the 3’ maturation of 4.55 RNA in C.
glutamicum.

4.5S RNA precursors were copurified with Ffh-FLAG proteins. To understand
how mature SRP is formed, we examined whether 4.5S RNA precursors are complexed
with the Ffh protein. We first constructed strains harboring a modified ffh gene
encoding a C-terminally FLAG-tagged Ffh protein. The chromosomally encoded ffh
genes of the wild-type and AybeY, ArneG, Apnp, and ArneG Apnp mutant strains were
replaced with the modified ffh gene. The newly constructed Ffh-FLAG strains were
named FFHT1 (wild type), FFHT2 (Apnp), FFHT3 (ArneG), FFHT4 (AybeY), and FFHT2
(ArneG Apnp). Then, we purified the Ffh-FLAG proteins from the FFHT1, FFHT2, FFHT3,
FFHT4, and FFHT5 strains. We also prepared the negative-control samples by the same
procedures from the wild-type and AybeY, ArneG, Apnp, and ArneG Apnp mutant strains
harboring a native ffh gene. Purification of the Ffh-FLAG protein was checked by 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), and a single
band with a molecular mass of ~60 kDa was observed (Fig. 7A). The size corresponded
to that of Ffh, which has a molecular mass of 58 kDa. The purified Ffh-FLAG protein
samples were subjected to Northern analysis to identify any 4.5S RNA-related molecules
bound to it. As shown in Fig. 7B, both the 4.5S RNA precursors and mature forms were
detected in the purified Ffh-FLAG proteins from the AybeY, ArneG, Apnp, and ArneG
Apnp mutants. No band was detected in the negative-control strains harboring the
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FIG 4 Model for the 3’ maturation of 4.5S5 RNA in C. glutamicum. The predicted secondary structure of
the 4.5S RNA is shown. Bold letters indicate the mature 4.5S RNA sequence. Scissor symbols represent
RNase E/G and YbeY. A Pac-Man symbol represents PNPase. Cleavage sites are indicated by arrows. RNA
fold software (mfold [http://mfold.rna.albany.edu/?q=mfold/rna-folding-form]) was used to predict the
secondary structure of the 4.5S RNA. The positions of the TSS (position +1) and the 3’ ends of 4.55 RNA
precursors, determined by 3’ RACE analysis, are shown. The histograms represent the percentage of each
sequenced clone of the different mutants listed in Table 1 having the main 3’ ends (the +89, +100,
+124, and +132 ends), as determined by 3" RACE analysis. The TSS of the 4.5S RNA is defined as position
+1. W, wild type; P, Apnp mutant; EG, ArneG mutant; Y, AybeY mutant. For details, see the text.

wild-type ffh gene, using both the entire 4.5S RNA probe and the 3’ spacer region-
specific RNA probe (data not shown). These results suggest that 4.55 RNA precursors
can interact with Ffh.

DISCUSSION

In this study, we investigated the mechanism of 4.5S RNA maturation in C. glutami-
cum. We found that deletion of pnp, rmeG, or ybeY resulted in the accumulation of 4.5S
RNA precursors. We also showed that the 5" mature end of 4.5S RNA is generated by
the initiation of transcription at the first nucleotide in C. glutamicum. 3" RACE analysis
revealed that 3’ processing of 4.5S RNA is performed by PNPase, RNase E/G, and YbeY.
Northern blotting using purified Ffh-FLAG protein showed that 4.5S RNA precursors can
interact with Ffh.
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FIG 5 Growth of the wild type and ArneG, Apnp, and ArneG Apnp mutants. For the growth curve,
overnight cultures of the wild type (circles), the ArneG mutant (triangles), the Apnp mutant (squares), and
the ArneG Apnp mutant (diamonds) grown on A-rich medium containing 1% glucose were washed and
inoculated into fresh A-rich medium containing 1% glucose. Cell growth was monitored by measuring
the ODg,,. Average values and standard deviations from at least three independent cultivations are
shown.

