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ABSTRACT

The dmd gene of bacteriophage T4 is required for the stability of late-gene mRNAs. When this gene is
mutated, late genes are globally silenced because of rapid degradation of their mRNAs. Our previous
work suggested that a novel Escherichia coli endonuclease, RNase LS, is responsible for the rapid degradation
of mRNAs. In this study, we demonstrated that mIA (formerly yfjN) is essential for RNase LS activity both
in vivo and in vitro. In addition, we investigated a role of RNase LS in the RNA metabolism of E. coli cells
under vegetative growth conditions. A mutation in rnlA reduced the decay rate of many E. coli mRNAs,
although there are differences in the mutational effects on the stabilization of different mRNAs. In
addition, we found that a 307-nucleotide fragment with an internal sequence of 23S rRNA accumulated
to a high level in rmlA mutant cells. These results strongly suggest that RNase LS plays a role in the RNA

metabolism of E. coli as well as phage T4.

HE control of mRNA stability is an important aspect

of gene expression. mRNA degradation has been
studied extensively in both prokaryotes and eukaryotes,
and such studies have revealed that cis-acting RNA ele-
ments and trans-acting proteins influence mRNA sta-
bility (SCHOENBERG and CHERNOKALSKAYA 1997; VaN
Hoor and GrREEN 1997; CoBURN and MACKIE 1999;
SCHWARTZ and PARKER 2000). The most important fac-
tor among frans-acting proteins is an RNase that plays
a central role in mRNA degradation. In Escherichia coli,
the degradation of mRNA is usually initiated by endonu-
cleolytic cleavage (APIRION 1973; COBURN and MACKIE
1999; KusuNER 2002). Under vegetative growth condi-
tions, five endonucleases (RNases I*, III, E, G, P) are
known or suggested to cleave mRNA (PORTIER el al.
1987; ARRAIANO ef al. 1988; BARDWELL et al. 1989; CAN-
NISTRARO and KENNELL 1991; MAcKIE 1991; ALIFANO et
al. 1994; Umitsukt et al. 2001). Furthermore, two re-
cently discovered endonucleases function under certain
conditions. RelE cleaves mRNA positioned at the ribo-
somal A site when bacteria are starved for amino acids
(PEDERSEN et al. 2003). MazF encoded by the mazEF
addiction module (AIZENMAN et al. 1996) cleaves
mRNAs when cells undergo programmed cell death
(ZHANG et al. 2003).

We have been investigating an mRNA cleavage activity
that induces late gene silencing in bacteriophage T4
(Kar et al. 1996). The T4 dmd gene is required for the
regulation of mRNA stability in a stage-dependent man-
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ner during infection (UENO and YoNESAKT 2001). When
a T4 mutant defective in this gene infects E. coli cells at
low temperatures, gene expression is globally silenced
atlate stages because of the rapid degradation of mRNA.
The rapid degradation is caused by dmd mutant-specific
cleavages of mRNA (Kar et al. 1996; KA1 and YONESAKI
2002). Recently, we suggested that the host encodes an
activity for performing such cleavage and we isolated E.
coli std mutants that are defective in dmd mutant-specific
cleavages. The loci of the std mutations as well as the
effects of mutations in known RNase-encoding genes
suggested that an RNA cleavage activity causing the dmd
mutant-specific mRNA degradation could be attributed
to a novel RNase (OTsUkA et al. 2003). Hence, we pro-
pose calling this endonuclease RNase LS (l/ate-gene si-
lencing in T4).

RNase LS preferentially cleaves RNA 3’ to pyrimi-
dines, but exceptions are observed. Some cleavages by
RNase LS are introduced when the target RNA is trans-
latable, while others are independent of translation (Kar
et al. 1996; Kar and YonEesAkr 2002). Thus, RNase LS
seems to cleave RNA in a complex manner. The struc-
tural gene for RNase LS as well as its role in E. coli
cells have not been described. The E. coli std-2 mutation
abolishes RNase LS activity and allows T4 dmd to grow
as well as wild-type phage (OTSUKA et al. 2003). As an
initial step to characterizing the RNase LS, we sought
to identify the gene harboring the std-2 mutation and
found that yfjNis the gene. Because yfjNis the name of
a previously uncharacterized gene, we renamed it rnlA
and its mutant alleles, std-2 and std-5, milA2 and rnlA>5,
respectively. Our results demonstrate that rnlA is essen-
tial for RNase LS activity in vitro as well as in vivo. To
investigate the role of RNase LS in E. coli cells, we ana-
lyzed the phenotype of the /A2 mutant. The results
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strongly suggest that RNase LS plays a role in the RNA
metabolism of E. coli during vegetative growth.

