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Studies have shown that many enzymes involved in glycolysis
are upregulated in Escherichia coli endoribonuclease G (rng)
null mutants. However, the molecular mechanisms under-
lying the RNase G-associated regulation of glycolysis have
not been characterized. Here, we show that RNase G cleaves
the 5 untranslated region of triosephosphate isomerase A
(tpiA) mRNA, leading to destabilization of the mRNA in E.
coli. Nucleotide substitutions within the RNase G cleavage
site in the genome resulted in altered fpiA mRNA stability,
indicating that RNase G activity influences fpiA mRNA
abundance. In addition, we observed that piA expression was
enhanced, whereas that of RNase G was decreased, in E. coli
cells grown anaerobically. Our findings suggest that RNase
G negatively regulates tpiA mRNA abundance in response
to oxygen availability in E. coli.
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Introduction

Modulation of mRNA stability allows bacterial cells to ra-
pidly adapt to environmental changes. In bacteria, mRNA
stability is mainly regulated by several types of ribonucleases
(RNases) with diverse sequence specificities (Hui et al., 2014;
Mohanty and Kushner, 2016). In Escherichia coli, internal
cleavage by endoribonucleases such as RNase E, RNase G,
RNase III, and RNase P is critical for mRNA processing and
degradation (Jain, 2002; Kushner, 2004; Deutscher, 2006;
Sim et al., 2010; Lim et al., 2015). Among these endoribonu-
cleases, RNase G, encoded by the rng gene, has been identi-
fied as an enzyme that generates the mature 5’ end of 16S
rRNA (Li et al., 1999; Wachi et al., 1999). RNase G presents
high similarity with the N-terminal catalytic region of RNase
E (Wachi et al., 1997, 1999), a ribonuclease known to control
the stability of thousands of mRNA species (Bernstein et
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al., 2002; Lee et al., 2002, 2003). Both RNase G and RNase
E cleave AU-rich, single-stranded RNA regionsina 5" end-
dependent manner (Tock et al., 2000). Despite the similari-
ties between these enzymes, deletion of the rng gene only
affects the abundance of a few mRNAs (Lee et al., 2003), in-
dicating that they have distinct physiological roles. For exam-
ple, incomplete processing of the 5" terminus of 16S rRNA
by downregulation of RNase G can induce resistance to ami-
noglycoside antibiotics in E. coli (Song et al., 2014).
Genome-wide analyses of mRNA abundance indicated that
RNase G expression levels are associated with the abundance
of mRNA species of genes encoding enzymes involved in
carbohydrate metabolism, including acs, adhE, eno, glk, nagB,
pgi, and tpiA (Lee et al., 2002). For the eno gene, a simulta-
neous increase in mRNA abundance and protein levels has
been observed in rng-deleted cells (Kaga et al., 2002). How-
ever, the molecular mechanisms underlying RNase G-asso-
ciated regulation of the expression of these genes have not
been characterized. Therefore, in this study, we examined
the functional role of RNase G in expression of the tpiA
gene that also codes for a glycolytic enzyme, the mRNA abun-
dance of which is increased by deletion of the rng gene.
Additionally, we also investigated the physiological relevance
of RNase G in modulating the abundance of mRNA species
encoding enzymes involved in carbohydrate metabolism.

Materials and Methods

Bacterial strains and plasmid construction

The strains, plasmids, and primers used in this study are
listed in Tables 1 and 2. E. coli strains were grown at 37°C
in Luria-Bertani (LB) medium under aerobic or anaerobic
conditions. For anaerobic growth of E. coli cells, a 30 ml cy-
lindrical bottle containing a sterilized stir bar was filled with
LB media fully and sealed with a sealing tape then cultured
on the magnetic stirrer. The MG1655rng strain has been pre-
viously described (Song et al., 2014). The tpiA-5-UTR-MT
plasmid was constructed using the CRISPR-Cas9 system as
described below and the pCas and pTargetF plasmids were
used (Addgene plasmid # 62225 and 62226; Addgene). pTar-
getT-na(Ny) and pTargetT-ar(Ny) were constructed by
insertion of homologous DNA into pTargetF-na(Ny) and
pTargetF-ar(Ny). To clone the tpiA target Nasequence into
pTargetF, a DNA fragment containing a 20 bp native pro-
tospacer (Ny) of the 5 UTR of the tpiA gene was amplified
using the Np1/Np2 primers, digested with Spel and EcoRI,
and then ligated into pTargetF. To construct pTargetT-na-
(Nx), 600 bp of homologous DNA containing a 20 bp arti-
ficial protospacer was amplified by overlap-extension PCR
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Strains

