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Abstract RNase E plays an important role in the degra-
dation and processing of RNA in Escherichia coli. The
enzymatic activity of RNase E is controlled by the protein
inhibitors RraA and RraB. The marine pathogenic bac-
terium Vibrio vulnificus also contains homologs of RNase
E and RraA, designated as RNase EV, RraAVl, and
RraAV2. Here, we report that RraAV1 actively inhibits the
enzymatic activity of RNase EV in vivo and in vitro by
interacting with the C-terminal domain of RNase EV.
Coexpression of RraAV1 reduced ribonucleolytic activity
in the cells overproducing RNase EV and consequently
restored normal growth of these cells. An in vitro cleavage
assay further demonstrated that RraAV1 efficiently inhibits
the ribonucleolytic activity of RNase EV on BR10 + hpT,
a synthetic oligonucleotide containing the RNase E
cleavage site of RNA I. Our findings suggest that RraAV1
plays an active role in RNase EV-mediated RNA cleavage
in V. vulnificus.
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Introduction

Control of RNA stability plays a critical role in determin-
ing the transcript levels and contributes to the regulation of
gene expression in the cell. In Escherichia coli, RNase E
(Rne) is an essential endoribonuclease that controls the
decay and processing of a large proportion of RNA in the
cell [2, 3,6, 8, 10, 11, 15, 19].

The 118-kDa RNase E, encoded by the rne gene, can be
divided into distinct halves. The highly conserved N-ter-
minal domain (amino acid residues 1-529) exhibits site-
specific endoribonuclease activity that is essential for cell
viability [9, 17]. The unstructured C-terminal domain
(530-1061) provides a platform for the degradosome
complex, which includes the polynucleotide phosphorylase
(PNPase), RhiIB RNA helicase, ATP-generating enzyme
enolase, chaperone proteins DnaK and GroEL, and
polyphosphate kinase [1].

The enzymatic activity and cellular concentration of
RNase E are tightly controlled in E. coli through several
mechanisms. Forced depletion or adventitious overexpres-
sion has been shown to cause cellular toxicity leading to
growth retardation [4, 11]. RNase E maintains its relatively
stable level by cleaving the 5'-untranslated region of its own
transcript when RNase E activity exceeds cellular needs [7,
18, 20]. The endonucleolytic activity of RNase E is also
regulated by the stoichiometric binding of the inhibitor
proteins RraA or RraB to separate sites within the C-ter-
minal domain of RNase E, which affects the composition of
the degradosome [2, 5, 12]. A recent study also revealed
that RraA-like proteins found in some bacterial species have
divalent metal ion-dependent 4-hydroxy-4-methyl-2-oxog-
lutarate (HMG)/4-carboxy-4-hydroxy-2-oxoadipate (CHA)
aldolase activity [16].
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The marine pathogenic bacterium Vibrio vulnificus
contains genes that encode orthologs of E. coli RNase E as
well as two RraA-like proteins, designated as RNase EV
(86.4 % amino acid sequence similarity with RNase E),
RraAV1, and RraAV2 (80.1 and 59 % amino acid
sequence similarity, respectively, with RraA). These
homologs of RraA have been shown to inhibit E. coli
RNase E differently [13, 14].

In this study, using a genetic system that takes advan-
tage of the ability of RNase EV to functionally complement
RNase E in rne-deleted E. coli cells, we investigated the
ribonucleolytic effect of RraAV1 on RNase EV and its
mechanism of action.

Materials and Methods
Strains and Plasmids

Plasmids pKAN6B and pKANG6B-RraAV1 have been
described previously [13]. Plasmids pLAC-RNEV2 and
pNRNEVS were constructed by ligating polymerase chain
reaction (PCR)-DNA digested with Notfl and Sphl restric-
tion enzymes into the same restriction enzyme sites in
pLAC-RNE2. We amplified DNA fragments containing
regions that encode full-length and N-terminal sequences
of RneV with hexahistidine tags at the C-termini using the
same primers, RNEV-F (5'-CACAGCGGCCGCAGGAGG
TTACGA-3') and RNEV-R (5-CAGTGCATGCCTAGTG
GTGGTGGTGGTGGTGGTGGTG-3’) with pRNEV4 and
pNRNEV4 as the respective templates.