The results of primer extension analysis and 3" RACE analysis suggested a possible
mechanism for 4.5S RNA maturation in C. glutamicum wild-type cells (Fig. 4). The 4.5S
RNA precursor is first transcribed from a primary sigma factor (6®) promoter. The 5’
mature end of 4.5S RNA corresponded to the TSS. The predicted secondary structure of
the 4.55 RNA primary transcript has a rho-independent transcriptional terminator at the
3’ end (position +132). The longest precursor accumulated in Apnp mutant cells, as
determined by Northern blotting (Fig. 2B and 6B). This suggests that PNPase processes
the primary transcript. 3" RACE analysis also supports this hypothesis because the clone
with the longest 3’ end (the +132 end) was the most abundant 4.5S RNA precursor in
Apnp mutant cells (Table 1). It was reported that a strong stem-loop structure found at
the 3" end of RNA, which functions as the transcription terminator structure, is resistant
to 3'-to-5" exonucleolytic degradation in C. glutamicum (24). Thus, trimming of the 3’
spacer region of 4.5S RNA could be blocked by the stem-loop structure. PNPase is
thought to remove the run of U residues, and the GC-rich hairpin loop is resistant to
PNPase activity. In E. coli, PNPase requires a minimal 3’ overhang of 7 unpaired
ribonucleotides for binding to RNA molecules without the help of poly(A) polymerase
| (PAPI) (25). C. glutamicum has a PAPI orthologue encoded by the CgR_2974 gene. This
PAPI orthologue may facilitate the 3’ processing of 4.5S RNA performed by PNPase in
C. glutamicum. It has also been reported that PNPase adds a heteropolymeric tail to the
3’ ends of the RNA transcript (26) and plays a primary role in the posttranscriptional
modification of RNA in a variety of bacteria (27). Therefore, it is also possible that
PNPase can first attack the rho-independent terminator of 4.55 RNA by adding a
heteropolymeric tail to the 3’ ends of the 4.5S RNA primary transcript. The +124 end
was detected in wild-type cells, and the +124 end was the most abundant 3’ end in
ArneG mutant cells (Table 1). The +124 end is located in close proximity to the
stem-loop structure, suggesting that PNPase activity is blocked at this site. The +100
end was also detected in wild-type cells, and the +100 end was the most abundant 3’
end in AybeY mutant cells (Table 1). The +100 end was almost not detected in ArneG
mutant cells (Table 1), suggesting that RNase E/G cleaves at the +100 site. Although
RNase E/G cleaves single-stranded RNA, the RNase E/G cleavage site falls within the end
of the double-stranded region. Since the precursor with a +124 end seems to be the
main substrate for RNase E/G, the RNase E/G cleavage site (position +100) could turn
out to be a single-stranded region after the removal of complementary residues by
PNPase. 3" RACE analysis showed that the mature 3’ end was significantly reduced in
AybeY mutant cells, suggesting that YbeY generates the mature 3’ end of 4.5S RNA. In
contrast, the precursor molecules were almost not detected in the AybeY mutant by
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FIG 6 Northern blotting verifies that the precursor molecules have 3’ extensions. (A) The DNA sequence
of the flanking region encoding 4.5S RNA is shown. The 4.5S RNA coding region is indicated by bold
letters. The putative cleavage sites were determined by 3" RACE analysis, and mature 5" and 3’ ends are
indicated by the arrowheads. The terminator sequence of 4.55 RNA is boxed. The region which is
complementary to the entire 4.55 RNA probe is underlined with a solid line. The region which is
complementary to the 3’ spacer region-specific probe is underlined with a dotted line. (B) Total RNAs
from exponential-phase strain R (wild type) and ArneG, Apnp, AybeY, ArneG Apnp, and ArneG AybeY
mutant cells were analyzed by Northern hybridization using the entire 4.5S RNA probe and the 3’ spacer
region-specific RNA probe. The DynaMarker RNA Low Il molecular mass marker (BioDynamics Laboratory)
was used to determine the lengths of the RNAs in some experiments. The experiments were carried out
three times.