Relevant characteristics

Reference

E. coli MG1655
E. coli MG1655rng

F lambda™ ilvG-rfb-50 rph-1
MG1655 but with Arng

Laboratory strain
Lee et al. (2002)

tpiA-5-UTR-MT  MG1655 but with nucleotide substitutions at —33 and —34 of the 5" UTR of #piA mRNA In this study
Plasmids
pTargetF PMBI aadA sgRNA-cadA Addgene: 62226

pTargetF-na(Ny)  pMBI aadA sgRNA-tpiA(Nz) This study
pTargetF-ar(Ny)  pMBI aadA sgRNA-artificial(Na) This study
pTargetT-na(Ny)  pTargetF-na(Nyo) but with an artificial Ny in the homologous DNA This study
pTargetT-ar(N»)  pTargetF-na(Ny) but with UU substituted for GG at —33 and —34 in the 5" UTR of the homologous DNA  This study

pCas 1epA101(Ts) K" Peo-cas9 Pusap-Red lacI” Py-sgRNA-pMBI Addgene: 62225
pKAN6B pI5A ori, Km" Yeom et al. (2008)

pKANG6-RraA pI5A ori, Km", rraA under Pz

Yeom and Lee (2006)

using the Hp1/Hp2 and Hp3/Hp4 primers. Two PCR pro-
ducts were combined and amplified using the Hpl/Hp4
outside primers, digested with EcoRI and HindIII, and then
cloned into pTargetF-na(Ny). Similarly, pTargetT-ar(N2o)
was also constructed by inserting a 20 bp artificial proto-
spacer (Nz) and homologous DNA containing the sub-
stituted nucleotides. To insert the artificial target N2 sequ-
ence into pTargetF, the PCR product amplified using the
Ap1 and Ap2 primers, containing a 20-bp artificial Ny, was
cloned into pTargetF after enzyme digestion with Spel and
EcoRI. To construct pTargetT-ar(Ny), the PCR product ob-
tained with the Hp1/Hp5 and Hp4/Hp6 primers was cloned
into pTargetF-ar(Ny), as described above.

Western blot analysis

Western blot analysis was carried out as described in a pre-
vious study (Song et al., 2017). Briefly, proteins were resolved
on 10% sodium dodecyl sulfate (SDS) polyacrylamide gels,
and the gels were electroblotted onto a nitrocellulose mem-

Table 2. Primers used in this study

brane. Images of the western blots were obtained using a
ChemiDoc™ Imaging System (Bio-Rad Laboratories) and
quantified using Quantity One (Bio-Rad Laboratories). The
ribosomal protein S1 was used as the internal control.

RNA preparation and quantitative real time-polymerase chain
reaction (RT-PCR)

Total cellular RNA was extracted from cultures grown to mid-
log phase using the RNeasy mini prep kit (Qiagen). For mea-
surement of the tpiA mRNA half-life, bacterial cell cultures
were harvested at 1, 2, 4, and 8 min after rifampicin addi-
tion (1 mg/ml). The RT-PCR analysis was performed as pre-
viously described (Baek et al., 2018). Briefly, cDNA was syn-
thesized from 0.5 ug of total RNA using a PrimeScript™
Ist strand cDNA Synthesis Kit (TaKaRa). Samples were pre-
pared to a final volume of 10 pl using iQ™ SYBR®™ Green
Supermix (Bio-Rad Laboratories) and real-time RT-PCR
was performed on a CFX-96 Thermal Cycler and Detection
System (Bio-Rad Laboratories).

