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Abstract
RNase E is an essential enzyme in Escherichia coli. The cleavage site of this single-stranded specific endoribonuclease is 
well-characterized in many RNA substrates. Here, we report that the upregulation of RNase E cleavage activity by a mutation 
that affects either RNA binding (Q36R) or enzyme multimerization (E429G) was accompanied by relaxed cleavage speci-
ficity. Both mutations led to enhanced RNase E cleavage in RNA I, an antisense RNA of ColE1-type plasmid replication, 
at a major site and other cryptic sites. Expression of a truncated RNA I with a major RNase E cleavage site deletion at the 
5′-end (RNA  I-5) resulted in an approximately twofold increase in the steady-state levels of RNA  I-5 and the copy number 
of ColE1-type plasmid in E. coli cells expressing wild-type or variant RNase E compared to those expressing RNA I. These 
results indicate that RNA  I-5 does not efficiently function as an antisense RNA despite having a triphosphate group at the 
5′-end, which protects the RNA from ribonuclease attack. Our study suggests that increased cleavage rates of RNase E lead 
to relaxed cleavage specificity on RNA I and the inability of the cleavage product of RNA I as an antisense regulator in vivo 
does not stem from its instability by having 5′-monophosphorylated end.
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Introduction

RNase E (Rne), encoded by rne, is an essential endoribo-
nuclease for the degradation and processing of RNAs in 
Escherichia coli (Cohen, 1995; Gao et al., 2006; Ghora & 
Apirion, 1978; Hagege & Cohen, 1997; Jain & Belasco, 
1995; Lee & Cohen, 2003; Lee et al., 2002, 2021a, 2021b, 
2021c; Li & Deutscher, 2002;). RNase E initiates the deg-
radation of a large portion of mRNA and processes various 
precursor RNAs, such as tRNA, 16S rRNA, and M1 RNA 
(Gurevitz & Apirion, 1983; Gurevitz et al., 1983; Kim et al., 
1996; Li et al., 1999). RNase E can also regulate ColE1-type 
plasmid replication by cleaving RNA I, an antisense RNA 
(Lin-Chao & Cohen, 1991; Lin-Chao et al., 1994). RNase E 

preferentially cleaves the AU-rich region of single-stranded 
RNA and generates 3′-hydroxylated and 5′-monophospho-
rylated cleavage products (Arraiano et al., 2010; Huang 
et al., 1998; McDowall et al., 1994). In addition, RNase E 
cleavage of RNA substrates can potentially be affected by 
the state of 5′-phosphorylation (Feng et al., 2002; Jiang & 
Belasco, 2004; Mackie, 1998), secondary structure E (Ban-
dyra et al., 2018; Richards & Belasco, 2021; Updegrove 
et al., 2019), and differences in the affinity of the enzyme for 
target sites with different sequences (Lin-Chao et al., 1994; 
McDowall et al., 1994).

RNase E (118 kDa) contains 1061 amino acids and can be 
separated into two halves. The N-terminal half (NTH-Rne: 
residues 1–529) of RNase E exhibits a catalytic function 
and cleavage site specificity and is essential for cell survival 
(Kido et al., 1996; McDowall & Cohen, 1996; McDowall 
et al., 1995). X-ray crystallography of NTH-Rne revealed 
six subregions: the RNase H domain, S1 domain, 5′-sensor, 
Dnase I domain, Zn-link domain, and small domains (Cal-
laghan et al., 2005). The ribonucleolytic activity and expres-
sion levels of Rnase E are tightly controlled in E. coli. The 
depletion, adventitious overexpression, or increased enzy-
matic activity of Rnase E causes growth retardation of cells 
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(Go et al., 2011; Lee & Cohen, 2003; Moore et al., 2021; 
Shin et al., 2008). The autoregulatory mechanism ensures 
the stable expression level of RNase E in vivo through such 
that the enzyme cleaves its own mRNA (Jain & Belasco, 
1995). In addition, the endonucleolytic activity of RNase E 
is controlled by several trans-acting factors (Gao et al., 2006; 
Lee & Cohen, 2003; Lee et al., 2021a, 2021b, 2021c; Moore 
et al., 2021; Singh et al., 2009). Recent studies indicate that 
homologs of RraA, one of these trans-acting regulators, play 
roles in the pathogenicity of Salmonella Typhimurium and 
Vibrio vulnificus via modulation of RNase E activity (Lee 
et al., 2021a, 2021b, 2021c, 2022).