Measurement of Plasmid Copy Number

The cells were grown to an ODg of 0.1 in the presence of
10 uM isopropylthiogalactoside (IPTG) and 0.2 % arabi-
nose. Then, 0 or | mM IPTG was additionally added to the
cultures, which were further grown to an ODgy, of 1.5 and
harvested to obtain plasmid DNA. Plasmids were digested
with the Notl restriction enzyme, which is a site that is
unique in pLAC-RNEV2 and pNRNEVS, as well as in
pKAN6B and pKAN6B-RraAV1. The digested plasmid
DNA was electrophoresed in 0.8 % agarose gel and stained
with ethidium bromide. The plasmid copy number was
calculated relative to the concurrently present pSC101
derivatives (pLAC-RNEV2 and pNRNEVS), which
undergo replication independent of RNEV, by measuring
the molar ratio of the pSC101 derivatives to the ColE1-type
plasmids (pKAN6B and pKAN6B-RraAV1).

Protein Expression and Purification

DKO0O01 and DKO0O2 cells were transformed with pKAN6B-
RraAV1 and cultured to an ODgqq of 0.1 in the presence of
10 uM IPTG and 0.2 % arabinose, and 1 mM IPTG was
added to the cultures. The cells were further grown to an
ODgq of 1.5 and harvested for copurification studies. Cells
were broken by French Press followed by binding of the
hexahistidine-tagged RneV and N-RneV on Ni-NTA
agarose beads (Invitrogen) overnight. The beads were then
washed four times with lysis buffer, and the proteins were
eluted with 400 mM imidazole buffer. RraAV1 was
detected using rabbit polyclonal antisera against RraA
(1:500 dilution). Purified RraAV1 Protein was obtained
from Dr. Nam-Chul Ha in Seoul National University,
Republic of Korea.

In Vitro Cleavage of RNase E Substrate

BRI10 + hpT was labeled with [y-"°P]-ATP at the 5'-end
using T4 polynucleotide kinase (Takara, Japan), and the
labeled products (p-BR10 + hpT) were purified using
MicroSpinTM G25 columns (GE Healthcare, UK) accord-
ing to the manufacturer’s instructions. Approximately,
0.5 pmol of p-BR10 + hpT was pre-incubated with 2 pmol
of purified RneV or 4 pmol of N-RneV proteins with
varying concentrations of RraAV1 on ice for 10 min in
20 pl of 200 mM Tris—HCI buffer (pH 8.0) containing 1 M
NaCl, 1 mM DTT, 50 mM MgCl,, and 50 % (v/v) glyc-
erol. The cleavage reaction proceeded at 37 °C for 2 h. The
reaction products were separated by electrophoresis using
12 % denaturing polyacrylamide gel.

Results and Discussion

Effects of Coexpression of RraAV1 on the Growth
of E. coli Cells Overproducing RneV Proteins

We wished to resolve the question of whether V. vulnificus
RraAV1 can modulate the ribonucleolytic activity of
RNase EV (RneV). Based on our previous finding that
RNase EV can functionally complement RNase E in E. coli
[14], we developed a genetic system that uses an rne-
deleted E. coli strain expressing RNase EV. The coding
regions of the full-length and N-terminal sequences of
RneV (N-RneV) with hexahistidine tags at the C-termini
were cloned into pPLAC-RNE2 by replacing the rne gene
encoding RNase E under the control of the IPTG-inducible
lacUV5 promoter. The resulting plasmids, pLAC-RNEV2
and pNRNEVS, were used to transform E. coli strain
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Fig. 1 Effects of overproduction of RNase EV and coexpression of
RraAV1 on E. coli growth. a Coexpression of RneV (Black) or N-RneV
(Gray) and RraAV1 procedure. Promoters for plasmids (pBAD,
placUVS5), replication origin of plasmids (pSC101 ori, p15A ori), and
antibiotic markers (Ap”, Km") are indicated. b Effects of coexpression of
RraAVl1 in E. coli cells overproducing RNase EV on growth. The
cultures of DK0O1 or DKO0O2 cells harboring pKAN6B or pKAN6B-
RraAV1 were grown in LB-10 uM IPTG medium, 0.2 % arabinose,
and no additional IPTG (DK0O1 or DK002 4+ pKAN6B + 10 uM