Primers Sequence (5'—3)
UTR-F AGACCTGCTGCCCTGCGG
UTR-R GGCTGCCGTTCAGTTTCCAG
rnpB-RT-F TTGCTCCGGGTGGAGTTTAC
rnpB-RT-R GTGCAACAGAGAGCAAACCG
tpiA+21R CATCACTAAAGGATGTCGCAT

ladder-tpiA-F
ladder-tpiA-R

ATAAGAATGCGGCCGCAGACCTGCTGCCCTGCGGGG
ATAAGAATGCGGCCGCTTAAGCCTGTTTAGCCGCTTC

Npl GTCCTAGGTATAATACTAGTCCAGCTCGTGAACCATGTGGGTTTTAGAGCTAGAAATAGC
Np2 CGGAATTCAAAAAAAGCACCGACTCG

Hpl CGGAATTCTCAGGAATACATGGCAGCGG

Hp2 CAGCTCTCGGCACTGTAATCCGGCTGCCGTTCAGTTTCCA

Hp3 GATTACAGTGCCGAGAGCTGTTTCTAACCTGCGTAAAGAG

Hp4 CCCAAGCTTTACTGTGCGCCGATGTCTT

Hp5 CCACGCTTATAAGCGAATAAAGGBBGATGGCCGCCCCGCAGGGC

Hp6 CCTTTATTCGCTTATAAGCGTGG

Apl GGTATAATACTAGTCAGCTCTCGGCACTGTAATCGTTTTAGAGCTAGAAATAGC
Ap2 CGGAATTCAAAAAAAGCACCGACTCG

Cpl ATGCACAGAACCGGAGTCAG

Cp2 AGAGCAAAAAGCCGCGAAAG
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Primer extension analysis

The primer extension analysis was performed as previously
described (Song et al., 2019). In brief, 40 ug of total RNA and
5'-*P-labeled primers were hybridized at 65°C for 5 min,
and then cooled to 37°C. The extension reaction was per-
formed with AMV reverse transcriptase (New England Bio-
labs) at 42°C for 1 h, and the extended fragments were an-
alyzed on a 12% polyacrylamide gel containing 8 M urea. The
tpiA+21R primer was used for cleavage site analysis of the
tpiA 5" UTR. Autoradiography was generated using a Pac-
kard Cyclone Phosphor Imager (PerkinElmer) as previously
described (Cho et al., 2018).

Purification of RNase G

E. coli RNase G (Rng) was purified from E. coli KSL2004
strain using an Ni-NTA agarose and affinity column. The
enzyme was eluted from the column using 125 mM imida-
zole, concentrated, and then stored as previously described
(McDowall et al., 1995; Lee et al., 2002; Sun et al., 2018).

In vitro cleavage assay

RNase G cleavage assays were performed as previously des-
cribed (Lee et al., 2002). In brief, synthetic tpiA mRNA con-
taining the 5 UTR (52 mer, BBI Life Sciences) was labeled
at the 5" end using [y-’P]ATP and T4 polynucleotide kinase
and purified from 12% polyacrylamide gels containing 8 M
urea. The 5'-end-labeled #piA transcript (3 pmol) was incu-
bated with purified RNase G (6 pmol) in reaction buffer at
37°C at each time point (1, 10, and 20 min). BSA was used
as a negative control.