MATERIALS AND METHODS

Bacterial strains: We used the E. coli K-12 strains MH1 (sup’
hsdR AlacX74 rpsL), TY0482 (MHI1 rniA2), TY1722 (MH1 std-3),
TY1797 (MH1 std-4), and TY2133 (MH1 rniA5; OTSUKA et al.
2003). TY0324 (MH1 rniA::kan) was constructed as described
below. MG1655 was used for cloning bacterial genes.

Plasmids: To clone rnlA-yfjO, the relevant DNA segment was
amplified by PCR using strain MG1655 genomic DNA as a
template and 5'-atgtttctatgggatccagg plus 5'-gctatttgatcatattg
gac as primers. The DNA segment was cloned into the EcoRV
site in pBR322 to construct pBRNO and pBRON, in which
rnlA-yfjO was cloned in both the same and the reverse direc-
tions as the tet promoter. To clone rnlA alone, pPBRNO was
digested with Banll and subsequently self-ligated to generate
pBRN. pBRN(kan)O was constructed by inserting a Hincll
fragment containing a kanamycin-resistance marker derived
from pUC4K (Pharmacia LKB) into the SpAl site of pBRNO.
The rnlA::kan DNA segment of pBRN(kan)O was amplified
by PCR with the primer set used for constructing pBRNO and
then cloned into the Smal site in pKO3 (LINK et al. 1997) to
construct pKmyfjN.

To construct plasmids pBSrpsA and pBRbla, DNA fragments
containing either 7psA or bla were amplified by PCR using
MG1655 DNA as a template with each set of primers and
ligating into the EcoRV site of pBluescript II KS+ or pBR322.
The primers were 5'-ggatccggeagecgatgcetttagtg-3' plus 5'-ggat
cctgeaatctgtcaagtaaac-3’ for pBSrpsA and b5'-ggagcaggcgca
taaatg-3' plus 5'-cctgttcctgatgatcgtte-3' for pBRbla.

Construction of strain TY0324: Following transformation
of MHI cells with pKmyfjN, the chromosomal A gene was
replaced with rniA::kan as described by LINK et al. (1997).
Briefly, transformants were plated at 42°, a temperature non-
permissive to the pKO3 replicon, to select cells with chromo-
somal integrants of the plasmid. Subsequently, these cells were
appropriately diluted and plated at 30° on LB plates con-
taining 5% sucrose to select cells that had lost the plasmid.
Finally, sucrose-resistant, kanamycin-resistant, chlorampheni-
col-sensitive colonies were screened. The candidates were ex-
amined by PCR for an insertion of kan in the target gene.

Primer extension: Total RNA from a 1.5-ml culture of in-
fected cells was isolated as described (KA1 et al. 1996). Primer-
extension analysis of soc RNA was performed using soc primer 2
as described (Kar and YoNEsAkT 2002). The reaction products
were denatured by boiling for 2 min and analyzed by electro-
phoresis through a 5% polyacrylamide gel containing 7 M
urea.

Functional decay rate: MH1 or TY0482 cells were grown at
30°in M9 minimal medium supplemented with 0.3% casamino
acids, 1 wg/ml thiamine, and 20 pwg/ml tryptophan. When
the cell density reached 4 X 108 cells/ml, rifampicin was added
to 500 pg/ml (zero time). [**S]Methionine/cysteine (Ameri-
can Radiolabeled Chemicals, St. Louis; >37 TBq/mmol) was
added to a 100-pl culture to 3.7 MBq/ml at various times to
label newly synthesized protein for 1 min. Labeled proteins
from an equal portion of cell culture were analyzed by electro-
phoresis through a 12.5% polyacrylamide gel containing 0.1%
SDS. An autoradiograph was taken with a Bio-Image analyzer
(Fuji BAS-1800). To calculate the functional half-life of net
mRNA, all the signal intensities of bands in each lane were
summed and plotted to measure the time required for a 50%
reduction of total intensity.