Previous studies have isolated loss-of-function or hyper-
active variants of RNase E using a genetic screening method 
(Go et al., 2011; Moore et al., 2021; Shin et al., 2008). These 
studies have identified and characterized two hyperactive 
RNase E variants. Q36R, which replaces glutamine with 
arginine at position 36 in the S1 domain, is a hyperactive 
mutation. RNase E activity was enhanced via reduced non-
competitive inhibition of the RNA substrate bound to the 
24LYDLDIESPGHEQK37 peptide region (Go et al., 2011). 
Another hyperactive RNase E mutation (E429G), in which 
glutamic acid is substituted with glycine at position 429, 
is located close to the Zn-link domain and contributes to 
the enhanced multimer formation of RNase E (Moore et al., 
2021). Increased multimerization improves the ribonucleo-
lytic activity of the enzyme on longer substrates, but not the 
cleavage of shorter oligomers that contain the same cleavage 
sequence (Moore et al., 2021).

Many RNA substrates of this single-stranded specific 
endoribonuclease are well-characterized. Among them, 
RNase E cleaves five nucleotides from the 5′-ends of RNA I, 
and the intermediates (RNA  I-5) are rapidly degraded by exo-
nucleases, such as poly (A) polymerase or PNPase (Cohen, 
1995; Xu et al., 1993). RNA  I-5 barely binds to RNA II 

in vitro, leading to the loss-of-function of RNA I as an anti-
sense regulator (Tamm & Polisky, 1985; Tomizawa, 1984). 
In this study, we investigated the enzymatic properties of 
RNase E mutations that lead to hyperactivity of the enzyme 
(Rne-Q36R and Rne-E429G) on the cleavage of RNA I and 
its intermediate RNA  I-5.

Materials and Methods

Bacterial Strains, Plasmids, and Oligonucleotides

All strains, plasmids, and oligonucleotides used in this study 
are listed in Tables 1 and 2. KSL2000 (Rne-WT, Rne-Q36R, 
and Rne-E429G) strains were grown at 37 °C in Luria–Ber-
tani (LB) broth (Becton, Dickinson and Company) sup-
plemented with 0.1% l-arabinose (Sigma–Aldrich). The 
antibiotics were prepared at the following concentrations: 
100 µg/ml kanamycin, 5 µg/ml tetracycline, and 5 µg/ml 
chloramphenicol. To construct pET3a expressing a variant 
of RNA I with a major RNase E cleavage site deletion at 
the 5′-end, RNA I with five nucleotides deleted from the 
5′-end was amplified using the primers RNA I-5del (F), 
RNA I-5del-M (R), RNA I-5del-M (F), and RNA I-5del (R). 
Amplified polymerase chain reaction products were digested 
with PstI and AflIII and ligated into pET3a using T4 DNA 
ligase (Enzynomics).

Growth Curve

Growth curves were measured as described previously (Lee 
et al., 2021a, 2021b, 2021c). Briefly, pre-cultured KSL2000-
derived strains were diluted 100-fold with LB medium sup-
plemented with 0.1% l-arabinose, 100 µg/ml kanamycin, 
5 µg/ml tetracycline, and 5 µg/ml chloramphenicol, and 

Table 1  List of strains and 
plasmids used in this study

Ampr ampicillin resistance, Kmr kanamycin resistance, PBAD araBAD promoter

Description References

Strains
N3433 lacZ43(Fs)  LAM− relA1 spoT1 thi-1 Goldblum and 

Apririon 
(1981)

KSL2000 Same as N3433 but rne::cat recA::Tn10 [pBAD-RNE] Lee et al. (2002)
KSL2000-Q36R Same as KSL2000 but [pBAD-RNE-Q36R] This study
KSL2000-E429G Same as KSL2000 but [pBAD-RNE-E429G] This study
Plasmids
pBAD-RNE pSC101 ori,  Kmr, wild-type rne under  PBAD Lee et al. (2002)
pBAD-RNE-Q36R pSC101 ori,  Kmr, rne-Q36R under  PBAD This study
pBAD-RNE-E429G pSC101 ori,  Kmr, rne-E429G under  PBAD This study
pET3a pBR322 ori,  Ampr Novagen
pET3a-RNA  I-5 pBR322 ori,  Ampr, RNA  I-5 This study
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incubated for 10 h in a shaking incubator at 240 rpm. The 
 OD600 values of the bacterial culture were measured using 
a Biophotometer D30 (Eppendorf) every 60 min for 10 h 
continuously. Three or more replicates were carried out for 
all the growth-curve measurements.