Nucleotide substitutions using the CRISPR-Cas9 system

The procedure used to substitute the ‘UU’ for a ‘GG’ at nu-
cleotide positions -33 and -34 from the transcriptional start
site of tpiA was performed according to previous studies (Ji-
ang et al., 2015; Wang et al., 2018). Two CRISPR events were
performed using pTargeT-na(Ny) and pTargeT-ar(Nyo) with
pCas. The MG1655 strain harboring pCas was prepared as
previously described (Cha et al., 1997; Sharan et al., 2009). To
induce A\-Red recombinase, L-arabinose (10 mM final con-
centration) was added to an ODgy of 0.1. For the first CRISPR
event, to avoid a repeated cleavage after homologous recom-
bination, 100 ng of pTargeT-na(N3o) was added to 50 pl of
electrocompetent cells harboring pCas and transformed by
electroporation using a Gene Pulser (2-mm cuvette, Bio-Rad
Laboratories) at 2.5 kV. After electroporation, the cells were
suspended in 1 ml of LB medium and incubated at 30°C
for 1 h. The recovered cells were then spread onto LB agar
plates containing spectinomycin (50 mg/ml) and kanamycin
(50 mg/ml) and incubated overnight at 30°C. To confirm
the transformants, colony PCR and DNA sequencing were
performed using the Cpl and Cp2 primers. pTargetT-na(Nyo)
was cured by incubating in 2 ml of LB medium containing
kanamycin (50 mg/ml) and isopropyl B-D-thiogalactoside
(1 mM final concentration). Overnight-incubated cultures
were spread onto LB plates containing kanamycin (50 mg/ml),
and then the sensitivity to spectinomycin was measured to
confirm that pTargetT-na(Ny) had been cured. To insert
the substitute mutant sequence, 100 ng of pTargeT-ar(Ny)
was added to a temporal mutant harboring pCas. The rest
of the procedure was as described above. After successful
nucleotide substitution, pTargeT-ar(Na) was cured using
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Fig. 1. Effect of RNase G on tpiA expression. (A) Analysis of tpiA mRNA expression levels. Top: schematic showing the location of the primer binding
sites (UTR-F and UTR-R) in the genomic DNA of the E. coli MG1655 strain for real-time RT-PCR. Bottom: wild-type (WT) and rng-deleted (Arng)
MG1655 cells were cultured at 37°C to an ODey of 0.7, followed by total RNA extraction. cDNA synthesis was performed with 0.5 pg of total RNA using
random hexamers, and tpiA mRNA expression levels were analyzed by real-time RT-PCR. The expression level of tpiA mRNA was normalized to that of
rnpB mRNA, and gene expression was quantified using the AACt method. (B) Western blot analysis of TpiA and Rng. E. coli cultures used in (A) were col-
lected for western blot analysis of TpiA and Rng using the respective polyclonal antibodies. The TpiA and Rng expression levels were compared by setting
those of the WT to 1. The S1 protein was used as an internal standard. (C) Effects of the presence or absence of RNase G on tpiA mRNA stability. Total
RNA was prepared from E. coli cultures used in (A) at 0, 1, 2, 4, and 8 min after the addition of rifampicin (1 mg/ml). cDNA synthesis and quantitation of
gene expression were performed as described in the legend to Fig. 1A. For (A), (B), and (C), the data represent the mean + s. e. m. of three independent
experiments. Asterisks indicate significant differences (two-sided, unpaired Student’s ¢-test), **P < 0.005, ***P < 0.0005.
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Fig. 2. Identification of RNase G cleavage site in fpiA mRNA. (A) Primer extenswn analy51s of the 5" UTR of #piA mRNA in vivo. Left: total RNA was ex-
tracted from wild-type (WT) and Arng MG1655 strains and hybridized with a **P-5'-end-labeled primer (tpiA+21R). cDNA was synthesmed using AMV
reverse transcriptase and sequencing ladders were prepared with the same primer used in hybridization; a PCR amplicon containing the 5" UTR of tpiA
mRNA was used as a template. Synthesized cDNA products were resolved on a 12% polyacrylamide gel with 8 M urea in TBE. The black and red arrows
respectively indicate the transcriptional start site (TSS) of tpiA mRNA and the RNase G cleavage product. Right: the secondary structure of the full-length
tpiA mRNA and that of the 5 UTR encompassing the RNase G cleavage site (marked in the red) were inferred using M-fold software. The putative
Shme Dalgarno sequence and start codon are indicated in green and blue, respectively. (B) In vitro cleavage of tpiA synthetic RNA. Left: 3 pmol
%?p-5"-end-labeled tpiA synthetic RNA oligo (52 mer) was incubated with 6 pmol purified RNase G in cleavage buffer at 37°C. The cleavage samples were
collected at the indicated time points and separated as described in (A). Cleavage products were identified using size markers generated by alkaline hydrolysis
and RNase T1 and RNase A digestion. Right: predicted secondary structure of the tpiA synthetic RNA oligo and RNase G cleavage site (marked in red)
were inferred using M-fold software. RNase A cleavage products are indicated in orange bold characters and those of RNase T1 in violet bold characters.
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Fig. 3. Effects of a mutation in the 5 UTR and oxygen availability on fpiA expression. (A) Alterations in the putative secondary structure of tpiA-5'-
UTR-MT were predicted using M-fold software. Yellow-colored nucleotides indicate the location of the substituted nucleotides (UU to GG). (B) Analysis
of tpiA mRNA expression levels. Total RNA was extracted from wild-type (WT) and tpiA-5'-UTR-MT-expressing cells cultured to an ODgoo of 0.7. cDNA
synthesis was performed and quantitated as described in the legend to Fig. 1A. (C) Comparison of tpiA mRNA stability between the WT and tpiA-5'-
UTR-MT strains. Total RNA was prepared from E. coli cultures used in (B). cDNA synthesis was performed and quantitated as described in the legend to
Fig. 1A. (D) Primer extension analysis of the 5° UTR of tpiA-5-UTR-MT in vivo. Primer extension analysis was performed as described in the legend to
Fig. 2A. Black and red arrows indicate the TSS of tpiA mRNA and the RNase G cleavage product, respectively. (E) TpiA and Rng protein expression pro-
files under aerobic and anaerobic conditions. WT cells were cultured to mid-log phase under aerobic (ODgg = 2.0) and anaerobic conditions (ODego =
0.4), and western blotting was performed using the respective polyclonal antibodies. The TpiA and Rng levels were compared by setting those of the WT
strain grown under aerobic condition to 1. (F) Western blot analysis of TpiA in WT and tpiA-5-UTR-MT cells with RraA overexpression. WT and tpiA-
5-UTR-MT strains harboring an empty vector (pKAN6B) or pKANG6-rraA were cultured to early log phase; L-arabinose (10 mM final concentration) was
then added to induce the expression of the RraA protein, followed by incubation to an ODgg of 0.7. The cells were then collected for TpiA, Rne, and RraA
western blot analysis using the respective polyclonal antibodies. The levels of TpiA, Rne, and RraA were compared by setting that of WT cells harboring
pKANG6B to 1. For (E) and (F), S1 protein was used as an internal standard. For (B), (C), (E), and (F), data represent the mean = s. e. m. of three independent
experiments. Asterisks indicate significant differences (two-sided, unpaired Student’s ¢-test), *P < 0.05, ****P < 0.0001.