Northern blot analysis: Cells were grown to 4 X 10° cells/
ml as described above and rifampicin was added to 500 pg/ml

(zero time). At various times thereafter, a 1.5-ml culture was
quickly chilled on ice and the cells were harvested by centrifu-
gation. Total RNA extraction and Northern blotting were car-
ried out according to Kar et al. (1996). A radioactive probe
for each gene transcript was prepared by PCR with either T4
DNA or E. coli DNA (MG1655) as a template. One of the PCR
primers was 5" end-labeled by incubation with T4 polynucleo-
tide kinase (Toyobo) and [y-?P]JATP (Institute of Isotopes
of the Hungarian Academy of Sciences, Hungary; 259 TBq/
mmol). The sequences of primers are as follows: for the soc
gene, 5'-P-gttattaaccagttactttc and b'-cctgcagtaacaagttcggctc;
for the rpsO gene, 5'-P-ttgcttcagtacttagagac and b'-gcttaacgte
gcgtaaattg; for the rpsA gene, 5'-**P-ggatcctgeaatctgtcaagtaaac
and 5'-ggatccggceagecegatgetttagtg; for the bla gene, 5'-**P-agcg
gggtaattgtgegatg and 5'-ggatcctgttectgatgategttc; for the ompA
gene, 5'-*P-ttggatttagtgtctgeacg and 5'-atgaaaaagacagctatcgc.
After autoradiography with a Bio-Image analyzer, the signal in-
tensity was quantified with the National Institutes of Health (NIH)
image program. To calculate the half-life of each mRNA, the
amount of the full-length transcript was quantified by NIH
image and its relative amount was plotted to measure the time
required for a 50% reduction. Except for rpsA, we performed
two experiments for ompA mRNA and three for the other
mRNAs.

Analysis of RNA accumulated in an rnlA2 mutant: Total RNA
was extracted from cells according to Kar et al. (1996). Total
RNA from TY0482 cells was electrophoresed through a 5%
polyacrylamide gel and stained with ethidium bromide. Com-
paring RNA bands between MH1 and TY0482, the RNA species
specific to TY0482 cells was eluted from the gel slice, precipi-
tated with ethanol, and resuspended in water. To further pu-
rify this RNA species, the same manipulation was carried out
using a 5% polyacrylamide gel containing 7 M urea. The puri-
fied RNA was used as a radioactive probe for dot-blot hybridiza-
tion. The 5" end of this RNA was dephosphorylated by incubat-
ing with calf intestine alkaline phosphatase (Toyobo) and
phosphorylated by incubating with T4 polynucleotide kinase
and [y-*P]JATP. Dot-blot hybridization for the cosmid library
of the K-12 W3110 chromosome (TABATA et al. 1989), which
was kindly provided by A. Nishimura at the National Institute
for Genetics, was performed as follows. A solution containing
each cosmid plasmid was spotted onto a nylon membrane.
After denaturing the DNAs by exposing the membrane to 0.5 N
sodium hydroxide, the DNAs were crosslinked by ultraviolet
irradiation and were hybridized with a **P-labeled probe at
45° overnight in 50% formamide, 0.25 M sodium chloride,
and 3.5% SDS. The membrane was washed at 45° with 2X
SSC containing 0.1% SDS. A cosmid clone, E3107, was cleaved
with BamHI and EcoRI and ligated into a plasmid pBluescript
IT (Stratagene, La Jolla, CA) previously cut with the same
enzymes, yielding pBS109. pBS109 was digested with BamHI
and Nrul, blunted with T4 DNA polymerase, and self-ligated
with T4 DNA ligase to construct pBSIO9BN. The DNA frag-
ment in pBSI09BN was sequenced using two primers (KS
primer 5'-tcgaggtcgacggtatc and T3 primer 5'-aattaaccctcac
taaaggg). The nucleotide sequences at the 5" and 3’ termini of
the purified RNA fragment were determined by RNA ligation,
c¢DNA sequencing, and primer extension analysis as described
previously (YoNEsak1 2002).

Preparation of cell extract: MH1 or TY0482 cells were grown
to 3 X 10° cells/ml in 300 ml of Luria broth (LB) medium,
harvested by centrifugation, and washed twice with cold TMCK
buffer [10 mm Tris-HCI (pH 7.5), 10 mM magnesium acetate,
30 mm KCI, 0.5 mMm DTT]. The cells were frozen and stored
at —80° until used in the following procedures, which were
carried out at 4°: The frozen cells were thawed and ground
with 0.75 g of aluminium oxide. Subsequently, 150 wl of TMCK
buffer containing 1.5 units of RNase-free DNase (Nippon
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Gene) was added to the cell paste. The suspension was kept
on ice for 10 min, and the aluminum oxide was removed by
centrifugation at 15,000 X g for 20 min to obtain a clear ly-
sate. This lysate was centrifuged at 30,000 X g for 30 min to
prepare the S30 fraction.