Western Blotting Analysis

Western blotting analysis was performed as described previ-
ously (Moore et al., 2021). KSL2000-derived strains were 
grown to an  OD600 value of 0.7 and harvested. Membranes 
were blotted with primary antibodies against His (1:1000) 
and S1 (1:10,000) overnight at 4 °C. The blots were then 
incubated with the secondary antibodies, anti-mouse IgG 
(1:10,000) for anti-His and anti-rabbit IgG (1:10,000) for 
anti-S1, for 4 h.

Protein Stability Analysis

KSL2000-derived cells were grown in LB medium contain-
ing 100 µg/ml kanamycin, 5 µg/ml tetracycline, and 5 µg/ml 
chloramphenicol and supplemented with 0.1% l-arabinose 
at 37 °C at an  OD600 of 0.8. The cells were harvested at 
5000 rpm for 10 min at 4 °C. The cell pellets were resus-
pended in LB medium containing 100 µg/ml kanamycin, 
5 µg/ml tetracycline, and 5 µg/ml chloramphenicol and fur-
ther incubated at 37 °C for 10 min. Spectinomycin was then 
added at a final concentration of 1 mg/ml (time = 0). Sam-
ples were collected at the indicated time points and subjected 
to SDS-PAGE and western blotting analyses.

Northern Blotting Analysis

Northern blotting analysis was performed as described pre-
viously (Lee et al., 2002, 2021a, 2021b, 2021c). In brief, 
total RNA was extracted from cultures of KSL2000-derived 
cells grown at 37 °C in LB media containing 100 µg/ml kan-
amycin, 5 µg/ml tetracycline, and 5 µg/ml chloramphenicol 

and supplemented with 0.1% l-arabinose to an  OD600 of 0.8 
using hot phenol methods. 15 μg of total RNA was analyzed 
on a 12% polyacrylamide gel containing 8 M urea. Blots 
were hybridized using specific probes for the RNA I. The 
northern blot membranes were then stripped and reprobed 
with a radiolabelled probe specific for the 5S rRNA or M1 
RNA. RNA I loop 3 probes was used to probe RNA I, while 
5S rRNA and M1 probes were used to probe 5S rRNA and 
M1 RNA, respectively. Synthetic RNA I and the in vitro 
cleavage product of RNA I by RNase E were used as the 
positive controls.

Measurement of ColE1‑Type Plasmid Copy Number

The measurement of plasmid copy number has been 
described previously (Lee et al., 2009; Park et al., 2017; 
Yeom & Lee, 2006; Yeom et al., 2008). KSL2000-derived 
cells harboring pET3a or pET3a-RNA  I-5 were grown in 
LB medium with the appropriate antibiotics (100 µg/ml 
ampicillin, 100 µg/ml kanamycin, 5 µg/ml tetracycline, and 
5 µg/ml chloramphenicol) and 0.1% l-arabinose at 37 °C 
to an  OD600 of 1.0. Isolated plasmids were digested with 
the restriction enzyme, EcoRI, which has a unique cleavage 
site in all plasmids. Plasmid copy numbers were calculated 
relative to a concurrently present pSC101 derivative (pBAD-
RNE, pBAD-RNE-Q36R, and pBAD-RNE-E429G), which 
was replicated independent of Rne, by measuring the molar 
ratio of the ColE1-type plasmid (pET3a or pET3a-RNA  I-5) 
to that of the pBAD-RNE plasmid. DNA quantification was 
performed using the Quantity One software (Bio-Rad).