IPTG and pCas was cured by incubating for 9 h at 37°C.

Quantification and statistical analyses

The statistical details for all the experiments are included in
the figure legends. Multiple comparison analysis was per-
formed using SAS v. 9.2 with the Student-Newman-Keuls
test (SAS Institute), and the Student’s t-test was used for
comparisons with controls using SAS v. 9.2 and SigmaPlot
10.0 (Systat Software). The data are presented as the mean
+s.e. m. and P < 0.05 was considered to indicate signifi-
cance as previously described (Ramasamy et al., 2017; Yi et
al., 2017).

Results

Negative regulation of fpiA gene expression by RNase G

To examine whether RNase G affects tpiA expression, we
quantified tpiA mRNA and protein steady-state levels in the
WT and rng-deleted (Arng) strains by real-time RT-PCR
and western blot, respectively. Consistent with a previous
genome-wide analysis (Lee et al., 2002), tpiA mRNA abun-
dance in the Arng strain increased approximately 1.4-fold
compared to that of the WT strain (Fig. 1A). The TpiA pro-
tein level also increased by an extent comparable to that of
the mRNA abundance (Fig. 1B). Next, the tpiA mRNA half-
life was measured to determine whether the increased steady-
state mRNA levels are a consequence of increased mRNA
stability. We quantified tpiA mRNA by harvesting total RNA
at each time point after rifampicin addition. As shown in Fig.
1C, the tpiA mRNA half-life in the Arng strain increased by
approximately threefold compared to that of the WT strain
(7.5 min vs 2.5 min), indicating a good correlation between
tpiA mRNA abundance and stability.