Assay for RNA cleavage in vitro: soc RNA was synthesized
by T7 RNA polymerase with pTK40 (Kar and YONESAKI 2002)
as a template and subjected to cleavage in a buffer supplied
for the in wvitro translation kit (Ambion, Austin, TX). The
standard 10-pl reaction mixture contained 2 pl of the master
mixture, 0.4 pl of T7 RNA polymerase, 0.3 pg pTK40 DNA,
and 100 pg protein from the S30 fraction of MH1 or TY0482
cell extract. The reactions were incubated for 30 min at 30°.
RNAs were extracted twice with an equal volume of phenol/
chloroform/isoamyl alcohol (25:24:1) previously equilibrated
with 0.2 M sodium acetate (pH 5.2), collected by ethanol
precipitation, and suspended in water. A total of 7.5 pg RNA
recovered from each reaction mixture was used for a primer-
extension assay.

RESULTS

Involvement of 1mlA in RNase LS activity: Previously,
we isolated five E. coli std mutants that impair RNase LS
activity (OTsuxa et al. 2003). The std-1, std-3, and std-4
mutants weakly decrease RNase LS activity and the
growth defect of T4 dmd phages. Their effects require
iscR (OTSURA et al. 2003), which encodes a transcrip-
tional repressor of the iscRSUA operon (SCHWARTZ et
al. 2001). When cloned in a multicopy plasmid, iscR
can suppress the growth defect of the dmd mutant (T.
YonNEsaki, unpublished results), suggesting that an in-
crease of intracellular IscR protein counteracts RNase
LS activity. Thus, the mutational effects of std-1, -3, and
-4 on RNase LS seem to be indirect.

In contrast, mml{A2 and rmlA5 strongly reduce RNase
LS activity and the growth defect of the T4 dmd mutant.
In addition, their effects did not require iscR. Accord-
ingly, these mutations may directly alter RNase LS. P1-
mediated transduction showed that the /A2 and rniA5
mutations were in the vicinity of yfK (OTSUKA et al.
2003). To identify genes harboring these mutations, we
cloned a number of genes located in the vicinity of
y/jK and looked for a clone that rendered A2 or rmlA5
mutants unable to support the growth of a T4 dmd mutant.

Ficure 1.—Growth capacity of
the T4 dmdmutant. (A) A solution

B containing T4 wild-type (+) or

dmdmutant (—) phage was serially
diluted in 10-fold steps, and 2 pl

+
1
+
I

10" B ¥ oo containing the number of phages
102 @ $ @ indicated in the left margin was
103 @ ® @ spotted onto a plate seeded with
100 @ ® ®  TY0482 cells harboring the plas-
105 B ® © mid indicated below the figure.
See detail in text. (B) Spot tests

MH1 TY0324  were performed as in A on a plate

seeded with MH1 or TY0324. Pho-
tographs were taken after over-
night incubation at 30°.

A clone, pBRNO, reduced the efficiency of plating of
the dmd mutant on rmlA2 cells <1072 and sharply re-
duced the plaque size (Figure 1A). Thus, this clone
could complement the mlA2 mutation. pBRNO con-
tains two genes of previously unknown function, rniA
and yfjO. pBRON, in which riA-yfjO is cloned in the
reverse direction to the vector fet promoter, could not
complement the /A2 mutation.

Next, we determined which gene was effective in comple-
mentation. When miA (pBRN) or yfjO [pBRN(kan)O]
alone was introduced into A2 cells, a T4 dmd mutant
was able to grow in the presence of pBRN(kan)O but
not in the presence of pBRN. Similar results were ob-
tained with the rnlA5 mutation (data not shown). These
results strongly suggested that mlA2 and rmlA5 were
alleles of mlA. Therefore, we sequenced rmlA from the
mlA2 and rnlA5 mutants. /A from the rnlA2 mutant
had one base substitution that converted codon 32 from
GAA (gln) to TAA (ochre). rnlA from the rnlA5 mutant
had two amino acid substitutions: from glu (GAG) to
lys (AAG) at codon 188 and from asp (GAT) to asn
(AAT) at codon 196.