Primer Extension

Total RNA was isolated as described previously (Choi 
et al., 2022; Lin-Chao & Cohen, 1991). Primer extension 
analysis was performed as described previously (Song et al., 
2019). The 5′-end of the oligonucleotide primer (RNAI-
PE) was radiolabeled with [γ-32P] ATP (3000 Ci/mmol) 

Table 2  Oligonucleotides used 
in this study

Oligonucleotides Sequences (5′–3′)

For gene cloning
RNA I-5del (F) GGA AAG AAC ATG TGA GCA AA
RNA I-5del-M (R) GCA GAG CGC AGA TAC CAA ATG CTT CTA GTG TAG CCG TAG 
RNA I-5del-M (F) ACT ACG GCT ACA CTA GAA GGA TTT GGT ATC TGC GCT CTGC 
RNA I-5del (R) ACG ATG CCT GCA GCA ATG GC
For Northern blot
RNA I loop 3 probe (+13 and +38) ACC GCT ACC AGC GGT GGT TTG TTT GC
5S rRNA probe (+41 and +60) ACT ACC ATC GGC GCT ACG GC
M1 RNA probe (+119 and +138) GCT CTC TGT TGC ACT GGT CG
For primer extension
RNA I-PE (+16 and +44) GCT ACC AGC GGT GGT TTG TTT GCC GGATC 
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(PerkinElmer) and T4 polynucleotide kinase (New England 
Biolabs). The extended fragments were analyzed on a 10% 
polyacrylamide gel containing 8 M urea. Sequencing lad-
ders were generated using dideoxy NTP and pET3a (Jena 
Bioscience).

Quantification and Statistical Analyses

The statistical details for all the experiments are included 
in the figure legends. Statistical analyses were performed as 
described previously (Lee et al., 2019; Veena et al., 2021).

Results

Analysis of the Stability of Wild‑Type (WT) 
and Hyperactive RNase E Proteins

To determine whether the presence of hyperactive muta-
tions affected the RNase E stability, S30 extracts were pre-
pared from KSL2000 (Rne-WT) strain and its derivatives 
expressing hyperactive RNase E variants (KSL2000-Q36R 
and KSL2000-E429G). These strains have a deletion in 
the chromosomal rne gene, which was substituted with the 
plasmid-borne rne gene under the control of an arabinose-
inducible promoter (pBAD-RNE, pBAD-RNE-Q36R, and 
pBAD-RNE-E429G) (Lee et al., 2002). The growth rates 
and yields of KSL2000-Q36R and KSL2000-E429G strains 
were moderately lower than those of the KSL2000 strain 
(Fig. 1A). However, the expression levels of the Rne proteins 
were not significantly altered in any of the strains used in 
these experiments (Fig. 1B).

Next, we measured the RNase E stability in these strains. 
KSL2000 and its derivatives were transferred to a fresh 
medium without arabinose to repress rne gene expression 
and spectinomycin (1 mg/ml) was added to inhibit protein 
synthesis. Then, cells were harvested at different time inter-
vals, and Rne protein levels were measured via western blot-
ting. As shown in Fig. 2, the stability of Rne variants was 
similar to that of Rne-WT. The findings suggest that these 
mutations do not alter the stability of Rne.

Effect of the Hyperactive RNase E Mutation 
on the Cleavage Activity of RNA I In vivo

Next, we investigated whether two different hyperactive 
RNase E mutations affected the cleavage specificity of the 
enzyme. The cleavage specificity of the hyperactive RNase 
E variants was analyzed via northern blotting using RNA I, 
a well-characterized RNase E substrate (Fig. 3). The major 
RNase E cleavage site in RNA I is located between the 5th 
and 6th nucleotides from the 5′-end of RNA I, generating 
RNA  I-5 (Masukata & Tomizawa, 1984; Tamm & Polisky, 
1985). Synthetic RNA I and the in vitro cleavage product of 
RNA I by RNase E were used as the positive controls. The 
results showed that KSL2000 cells produced only RNA  I-5 
as an RNA I cleavage product (lane 2 in Fig. 3A), whereas 
KSL2000 cells expressing Rne-Q36R or Rne-E429G pro-
duced other minor products along with RNA  I-5 (lanes 4 
and 5 in Fig. 3A). The abundance of RNA  I-5 in KSL2000-
Q36R and KSL2000-E429G cells was higher than that in 
KSL2000 cells. These results indicate that both Rne-Q36R 
and Rne-E429G proteins have hyperactive ribonucleolytic 
activity and relaxed cleavage specificity for RNA I. No other 