KSL2000, which contains a deletion in the chromosomal
rne gene that is complemented by a plasmid-borne rne
gene under the control of an arabinose-inducible promoter
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IPTG) or | mM IPTG (DKO001 or DK002 + pKAN6B + 1 mM IPTG
and DKOO1 or DKO002 + pKAN6B-RraAV1 + 1 mM IPTG) was
added to the cultures at ODggy = 0.1, and growth was monitored by
analyzing cell density (absorbance at 600 nm) at time intervals.
¢ Western blot analysis of cultures obtained from the growth curve.
Culture samples from (b) were harvested in the log phase
(ODggg = 1.5) to obtain total protein. The same membrane probed
with anti-His monoclonal antibody and anti-RraA polyclonal antibody
was tripped and reprobed with anti-S1 polyclonal antibody

(pBAD-RNE). Introduction of an incompatible ampicillin-
resistant (Ap’) plasmid expressing RneV or N-RneV
(pLAC-RNEV2 and pNRNEVY) into the KSL2000 strain
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Fig. 2 Effects of coexpressed RraAV1 on the ribonucleolytic activity
of RNase EV in vivo. a Effects of overproduced RneV or N-RneV
and coexpressed RraAV1 on the copy number of ColEl-type
plasmids. Plasmid DNA was isolated from cultures used in the
growth curve analysis (Fig. 1b). Plasmids digested with the Norl
restriction enzyme, which has a unique cleavage site in all plasmids
tested here, were electrophoresed in 0.8 % agarose gel and stained
with ethidium bromide. Plasmid copy number was calculated relative
to the concurrently present pSC101 derivatives (pLAC-RNEV2 or
pNRNEVS), the replication of which is independent of Rne, by
measuring the molar ratio of the pLAC-RNEV2 or pNRNEVS5
plasmids to ColEl-type plasmids (pKAN6B or pKAN6B-RraAV1).
Densitometric measurements of bands corresponding to each plasmid
were converted to actual ratios after normalizing the values according
to the size of ColE1-type plasmids and are shown at the bottom of the
gel. b Effects of overproduced RneV or N-RneV and coexpressed
RraAV1 on the steady-state level of ftsZ, rnhB, and rpoS mRNA.
Total RNA was isolated from DK0O1 or DKO0O2 cells grown to an

and selection of the incoming plasmid by growing trans-
formants containing both plasmids (pBAD-RNE and
pLAC-RNEV2 or pNRNEVS) in the presence of ampicillin
(100 pg/ml) and 10 uM IPTG for 40 generations resulted
in the displacement of the resident Km" plasmid by the Ap"
RneV-expressing construct (DK001) or N-RneV-express-
ing construct (DK002).

ODggp of 1.5 in the same way as described in Fig. 1b, and reverse
transcriptase-polymerase chain reaction (RT-PCR) was performed.
The relative abundance of each mRNA is shown at the bottom of the
gels. The experiments were performed at least three times, and the
standard error of the mean (fnumbers) was used to indicate the range
of the assay results in the graph. ¢ Interactions of RNase EV with
RraAV1. The cultures of DKOO1 and DKO002 cells harboring
pKAN6B or pKAN6B-RraAV1 were grown in LB-10 uM IPTG
medium and 0.2 % arabinose, and 1 mM IPTG was added to the
cultures at ODgog = 0.1. Culture samples were harvested in the log
phase (ODgpp = 1.5) to obtain total protein. The same membrane
probed with anti-His monoclonal antibody and anti-RraA polyclonal
antibody was tripped and reprobed with anti-S1 polyclonal antibody.
His-tagged RneV or N-RneV in cells expressing RraAV1 was purified
using Ni-NTA agarose resin, and the copurified RraAV1 was
identified by Western blot analysis using anti-RraA polyclonal
antibody