To confirm that A is responsible for the RNase LS
activity, we constructed the rnlA-disrupted strain TY0324
(see MATERIALS AND METHODS). A T4 dmd mutant exhib-
ited an efficiency of plating of <107° on parental MH1
cells (Figure 1B). In contrast, the T4 dmd mutant grew
well on TY0324 cells with an efficiency of plating of ~1.
The burst size of a T4 dmd mutant on TY0324 cells was
the same as that of wild-type phage (data not shown).
Therefore, like the mmlA2 mutation, disruption of rnlA
completely restored the growth of a T4 dmd mutant.

To clarify that rnlA disruption eliminates RNase LS
activity, the mRNA of T4 late-gene soc was examined by
Northern blot and primer-extension analyses. The half-
life of soc mRNA was 2.2 min when the T4 dmd mutant
infected wild-type cells, while it was 40 min in rnlA-
disrupted cells infected with the same phage (data not
shown). Primer-extension analysis was performed using
total RNA from T4-infected cells at 21 min after infec-
tion (Figure 2). The cleavages of soc mRNA by RNase
LS were represented by cDNA bands indicated by arrow-
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FiGUure 2.—Effects of rnlA on dmd mutant-specific cleavages.
MHI1 and TY0324 cells were grown to 4 X 10® cells/ml and
infected with T4 wild-type (+) or dmd mutant (—) phage.
Total RNAs were extracted at 21 min after infection and used
as templates for primer extension as described in MATERIALS
AND METHODS. Band F corresponds to fulllength soc RNA.
Band T corresponds to an RNase E-cleaved product (OTSUKRA
et al. 2003). Arrowheads marked with the position of nucleo-
tide 3’ of the cleavage site indicate bands corresponding to
the dmd mutant-specific cleavages (see detail in text).

heads in Figure 2 (compare lanes 1 and 2). These cleav-
age sites are 3’ of nucleotide positions 135, 144, 145,
153, 172, 185, and 207, respectively (Kar and YONESAKI
2002). Although the cleavage at 135 was previously un-
characterized, we sometimes observed this cleavage asso-
ciated with a dmd mutant in repeated experiments. The
cleavage at 153 was previously suggested to be transla-
tion termination dependent because it was particularly
frequent when a premature termination codon was
placed just upstream of this cleavage site (Kar and
Yonesaki 2002). However, in later experiments, we
noted that this cleavage was also detectable, although
weakly, even when the premature termination codon
was absent or when translation was blocked (Figure 2;
data not shown). Therefore, we marked all of these
cleavages as dmd mutant-specific cleavages. As expected,
these cleavages were not detected with RNA from T4
dmd mutant-infected TY0324 cells (lane 4). This result
clearly indicated that disruption of rnlA entirely elimi-
nated RNase LS activity. Putting all these results to-
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FIGURE 3.—In vitro cleavage of soc RNA. After soc RNA was
cleaved in the presence of the S30 fraction of MHI or TY0482
cell extract, the RNA was used as a template for primer exten-
sion as described in MATERIALS AND METHODS. A set of se-
quence ladders for wild-type soc obtained by the dideoxy-
sequencing method were presented. Bands marked with the
position of nucleotide 3" of the cleavage site correspond to
RNase LS-cleaved products (see detail in text), while band T
corresponds to an RNase E-cleaved product (OTSUKA el al.
2003).

gether, we conclude that rnlA is essential for RNase LS
activity in vivo.

Detection of rmilA-dependent endoribonuclease activ-
ity in a cell extract: To investigate the requirement of
RnlA for RNase LS activity at the molecular level, we
attempted to detect the activity of RNase LS in vitro. For
this purpose, we prepared cell extract and incubated it
with soc RNA synthesized by T7 RNA polymerase. After
the incubation, RNAs were extracted and utilized for
primer-extension analysis of soc RNA. Using the S30
fraction of the wild-type cell extract, we detected cDNA
bands corresponding to soc RNA cleaved at various sites
(Figure 3). Some of the cDNA bands, marked with the
position of nucleotide 3’ of the cleavage site, 135, 144,
145, 153, and 207, were identical to those specific to
the in vivo cleavages by RNase LS (lane 1 in Figure 3
and refer to Figure 2; note that the bands corresponding
to the cleavages at 144 and 145 were between two close
bands). As expected, all of these bands were not de-
tected when the S30 fraction of the mlA2 cell extract
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FIGURE 4.—Functional decay of E. coli mRNAs. Rifampicin
was added to 500 pg/ml to MH1 or TY0482 cells grown to 4 X
10® cells/ml. Newly synthesized proteins were pulse labeled
for 1 min with [®S]methionine/cysteine at various times as
indicated in the figure and analyzed by 12.5% polyacrylamide
gel electrophoresis as described in MATERIALS AND METHODS.
Arrowheads indicate the proteins, whose mRNAs functionally
decayed at a lower rate in TY0482 than in MH1. Arrows indi-
cate the proteins, whose mRNAs functionally decayed at a
similar rate in two E. coli strains.