Fig. 1  Effects of the expression levels of hyperactive RNase E 
variants on the growth of E. coli. A Growth characteristics of cells 
expressing Rne mutants. KSL2000 cells harboring pBAD-RNE, 
pBAD-RNE-Q36R, or pBAD-RNE-E429G were evaluated in the LB 
medium supplemented with 0.1% l-arabinose, 100 µg/ml kanamycin, 
5  µg/ml tetracycline, and 5  µg/ml chloramphenicol, and the growth 
was monitored by measuring the optical density at 600 nm  (OD600) 
at indicated time intervals. The data are presented as the mean ± SEM 

from three independent experiments. Asterisks indicate the statisti-
cally significant differences (*p < 0.05, **p < 0.01). B Cells were 
harvested in log phase  (OD600 = 0.7) to obtain total protein samples 
for western blotting analysis. The membrane was probed with an anti-
His monoclonal antibody. S1 protein was used as an internal stand-
ard. Relative abundance of Rne protein was quantified by setting the 
amount of Rne-WT to 1



215Journal of Microbiology (2023) 61:211–220 

1 3

Fig. 2  Analysis of the stability of Rne-WT and hyperactive Rne 
proteins. A Representative western blots showing the decay of Rne 
proteins. Cells were grown in LB medium containing 0.1% l-arab-
inose. The cultures were grown to  OD600 = 0.8, transferred to a fresh 
medium, and protein synthesis was blocked by adding spectinomy-
cin. Samples were taken at the indicated time points and subjected 

to western blotting analysis. B Decay rates of Rne proteins. Graph 
shows the percentage of remaining Rne after treatment with spectino-
mycin. The data are presented as the mean ± SEM from three inde-
pendent experiments. Asterisks indicate the statistically significant 
differences (ns not significant)

Fig. 3  Ribonucleolytic activity 
of hyperactive RNase E variants 
on RNase E substrates. North-
ern blotting analysis of RNA I, 
5S rRNA and M1 RNA. Total 
RNA (15 μg) was analyzed 
on a 12% polyacrylamide gel 
containing 8 M urea. Percent-
age of RNA  I-5 compared to 
full-length RNA I are shown. 
The data are presented as 
the mean ± SEM from three 
independent experiments. 
Asterisks indicate the statisti-
cally significant differences 
(**p < 0.01, ****p < 0.0001). 
Blots were hybridized using 
specific probes  A for the RNA 
I. The northern blot membranes 
were then stripped and reprobed 
with a radiolabelled probe spe-
cific B for the 5S rRNA  or C 
M1 RNA.  Synthetic RNA I and 
the in vitro cleavage product of 
RNA I by RNase E were used 
as the positive controls. Specific 
binding sites for each probe are 
shown under the gel
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cleavage products were observed with 5S rRNA and M1 
RNA.

Effect of the Hyperactive Mutation of RNase E 
on the Replication of ColE1‑Type Plasmid

Since RNase E regulates the copy number of ColE1-type 
plasmids by cleaving RNA I, plasmid copy number analysis 
is used to assess the RNase E activity in vivo (Go et al., 
2011; Lin-Chao et al., 1994). We used this analysis to assess 
the in vivo ribonucleolytic activity of the hyperactive RNase 
E variants. KSL2000-Q36R and KSL2000-E429G harbor-
ing a ColE-1 type plasmid (pET3a) showed 2- and 1.7-fold 
higher plasmid copy numbers, respectively, compared to 
that of KSL2000 harboring pET3a, as previously reported 
(Fig. 4) (Go et al., 2011; Moore et al., 2021). In these experi-
ments, the plasmid copy numbers of pET3a were calculated 
relative to a concurrently present pSC101 derivative (pBAD-
RNE, pBAD-RNE-Q36R, and pBAD-RNE-E429G), which 
replicated independent of Rne, by measuring the molar ratio 
of the ColE1-type plasmid (pET3a) to that of the pBAD-
RNE plasmid. These results show that the hyperactive 
RNase E variants cleave RNA I with a higher efficiency 
than WT RNase E, as previously reported (Go et al., 2011; 
Moore et al., 2021).