First, we investigated the growth characteristics of
DKO001 and DKO0O2 cells. The growth of DK0OI cells was
inhibited by overexpression of RneV in the presence of
1 mM IPTG, whereas overexpression of N-RneV did not
affect the growth of DKO0O02 cells. This phenomenon has been
observed in rne-deleted E. coli cells that express the full-
length or N-terminal catalytic domain of Rne [10],
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suggesting that RneV proteins possess ribonucleolytic
activities that are similar in extent and specificity to those of
Rne proteins. Next, to test the effect of RraAV1 on RNase
EV activity, a compatible Km" plasmid expressing RraAV1
under the control of the arabinose-inducible promoter
(pKAN6B-RraAV1) was introduced into DK001 and DK002
cells. DKO0O1 cells overproducing both RneV and RraAV1
proteins in the presence of | mM IPTG and 0.2 % arabinose
were able to grow at rates similar to those of the DK0O1 cells
harboring an empty vector (pKAN6B) and grown in the
medium containing 10 puM IPTG and 0.2 % arabinose
(Fig. 1). Coexpression of RraAV1 and N-RneV in DK(002
cells did not affect the growth rate of these cells (Fig. 1).
These results imply that these V. vulnificus proteins have
physiological activities in E. coli that are functionally
equivalent to RNase E and RraA; RraAV1 effectively
modulates the enzymatic activity of RneV for proper pro-
cessing and decay of RNA species required to restore normal
cellular growth in RneV-overproducing E. coli cells.

Effects of Coexpression of RraAV1
on Ribonucleolytic Activity of RNase EV In Vivo

To test whether RraAV1 is able to modulate the ribonu-
cleolytic activity of RneV in vivo, four of the known Rne
substrates in E. coli were analyzed for their steady-state
level. The first substrate tested was RNA I, which acts as an
antisense repressor of ColEI-type plasmid replication. The
in vivo activity of RneV against RNA I was assessed by
measuring the relative copy number of a ColEl-origin
plasmid (pKAN6B or pKAN6B-RraAV1) to a pSC101-
origin plasmid (pLAC-RNEV2) in E. coli DKO0O1 cells
when RraAV1 is conditionally expressed by arabinose.
Forced overexpression of RneV in the presence of 1 mM
IPTG in DKOOI1 cells increased the copy number of the
ColE1-type plasmid pKAN6B by approximately 2.5-fold
relative to that observed in cells expressing RneV in the
presence of 10 uM IPTG. Increased ColEl-type plasmid
copy number with forced overexpression of RneV in the
presence of 1 mM IPTG was reduced to levels similar to
that of the cells expressing RneV in the presence of 10 uM
IPTG when RraAV1 was coexpressed in the presence of
0.2 % arabinose. These results indicate that RraAVl
effectively inhibited RNase EV action on RNA I in vivo
(Fig. 2a, left panel). The inhibitory activity of RraAV1 on
N-RneV appeared to be moderate, as indicated by a mod-
erate decrease in the copy number of the ColEl-type
plasmid pKAN6B-RraAV1 compared to that of pKAN6B
in DKOO2 cells overexpressing N-RneV (Fig. 2a, right
panel). The moderate inhibitory effect of RraAV1 on
N-RneV might have resulted from the fact that its in vivo
ribonucleolytic activity is significantly lower than that of
the full-length RneV, as has been shown for E. coli N-Rne.
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Normal growth rates of DKO002 cells overproducing
N-RneV support this hypothesis. Another possibility is that
RraAV1 requires the C-terminal domain to efficiently
interact with RneV, which has been shown for RraA.

We further investigated the ribonucleolytic activity of
RNase EV on other RNase E substrates when RraAV1 was
coexpressed. The abundance of mRNA transcripts of the
three genes, rpsO, rnhB, and ftsZ, was measured using
semi-quantitative RT-PCR [13]. The results show that
coexpression of RraAV1 efficiently inhibited RneV action
on these mRNA transcripts in DKOO1 cells, resulting in the
increased abundance of each RNA species in vivo, whereas
no significant changes associated with RraAV1 coexpres-
sion were observed in DKO002 cells (Fig. 2b).

Physical Interactions Between RNase EV
and RraAVv1

To elucidate the basis for the observed differential inhibitory
effects of RraAV1 on RneV and N-RneV, physical interac-
tions between these proteins were examined by copurifica-
tion experiments. RraAV1 was coexpressed in DK0O1 and
DKO002 cells and C-terminal hexahistidine-tagged RneV and
N-RneV were affinity-purified using Ni-NTA beads. When
purified RneV and N-RneV proteins were analyzed for
RraAV1 by Western blot analysis, we found that RraAV1
was highly copurified with RneV, than with N-RneV
(Fig. 2c). These results showed that the C-terminal domain is
required for high-affinity binding of RraAV1 to RneV, which
explains why RraAV1 more effectively inhibited the
ribonucleolytic activity of RneV than N-RneV in vivo.