was used instead (lane 2 in Figure 3). This result suggests
that these cleavages are caused by RNase LS and that
RnlA is required for the RNase LS activity in vitro.

The RNase LS cleavages at 172 and 185 detected in
vivo for soc RNA (Figure 2) were not detected in this
experiment. The failure of detecting these cleavages
seemed rather reasonable, because the cleavages at 172
and 185 depend on translation (Kar and YONESAKI
2002) and the factors required for translation likely were
not sufficiently active under the present experimental
conditions.

Stabilization of transcripts by the rnlA2 mutation: Our
experiments using T4 phage were performed with ac-
tively dividing E. coli cells. RNase LS degrades T4 mRNAs
even though T4 infection shuts off the expression of
host genes within a few minutes. Accordingly, it is proba-
ble that RNase LS is constitutively expressed in growing
cells. To investigate the function of RNase LS in E. coli
cells, we examined the phenotype of the mIA2 mutant
during growth. The mmlA2 cells formed slightly smaller
colonies than the wild-type control on a minimal agar
plate at 30°, although no such difference was detected
on a rich medium plate or on a minimal agar plate at
37° or 42° (data not shown). Therefore, a mutation in
rnlA hardly affects cell growth.

To investigate the role of RNase LS in mRNA degrada-
tion, we examined the effect of the mI{A2 mutation on

functional decay rates of mRNAs. The functional decay
rate is estimated from the ability of mRNA to direct
protein synthesis after transcription has been blocked.
Rifampicin was added to a log-phase culture of bacteria
and proteins newly synthesized at various times in wild-
type or rnlA2 cells were pulse labeled with [®S]methio-
nine/cysteine and analyzed with SDS polyacrylamide
gel electrophoresis (Figure 4). Overall, the synthesis of
most proteins was significantly lowered by 7 min after
adding rifampicin to wild-type cells, while it was still
prominent at 7 min and lowered by 9 min in mlA2 cells.
Indeed, the functional half-life of net mRNA was 5 min
in wild-type cells vs. 6.5 min in the mlA2 cells in one
experiment and 6 min vs. 8 min in another experiment
(data not shown). Comparison of each protein band
between the wild type and the mutant revealed that
the half-lives of some proteins were not changed, as
indicated by the arrows in Figure 4. In contrast, the
halflives of others were remarkably extended (more
than twofold) by the mmlA2 mutation, as shown by the
arrowheads.

Chemical decay of individual transcripts was also ex-
amined. Tested transcripts were from four E. coli genes
(ompA, rpsA, rpsO, and bla) and the T4 soc gene. Because
bla was expressed at a very low level, its stability was
examined with a transcript from pBRbla. This plasmid
has a single promoter for bla, while the chromosomal
blais transcribed from two different promoters (DEANA
et al. 1996). For the analysis of the T4 soc transcript, we
used the plasmid pTK44 carrying the whole soc gene,
including its cognate promoter. The soc gene could be
transcribed from pTK44 in uninfected cells because an
E. coli promoter-like sequence overlaps the soc promoter
(OTsuka et al. 2003). To determine the stability of each
transcript, rifampicin was added to bacterial cell cul-
tures and total RNAs were extracted at various times to
analyze the decay rate of each transcript by Northern
blotting (Figure 5). For the ompA and rpsA transcripts,
there was virtually no difference in decay rates between
wild-type and rmlA2 cells (4, = 13 and 5 min for ompA
and rpsA, respectively). For the rpsO and soc transcripts,
a modest decrease in the decay rate was observed for
rnlA2 cells. The half-life (£ the standard deviation) for
rpsO was 1.9 * 0.4 min in the wild-type cells and 3.8 =
0.4 min in the rnlA2 cells. As for soc, it was 11 = 1.4
min in the wild-type cells and 17 = 2.8 min in the riA2
cells. The stability of the bla transcript was increased
more in rnlA2 mutant cells (4, = 4.9 = 1.4 min) com-
pared with wild-type cells (4,0 = 1.5 * 0.3 min). Thus,
consistent with the result of functional decay, the degree
of stabilization by the rnlA2 mutation was different with
individual mRNAs.