To determine whether the non-specific cleavage activity 
of the hyperactive RNase E variants affected the plasmid 
copy number of pET3a, we constructed an RNA  I-5 expres-
sion system by deleting the first five nucleotides from the 
RNA I-coding region in pET3a, resulting in pET3a-RNA 
 I-5. The plasmid copy numbers of pET3a-RNA  I-5 were cal-
culated relative to a concurrently present pSC101 derivative 
(pBAD-RNE, pBAD-RNE-Q36R, and pBAD-RNE-E429G). 
Cells expressing WT RNase E showed an approximately 
twofold increase in the copy number of pET3a-RNA  I-5 
relative to that of pET3a in cells expressing WT RNase E 
(Fig. 4). Analogous results were obtained when hyperac-
tive RNase E variants were expressed with pET3a-RNA  I-5. 
These results indicate that the in vivo function of RNA I 
as an antisense regulator is lost when five nucleotides are 
removed from the 5′-end of RNA I.

Identification of Cryptic RNase E Cleavage Sites 
in RNA I In vivo

To characterize the cryptic RNase E cleavage sites gen-
erated by the relaxed cleavage specificity of hyperactive 
RNase E variants, we performed primer extension analysis 
on RNA I and its derivative, RNA  I-5, using total RNA 
extracted from the six strains shown in Fig. 4. For these 
experiments, a 5′-end 32P-labeled primer (RNA I-PE) was 

Fig. 4  Effects of the expression 
levels of RNA  I-5 and hyperac-
tive RNase E variants on the 
copy number of ColE-1 type 
plasmid. Plasmids were purified 
from KSL2000 (Rne-WT, Rne-
Q36R, and Rne-E429G) cells 
harboring pET3a or pET3a-
RNA  I-5, and digested with 
EcoRI. Plasmid copy numbers 
were calculated relative to the 
concurrently present pSC101 
derivatives (pBAD-RNE, 
pBAD-RNE-Q36R, and pBAD-
RNE-E429G) by measuring the 
molar ratio of the ColE1-type 
plasmid (pET3a or pET3a-RNA 
 I-5) to the pBAD-RNE plasmid, 
and are shown at the bottom 
of the gel. Quantified data are 
presented as the mean ± SEM of 
three independent experiments. 
Asterisks indicate the statisti-
cally significant differences 
(*p < 0.05, ****p < 0.0001; ns 
not significant)
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designed to bind near the 3′-end of RNA I (from posi-
tion + 16 to + 44) and extended using AMV reverse tran-
scriptase. When hyperactive RNase E variants and RNA 
I were expressed, 11 distinct cDNA bands (blue arrows) 
were detected, which were not found in samples from 
KSL2000 cells harboring pET3a (Fig. 5). However, these 
cDNA bands were detected when RNA  I-5 was expressed 
in all strains, regardless of the RNase E type (Fig. 5). In 
addition, three additional cDNA bands (orange arrows) 
were detected in cells expressing RNA  I-5 (Fig. 5). Most of 
the cleavage sites deduced from the 11 cDNA bands (blue 
arrows) were located in the consensus motif of RNase E 
(Chao et al., 2017) or in the AU-rich region. In contrast, 
all sequences in the orange arrow bands were present in 
the loops. It is possible that hyperactive RNase E can 
cleave non-specifically at sites similar to RNase E cleav-
age motifs, which can also be recognized by WT RNase 
E when the major RNase E cleavage site is removed. We 
also observed that steady-state levels of RNA  I-5 increased 
by approximately two-fold in cells expressing RNA  I-5 
compared to those in cells expressing RNA I (Fig. 5). 
These results indicate that RNA  I-5 does not function as 
efficiently as RNA I as an antisense RNA, which has been 
suggested previously using in vitro binding assays (Tamm 
& Polisky, 1985; Tomizawa, 1984).

Discussion

Rne-Q36R and Rne-E429G variants show enhanced cata-
lytic activity by decreasing the non-competitive inhibition of 
RNA substrates or enhancing the multimerization of RNase 
E, respectively (Go et al., 2011; Moore et al., 2021). In this 
study, we investigated the effects of hyperactive mutations 
on the cleavage specificity of the target RNA substrate, RNA 
I. When the growth curves of the strains expressing WT 
RNase E or hyperactive RNase E variants were measured, 
Q36R and E429G mutations resulted in lower growth rates 
and yields compared to the WT (Fig. 1A). Since RNase E 
is involved in the processing and degradation of various 
RNAs and predominantly regulates the transcripts encod-
ing proteins in energy production pathways (Bernstein et al., 
2002; Lee et al., 2002), it is possible that the hyperactivity of 
RNase E altered the abundance of the RNA substrates, lead-
ing to changes in gene expression and consequently affecting 
the cellular growth.