Northern blotting using a 3’ spacer region-specific RNA probe (Fig. 6B). 3" RACE analysis
showed that 64% of the precursor molecules had less than 11 extra nucleotides in the
AybeY mutant (Table 1). Since the 3’ spacer region-specific RNA probe covers only 14
nucleotides of these short precursor molecules, the 3’ probe might not detect the
precursor molecules efficiently in the AybeY mutant (Fig. 6B). In many species, like E. coli
and B. subtilis, the mature 3’ end of SRP RNA is generated by 3’-to-5’ exonucleolytic
trimming (11, 12). However, our 3" RACE analysis suggests that the mature 3’ end of the
SRP RNA is generated by endoribonuclease YbeY. This is the first report showing that
YbeY is involved in SRP RNA maturation. The 3’ RACE analysis suggested that an
efficient processing pathway is performed by PNPase, RNase E/G, and YbeY, in that
order. However, we could not conclude that YbeY cleaves most efficiently after RNase
E/G cleavage since YbeY can cleave a certain portion of the 4.5S RNA precursor at any
time. Therefore, it is also possible that these RNases process the 4.55 RNA precursor in
alternative orders.

The immunoprecipitated Ffh protein contained immature 4.5S RNA in the Apnp,
ArneG, and AybeY mutants (Fig. 6B). This may suggest that the 3’ maturation of 4.5S
RNA is performed in the 4.5S RNA-Ffh complex. This hypothesis is consistent with what
has been seen for rRNA maturation. It was shown that mature 16S rRNA can be
generated after the 16S rRNA precursor is assembled into 30S subunits and subse-
quently into 70S ribosomes in E. coli (28). A recent study showed that 17S rRNA, which
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FIG 7 The Ffh protein interacts with 4.5S RNA precursors. (A) Purification of the Ffh-FLAG protein was
examined by 10% SDS-PAGE. The position of the Ffh-FLAG protein is shown to the right of the gel. (B)
Purified Ffh-FLAG proteins from exponentially growing FFHT1 (wild type), FFHT2 (Apnp), FFHT3 (ArneG),
FFHT4 (AybeY), and FFHT5 (ArneG Apnp) cells were analyzed by Northern hybridization using the entire
4.5S RNA probe and the 3’ spacer region-specific RNA probe. The DynaMarker RNA Low Il molecular mass
marker (BioDynamics Laboratory) was used to determine the lengths of the RNAs in some experiments.
The experiments were carried out three times.

is generated by RNase Il action on the primary transcript of rRNAs, is a platform for
ribosome biogenesis (29).

Even in the absence of the individual RNases or both PNPase and RNase E/G, the
mature form of 4.5S RNA was detected (Fig. 2B and 6B). These results suggest that
multiple pathways of entire SRP biogenesis exist. In AybeY mutant cells, several
precursor bands or smear bands were detected (Fig. 2, 6B, and 7B). This may result from
the action of another RNase which compensates for the lack of YbeY. It is also possible
that there are other RNase E/G cleavage sites since YbeY is supposed to act after RNase
E/G cleavage and RNase E/G can cleave the AU-rich single-stranded region. It is also
possible that PNPase removes all extra nucleotides, including the rho-independent
terminator at the 3’ spacer region. In the case of leuX tRNA maturation in E. coli, PNPase
degrades through the entire rho-independent transcription terminator (30).

MATERIALS AND METHODS

Media and growth conditions. C. glutamicum R (31) and its mutant strains used in this study are
listed in Table 2. C. glutamicum was grown aerobically at 33°C with shaking at 180 rpm. C. glutamicum
cells were precultured at 33°C overnight in nutrient-rich medium (A-rich medium) (32) supplemented
with 1% (wt vol~") glucose. The media were supplemented with 50 ng ml~' kanamycin when necessary.
Bacterial growth was monitored by determining the optical density at 600 nm (ODg,). E. coli strain HST02
(TaKaRa) was used as a host for all genetic manipulations. The E. coli strains were cultivated at 37°C in
LB medium supplemented with 50 ug ml~' kanamycin when necessary.