Identification of RNase G cleavage site on #piA mRNA

Next, we explored the location of the cis-acting elements in
tpiA mRNA that are recognized by RNase G. Because RNase
G is known to preferentially cleave AU-rich sequences in the
5" UTRs of substrate mRNAs (Ito et al., 2013; Clarke et al.,
2014), we performed a primer extension analysis using a
p-5"-end-labeled primer (tpiA+21R) that binds downstream
of the piA start codon. We observed one distinct cDNA band
that was present only in the lane loaded with WT cell-de-
rived cDNA (Fig. 2A, left panel). Furthermore, in the Arng
strain, we also observed an approximately 40% increase in
the intensity of cDNA bands corresponding to the trans-
criptional start site (TSS) of the tpiA gene (Fig. 2A, left panel),
similar to that previously proposed (Mendoza-Vargas et al.,
2009; Song et al., 2014). These results indicate that RNase G
cleaves between two U residues in the 5 UTR of tpiA mRNA
(Fig. 2A, right panel). This RNase G cleavage site is located
in a single-stranded region between two stem-loop structures
in the secondary structure of full-length tpiA mRNA, as in-
ferred using the M-fold program (http://unafold.rna.albany.
edu) (Zuker, 2003).

To demonstrate biochemically the cleavage of tpiA mRNA
by RNase G, an in vitro cleavage assay was performed using
a synthetic model RNA of tpiA mRNA (Fig. 2B, right panel).
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This synthetic RNA has 52 nucleotides of the 5" UTR of tpiA
mRNA including two stem-loops and the RNase G cleavage
site. It was designed to have a minimal sequence of the tpiA
mRNA 5" UTR, without interfering with RNase G activity,
to facilitate mapping of the RNase G cleavage site. Putative
stem-loop structures were included because the ribonucleo-
Iytic activity of RNase E-like enzymes is known to be affected
by adjacent stem-loops present in the cleavage site (McDowall
et al., 1994). It was labeled with P at the 5" end and incu-
bated with purified RNase G. The results showed that RNase
G cleaved the synthetic RNA at the site corresponding to
that identified by primer extension analysis of tpiA mRNA
(Fig. 2B). When RNA fragments generated by ribonucleases
A and T1 digestion of the synthetic RNA, we also observed
that overall secondary structure of the tpiA mRNA 5" UTR
deduced using the M-fold program is comparable to that of
the synthetic RNA (Fig. 2A and B, right panels). Collectively,
these results show that RNase G cleaves at a site located in
the 5" UTR of piA mRNA.

Effects of nucleotide substitutions in the RNase G cleavage
site on #piA mRNA stability

Although RNase G is known to preferentially cleave AU-rich,
single-stranded region, the RNA structural determinants for
RNase G cleavage activity have not been characterized. Con-
sequently, we tested RNase G cleavage activity on tpiA mRNA
containing U to G substitutions in the cleavage site of tpiA
mRNA, which potentially destabilizes the lower part of the
first stem-loop structure in the 5" UTR (Fig. 3A). When the
CRISPR-Cas9-induced mutant tpiA mRNA was expressed
from tpiA-S/-UTR-MT (Wang et al., 2018), its steady-state
levels decreased by approximately 70% compared to that of
the WT tpiA mRNA (Fig. 3B). This decreased mutant tpiA
mRNA abundance likely resulted from destabilization of the
mRNA, as the half-life of the mutant tpiA mRNA was shor-
tened to 1.0 min compared to that of the WT £piA mRNA
(2.5 min) (Fig. 3C). Primer extension analysis of the mutant
tpiA mRNA revealed the loss of cDNA synthesized from
the RNase G cleavage product, indicating that alterations in
the secondary structure of the tpiA mRNA 5" UTR resulted
in the loss of RNase G cleavage activity in the 5" UTR (Fig.
3D). The decreased stability of tpiA mRNA by introduction
of nucleotide substitutions was unexpected; this result may
stem from destabilization of the first-stem loop structure, fa-
cilitating tpiA mRNA degradation by other ribonuclease(s)
(See Discussion).