Accumulation of a fragment with an internal sequence
of 23S rRNA: During the course of Northern blot analy-
ses, we found a unique property associated with the
rnl{A2mutation. An extra band of RNA species was repro-
ducibly observed with total RNAs from rnlA2 cells after
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F1Gure 5.—Northern blots of specific transcripts. Rifampi-
cin was added to 500 pg/ml to MHI or TY0482 cells grown
to 4 X 10® cells/ml. Total RNAs were extracted at the indicated
times and 5 pg of each total RNA were analyzed by Northern
blot assay with probes for specific E. coli or T4 transcripts. The
arrow indicates a transcript of each gene.

polyacrylamide gel electrophoresis and ethidium bro-
mide staining. This species was not visible with total
RNAs from wild-type cells. The accumulation of this
RNA was also observed with rnlA5, std-3, and std-4 muta-
tions (Figure 6A). Because these mutations were iso-
lated as RNase LS hypomorphs (OTsuxka et al. 2003),
the accumulation of specific RNA could be attributable
to reduced RNase LS activity.

To characterize this RNA, it was purified and used as
a probe to screen the E. coli K-12 W3110 cosmid library
(see MATERIALS AND METHODS). One positive clone,
E3107, was identified. Because E3107 carries a sequence
of ~30 kbp, the region corresponding to the RNA was
narrowed and subcloned. The subcloned fragment in
plasmid pBSI109BN was ~2.4 kbp long and subsequent
sequencing revealed that this fragment contained the
sequence of an internal region of 23S ribosomal RNA
(data not shown). To establish a fine structure of the
RNA species, its 5" and 3’ termini were ligated by T4
RNA ligase and a region containing the joint was ampli-
fied by RT-PCR. Then the nucleotide sequences at the
5" and 3’ termini were deduced by sequencing the
c¢DNA. This RNA was found to be the 307 nt correspond-
ing to nt 1304-1610 of 23S rRNA. The accumulation of
this RNA in /A2 mutant cells was further confirmed

FIGURE 6.—Accumulation of an internal fragment of 23S
rRNA. (A) Ten micrograms of each total RNA extracted from
MH]1, TY0482, TY1722, TY1797, and TY2133 cells was electro-
phoresed through a 5% polyacrylamide gel containing 7.5 M
urea and the gel was stained with ethidium bromide. Bands
corresponding to 23S rRNA, 16S rRNA, 5S rRNA, and tRNAs
are indicated. The arrow indicates the 307-nt RNA specific
to the std mutants. (B) Northern blotting of the 23S-rRNA
fragment. Total RNAs were extracted from MHI1 or TY0482
cells grown to midlog phase and 5 pg of each total RNA was
analyzed by Northern blotting with a probe complementary
to the 307-nt fragment.

by Northern blotting (Figure 6B). The result showed
that the short RNA was detected in wild-type cells as
well as in mlA2 cells and that the accumulation was
fivefold higher in mmlA2 cells than in wild-type cells.

DISCUSSION

The present study demonstrates that 1A is essential
for RNase LS activity in vitro as well as in vivo (Figures
2 and 3). On the basis of the deduced amino acid se-
quence, rnlA encodes a 40-kD protein. By computer
search, RnlA was found to have weak homology with
proteins encoded by plasmids residing in E. coli O157
and Salmonella typhimurium. No significant homolog
other than FE. coli K-12 was found among proteins en-
coded by chromosomal genes in prokaryotes. In addi-
tion, RnlA appears to lack a known RNA-binding motif.
As described elsewhere, we found that upon fraction-
ation of the RNase LS activity in cell extract, at least
two different fractions, one of which contained RnlA,
were required for the activity. In addition, RnlA involved
in the fraction sedimented as a large complex through
a sucrose gradient. Accordingly, RNase LS may consist
of multiple components for its function. Identification
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5'-gggacggagaaggctatgttggccgggcgacggttgtcccggtttaagegt
SD M L AGRRILSRTFIKR

gtaggctggttttccaggcaaatccggaaaatcaaggectgaggegtgatga
VGW F S RQTIT RIKTIIKATEA « =

FIGURE 7.—Partial 23S rRNA nucleotide sequence. The se-
quence is from nt 1424 to 1525 of E. coli 23S rRNA. The
putative SD sequence, initiation codon (M), and two termina-
tion codons (*) are underlined. Amino acids deduced from
codons are also shown below the nucleotide sequence.

of rnlA would give a clue to identifying other compo-
nents of RNase LS.