Bacterial strains and plasmids. The strains and plasmids used in this study are listed in Table 2. The
oligonucleotide primers used in this study are listed in Table S1 in the supplemental material. To
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TABLE 2 Strains and plasmids used in this study
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Strain or plasmid Relevant genotype or description Reference or source
Strains
E. coli
HST02 F' [traD36 proA*B* lacld lacZAM15] A(lac-proAB) recA endA gyrA96 thi Ael4 [A(ymfJ- TaKaRa
mcrA)] supE44 relA AdeoR A(mrr-hsdRMS-mcrBC)
SCS110 rpsL (Str?) thr leu endA thi-1 lacY galK galT ara tonA tsx dam dcm supE44D (lac-proAB) TaKaRa
[F" traD36 proAB lacld lacZAM15]
C. glutamicum
R Wild-type strain JCM18229 31
ArneG mutant R ArneG 22
Arnc mutant R Arnc 21
Apnp mutant R Apnp 21
Arnj mutant R Arnj Takemoto et al,,
unpublished?
ArnR mutant R ArnR This study
ArnZ mutant R ArnZ This study
AybeY mutant R AybeY This study
ArneG Apnp mutant R ArneG Apnp This study
ArneG AybeY mutant R ArneG AybeY This study
FFHT1 R with FLAG-tagged ffh This study
FFHT2 Apnp mutant with FLAG-tagged ffh This study
FFHT3 ArneG mutant with FLAG-tagged ffh This study
FFHT4 AybeY mutant with FLAG-tagged ffh This study
FFHT5 ArneG Apnp mutant with FLAG-tagged ffh This study
Plasmids
pCRA725 Km; suicide vector containing the Bacillus subtilis sacB gene 33
LKSArnR pCRA725 with pnp fragment This study
LKSArnZ pCRA725 with rZ fragment This study
LKSAybeY pPCRA725 with ybeY fragment This study
LKSffh-FLAG PCRA725 with a gene encoding Ffh-FLAG This study
pCRB52iP E. coli-C. glutamicum shuttle vector; Km" ColE1 ori pBY503 ori tac promoter lacld 21
pCRB52iP-ybeY pCRB52iP with ybeY This study
pSPT18 Ap"; pUC18-based vector containing T7 and SP6 promoters Roche
pGEM-T Easy Ap'; vector Promega

aN. Takemoto, Y. Tanaka, T. Maeda, N. Hamamoto, and M. Inui, unpublished data.

construct ybeY (CgR_2159) expression plasmid pCRB52iP-ybeY, the DNA fragment containing the coding
region of ybeY was amplified by PCR using genomic DNA as the template and cloned into E. coli-C.
glutamicum shuttle vector plasmid pCRB52iP (21). All gene-modified strains were constructed as de-
scribed previously (21). A suicide vector, pCRA725, carrying the sacB gene was used for markerless gene
deletion and gene modification (33). Using plasmids LKSArnZ, LKSAybeY, and LKSArnR and C. glutamicum
strain R as a wild type, ArnZ, AybeY, and ArnR strains were constructed by two-step homologous
recombination, as described previously (34). The DNA fragment encoding the ffh gene fused with a FLAG
tag (DYKDDDK) was cloned into plasmid pCRA725 (33), yielding LKSffh-FLAG. Using the LKSffh-FLAG
plasmid, the ffh (CgR_1945)-FLAG strains were also constructed by two-step homologous recombination.
The FLAG tag (DYKDDDK) was added at the C terminus of ffh.

Total RNA purification. Overnight cultures grown on A-rich medium containing 1% glucose at 33°C
were washed and then inoculated into fresh A-rich medium containing 1% glucose. Two volumes of RNA
Protect bacterial reagent (Qiagen) were added directly to 1 volume of exponentially growing cultures at
an ODg,, of ~4 (in logarithmic phase) to stabilize cellular RNAs. The cells were harvested by centrifu-
gation at 5,000 X g for 10 min at 25°C, and total cellular RNAs were isolated using an miRNeasy minikit
(Qiagen) according to the manufacturer’s instructions. Total RNA was treated with DNase | at 37°C.