Regulation of #piA expression by oxygen availability

E. coli is known to be a facultative anaerobe, producing che-
mical energy via the activation of glycolysis and fermenta-
tion under anaerobic conditions. To achieve this, E. coli cells
likely enhance the production of glycolytic enzymes, includ-
ing TpiA, when grown anaerobically. Therefore, we tested
whether oxygen availability affects the RNase G-mediated
regulation of tpiA expression by measuring the steady-state
levels of the RNase G and TpiA proteins in WT cells under
both aerobic and anaerobic conditions. Western blot analy-
sis showed that, compared to WT E. coli cells grown under
aerobic conditions, TpiA expression increased by 40% in
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those grown under anaerobic conditions, coincident with a
20% decrease in RNase G expression levels (Fig. 3E). These
results suggest that tpiA was upregulated as a consequence
of the decreased RNase G expression under anaerobic con-
dition in E. coli.

Discussion

The negative regulation of tpiA expression by RNase G at the
posttranscriptional level has been previously suggested in
E. coli (Lee et al., 2002). In this study, we unveiled the mole-
cular mechanism underlying the RNase G-mediated post-
transcriptional regulation of tpiA expression, whereby RNase
G affects tpiA mRNA stability by cleaving its 5 UTR. We
additionally discovered that exposing E. coli cells to condi-
tions of low oxygen results in the upregulation of tpiA ex-
pression, which coincides with decreased levels of RNase G
protein. The fact that enolase mRNA and protein abundance
are negatively regulated by RNase G (Kaga et al., 2002; Lee et
al., 2002), together with the results of the current study, in-
dicates that RNase G plays an important role in facilitating
glycolysis under anaerobic conditions by stabilizing mRNAs
encoding glycolytic enzymes.

Nucleotide substitutions in the RNase G cleavage site that
altered the secondary structure of the 5 UTR resulted in de-
creased tpiA mRNA stability (Fig. 3A-C). This decreased sta-
bility of tpiA mRNA through the prevention of RNase G clea-
vage activity may stem from the destabilization of the first
stem-loop structure by nucleotide substitutions, which leads
to a tpiA mRNA structure vulnerable to degradation by other
ribonucleases. One such a ribonuclease is RNase E, the acti-
vity of which is inhibited by adjacent stem-loops present in
the RNase E cleavage site (McDowall et al., 1994). RNase E
is also known to be associated with expression of glycolytic
enzymes: RNase E decays ptsG mRNA, which encodes the
major glucose transporter, when the glycolytic pathway is
blocked and RNase E-deficient cells show reduced phospho-
enolpyruvate carboxylase production (Morita et al., 2004;
Tamura et al., 2013). However, we observed that TpiA expre-
ssion was not significantly changed when RraA, a protein
inhibitor of RNase E (Lee et al., 2003; Gorna et al., 2010; Seo
et al., 2017; Park et al., 2017; Song et al., 2017), was overex-
pressed in the tpiA-5"-UTR-MT strain (Fig. 3F), indicating
that alterations in the secondary structure of the 5" UTR did
not affect RNase E ribonucleolytic activity on tpiA mRNA.
Inhibition of RNase E activity by RraA overexpression did
not affect TpiA expression, either (Fig. 3F). These results in-
dicate that that multiple layers of the mRNA quality control
exist for expression of this key glycolytic enzyme and a few
nucleotide substitutions in mRNA can dramatically alter
mRNA degradation pathways. Further studies are needed
to unveil the detailed mechanisms underlying this RNases-
mediated regulatory pathway for tpiA expression.
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