RNase E is an endoribonuclease that cleaves the AU-rich 
region of single-stranded RNA (Huang et al., 1998; McDo-
wall et al., 1994). Presence of uridine 2 nt downstream in 
a single-stranded segment is the key recognition structure 
favored by RNase E catalysis (Chao et al., 2017). The hyper-
active RNase E variants appeared to recognize uridine or 
cytosine 2 nt downstream of the cleavage site  (U+2,  C+2) 

Fig. 5  Primer extension 
analysis of RNase E cleavage 
sites in RNA I and RNA  I-5. A 
Total RNA was isolated from 
KSL2000, KSL2000-Q36R, 
and KSL2000-E429G cells 
harboring pET3a or pET3a-
RNA  I-5 and hybridized with 
the 5′-end 32P-labeled primer 
(RNA I-PE). Synthesized 
cDNA products were separated 
on a 10% polyacrylamide gel 
containing 8 M urea. Sequenc-
ing ladders were synthesized 
using the same primer used for 
cDNA synthesis with pET3a as 
a template. B RNase E cleavage 
sites in RNA I. Major cleavage 
sites of RNase E (red and blue 
arrows) and other cryptic sites 
identified in A are indicated in 
RNA I (orange arrows). Specific 
binding sites for the probe are 
shown under the gel
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(Fig. 5), as has been previously suggested (Chao et al., 
2017). A similar cleavage specificity was observed when 
RNA  I-5 was expressed. Based on our results, it is tempting 
to speculate that the cleavage flexibility of RNase E, pro-
posed in the study of the  U+2 Ruler-and-Cut mechanism by 
Chao et al. (2017), was maximized due to these hyperactive 
mutations, resulting in the increased non-specific cleavage 
of RNA I. The higher cleavage flexibility of two hyperac-
tive RNase E variants might stem from their higher cleav-
age rates on both major and cryptic sites for the following 
reasons. First, these variants do not share the mechanism for 
increased ribonucleolytic activity (Go et al., 2011; Moore 
et al., 2021; Shin et al., 2008). Second, both mutations do 
not enhance substrate RNA binding (Go et al., 2011; Moore 
et al., 2021; Shin et al., 2008). Thus, perhaps, these variants 
scan cleavage sites from the 5′-end of RNA I and cleave at 
cryptic sites before scanning further downstream or being 
released from the substrate (Richards & Belasco, 2021). Fur-
ther studies are needed to characterize the mechanism under-
lying the increased cleavage flexibility of these variants.

In addition, our data indicated that hyperactive mutations 
in RNase E resulted in the non-specific cleavage of RNA I, 
regardless of the presence of the RNase E major cleavage 
site on RNA I. When the major RNase E cleavage site was 
removed, WT RNase E cleaved the same sites on target RNA 
I as hyperactive RNase E variants. Three additional cleav-
age products were detected when RNA  I-5 was expressed. 
These results may stem from the unstable binding of RNA 
 I-5 to RNA II, which can alter the stability and structure of 
RNA  I-5.

RNA  I-5 expression resulted in an approximately twofold 
increase in the copy number of the ColE-1 type plasmid and 
the steady-state levels of RNA  I-5 compared to those in cells 
expressing RNA I (Figs. 4 and 5). These results indicate 
that RNA  I-5 does not efficiently function as an antisense 
RNA, even though RNA  I-5 is stabilized when expressed in 
a triphosphorylated form, which protects RNA from ribo-
nuclease attack. These results are consistent with those of a 
previous study that suggested the importance of five nucleo-
tides at the 5′-end of RNA I for the efficient formation of a 
complex between RNA I and RNA II (Tamm & Polisky, 
1985; Tomizawa, 1984). Relaxed substrate specificity (star 
activity) can be easily detected under nonoptimal conditions 
for many restriction enzymes that cleave double-stranded 
DNAs in a sequence-specific manner (Nasri & Thomas, 
1986; Robinson & Sligar, 1995, 1998). Since the relaxed 
specificities are intrinsic properties of endonucleases, it is 
assumed that organisms have evolved to possess endonu-
cleases with lower off-target rates. In conclusion, our study 
suggests that hyperactive RNase E variants are not evo-
lutionarily selected probably because of relaxed cleavage 
specificity and reveal a previously unidentified property of 
RNA  I-5 in vivo.
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