Northern hybridization. Northern hybridization was performed as described previously (34). A
digoxigenin (DIG)-labeled antisense RNA probe targeting the 4.5S RNA coding region (entire 4.55 RNA
probe) and the 3’ spacer region (3’ spacer region-specific RNA probe) was produced according to the
manufacturer’s instructions (Roche). To generate a hybridization probe, specific DNA fragments were
amplified by PCR using the primers listed in Table S1. The amplified fragments were cloned into plasmid
pSPT18 (Roche). The correctness of the cloned DNA fragments was confirmed by DNA sequencing. The
newly constructed plasmids were used as a template for synthesis of the DIG-labeled antisense RNA
probes. Northern hybridization was performed according to the procedures described in the DIG
Northern starter kit (Roche Diagnostics). Briefly, 2 ug of total RNA or RNA that was copurified with the
Ffh-FLAG protein was fractionated on denaturing polyacrylamide gels (8.3 M urea, 6% gel) in 1X TBE
buffer (90 mM Tris-borate, 2 mM EDTA, pH 8.0). The hybridization temperature was 68°C. Positive
hybridization bands were detected using the CDP-Star reagent (Roche Diagnostics) with exposure times
of between 10 s and 5 min.
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sequencing ladder and run in a LI-COR DNA sequencer (Aloka model 4000).

each strain, at least 100 clones of each 3’ RACE-PCR product were sequenced.

Journal of Bacteriology

Primer extension analysis. Primer extension was carried out using appropriate gene-specific
primers and 5 ug total RNA. Briefly, 1.5 pmol IRD700-labeled fluorescein primer 5'-CTCGCTGACCCTTG
CTGCATTCC-3’, which was complementary to a region within the 4.5S RNA coding region, was hybridized
to RNA at 65°C for 5 min, and cDNA was synthesized at 50°C for 60 min using a SuperScript Il first-strand
synthesis system for reverse transcription-PCR (Invitrogen) according to the manufacturer’s instructions.
The template for the sequencing ladders was PCR amplified using the primers 5'-CTAGAACGGCTGCAA
CACAT-3" and 5'-CCTGAATTCGTGGTGGCAAAATAGA-3'. A 1.0-ul aliquot of the sample was heat dena-
tured and loaded onto a denaturing 5.5% (wt vol~") polyacrylamide sequencing gel in parallel with the

3’ RACE-PCR. To map the 3’ ends of 4.5S RNA precursors, 3’ rapid amplification of cDNA ends (RACE)
analysis was carried out using a SMARTer RACE cDNA amplification kit (Clontech). The cDNA was
amplified with universal primer A (supplied with the kit) and gene-specific primer 5'-GATCCCGTGCGG
CGTTTATCTTGTG-3'. The resulting PCR product was cloned into a pGEM-T Easy vector (Promega). For

Purification of Ffh. Expression and purification of the Ffh-FLAG protein were performed as described
previously (35). Briefly, exponentially growing C. glutamicum cultures (100 ml) in A-rich medium with 1%
glucose were collected by centrifugation, washed twice with Tris-buffered saline (20 mM Tris-HCI [pH
7.5], 150 mM Nacl), and stored at —80°C. The pellets were resuspended in 0.5 ml FLAG buffer (20 mM
Tris-HCI [pH 8.0], 200 mM KCl, 5 mM MgCl,, 10% glycerol, 0.1% SDS) containing protease inhibitor
cocktail (Roche Antiprotease Mini). The cell suspension was transferred to a 15-ml tube containing 300
mg of 0.1-mm zirconia-silica beads (BioSpec). Cell disruption was conducted using a Bioruptor UCD-250
sonicator (Cosmo Bio) under the following conditions: 10 cycles of 5 s on and 5 s off at high power at
4°C. The cell lysate was collected and centrifuged (20,000 X g for 30 min at 4°C) to prepare the cell
extract. The amount of total protein was measured by a Bio-Rad protein assay (Bio-Rad) using bovine
serum albumin (BSA) as a standard. The cell extract was incubated with DNase | (TaKaRa) for 60 min at
4°C. The incubated extract was subjected to immunoprecipitation with 80 ul of anti-FLAG M2-agarose
(Sigma). The mixture was incubated for 90 min on a rotating platform at 4°C. The beads were washed five
times with FLAG buffer. Immunoprecipitated complexes were eluted from beads by treatment with 240
wul of immunoprecipitation buffer with 100 ng ul=' of 3X FLAG-peptide (Sigma). Purification of the
Ffh-FLAG protein was checked using sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and Coomassie brilliant blue staining. The purified Ffh-FLAG protein samples were further used
for Northern analysis to detect copurified RNA with the Ffh-FLAG protein.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JB.00798-16.

TEXT S1, PDF file, 0.33 MB.
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