Inhibition of the Catalytic Activity of RNase EV
by RraAV1 In Vitro

We wished to examine whether the inhibitory effect of
RraAV1 on the ribonucleolytic activity of RneV in vivo
results from direct action of RraAV1 on RneV, which
requires no other factor(s). For this reason, RraAV1 and the
full-length RneV and N-terminal part of RneV were
affinity-purified for in vitro cleavage assays. For an RNA
substrate, we utilized a 5'->*P-end-labeled BR10 + hpT (p-
BR10 + hpT), a synthetic oligonucleotide that contains the
RNA T cleavage site of RNase E and surrounding nucleo-
tides located at its 5’ end to sequences corresponding to the
distal hairpin loop and transcription termination regions at
the 3’ end of RNA I (Fig. 3a). Addition of RraAV1 to the
reaction resulted in a high degree of inhibition on the
ribonucleolytic activity of RneV in a dose-dependent
manner (Fig. 3b), while RraAV1 was not able to effec-
tively inhibit ribonucleolytic activity of N-RneV (Fig. 3c).
These results show that RraAV1 inhibits the ribonucle-
olytic activity of RNase EV via its direct action on the
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<«Fig. 3 Effects of RraAV1 on the ribonucleolytic activity of RNase
EV in vitro. a Secondary structure of BR10 + hpT RNA substrate
deduced using the M-fold program. The RNase EV cleavage site is
indicated by an arrow. b RraAVI inhibition of p-BR10 + hpT
cleavage by RNase EV in vitro. About 2 pmol of 5'-end-labeled
p-BR10 + hpT RNA was incubated with 2 pmol of RneV with
varying concentrations of RraAVI1, 400 pmol of RraAVl, or
400 pmol of BSA in 20 pl of 1X cleavage buffer at 37 °C for 2 h
for RneV, RraAV1 only, or BSA only controls. Samples were mixed
with an equal volume of loading buffer, and then denatured at 65 °C
for 5 min and loaded onto a 12 % polyacrylamide gel containing 8 M
urea. The percentage of uncleaved p-BR10 + hpT in the gel was
quantitated using a phosphorimager and OptiQuant software.
¢ RraAV1 inhibition of p-BR10 + hpT cleavage by N-RneV
in vitro. 2 pmol of 5'-end-labeled p-BR10 + hpT RNA was incubated
with 4 pmol of N-RNase EV with varying concentrations of RraAV1,
400 pmol of RraAV1, or 400 pmol of BSA in 20 pl of 1X cleavage
buffer at 37 °C for 2 h for N-RneV, RraAV1 only, or BSA only
controls. Inhibition rates were determined by measuring the percent-
age of the remaining p-BR10 + hpT, as described previously

catalytic activity of the enzyme, which requires the C-ter-
minal part of RNase EV for efficient inhibition.

In recent years, the importance of RNase E in the reg-
ulation of gene expression via RNA degradation and pro-
cessing has been extensively studied and many details on
mechanisms to modulate its ribonucleolytic activity have
been unveiled in E. coli. Our findings indicate that RNase
EV and RraAV1 have physiological activities in E. coli
that are unequivocally functionally equivalent to RNase E
and RraA, implying that RraAV1 plays an active role in
RNase EV-mediated RNA cleavage in V. vulnificus.
RraAV2, the other V. vulnificus homolog of RraA, did not
show significant physiological activities on RNase EV in
E. coli (data not shown), suggesting that its mode of action
on RNase EV is likely to be different from that of RraAV1.
Considering the degrees of RraAV1 and RraAV2 homol-
ogy to RraA and their differential inhibitory effects on
RNase E and RNase EV in E. coli [13], it is tempting to
speculate that binding of RraAV1 and RraAV2 to RNase
EV results in alteration of the enzyme’s substrate speci-
ficity in V. vulnificus. Further studies will reveal their
physiological role in this pathogenic marine bacterium.
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