In E. coli cells, the initiation of mRNA decay is trig-
gered by an endonucleolytic cleavage (ApIRION 1973;
CoBURN and Mackie 1999; KusuNer 2002). Among
previously identified endonucleases, only RNase E is
known to affect the stability of many mRNAs during
growth (Ono and Kuwano 1979; Lorez et al. 1999;
KusHNER 2002). However, even in cells deficient in
RNase E, some mRNAs (such as &rxA mRNA) are still
degraded rapidly (Ow et al. 2000). The rnlA2 mutation,
which completely eliminates RNase LS activity (OTSUKA
et al. 2003), stabilizes numerous mRNAs modestly and
a subset of mRNAs considerably in growing E. coli cells
(Figures 4 and 5). Thus, RNase E and RNase LS may
have different preferences for different mRNAs and may
cooperate in initiating mRNA degradation. The discov-
ery of RNase LS provides a clue to understanding the
mechanism for initiating mRNA decay in E. coli.

bla mRNA was significantly stabilized by the miA2
mutation, while ompA and rpsA mRNAs were not (Figure
5). Because these mRNAs were almost the same length,
other sequence features must be responsible for the
diverse stabilization effects of mlA2. The frequency of
rare codons in rpsA and ompA mRNAs is ~5% of total
codons, whereas bla mRNA contains ~28% of rare co-
dons. Indeed, frequency use of rare codons is reported
to affect the stability of mRNAs (DEaNA el al. 1996).
The replacement of seven consecutive frequently used
codons with synonymous infrequently used codons re-
duced the stability of ompA mRNA. On the other hand,
the exchange of 24 rare codons for most frequently
used synonymous codons extended bla mRNA longevity
(DEANA et al. 1996). If the differential effects of rmlA2
on mRNA stability reflect the frequency of rare codons,
then RNase LS would preferably cleave mRNAs con-
taining rare codons. This idea may be consistent with
the previous notion that RNase LS can cleave mRNA at
sites when a region containing cleavage sites is translat-
able, suggesting intimate linkage of cleavages with pep-
tide chain elongation (Kar and YoNEsak1 2002). Rare
codons lead to a decrease in the rate of peptide chain
elongation, which may stimulate cleavage by RNase LS.

RNase LS rapidly degrades the T4 soc transcript (4,5 =

2-3 min) when a dmd mutant infects E. coli (OTSUKA et
al. 2003; data not shown). However, the half-life of the
soc transcript was 11 min in uninfected cells and in-
creased only 1.5-fold in mlA2 cells (4, = 17 min; Fig-
ure 5). Therefore, the contribution of RNase LS to soc
mRNA degradation is much lower in uninfected cells
than in T4 dmd mutantinfected cells. This fact adds
another line of evidence in support of the notion that
RNase LS activity is activated after middle stages of T4
infection (Kar et al. 1998; UeNo and YONEsAKI 2001).

The 307-nt fragment derived from 23S rRNA accumu-
lated in rmlA2 cells to a level visible with ethidium bro-
mide staining after electrophoresis of total RNAs (Fig-
ure 6). This result indicates that RNase LS plays a role
in the metabolism of this small RNA. Recently, CHENG
and DruTscHER (2003) described quality control of
rRNA by cooperation between polynucleotide phos-
phorylase and RNase R to abolish rRNA fragments pre-
sumably produced by misprocessing; when both RNases
are deficient, rRNA fragments accumulate. RNase LS
might also function in the quality control of rRNA.
However, the 307-nt fragment was also detected by
Northern blotting in wild-type cells. Therefore, this RNA
might not be refuse and may have its own function. It
is worthy of note that the short RNA contains a putative
Shine-Dalgarno (SD) sequence and an open reading
frame encoding a polypeptide of 27 amino acids (Figure
7). Because the SD-like sequence is properly located
upstream of the initiation codon, this RNA could en-
code the polypeptide. It may not be surprising that
ribosomal RNA functions as an mRNA because a func-
tional peptide comprising five amino acids may be en-
coded in the 23S rRNA, overexpression of the pentapep-
tide rendering cells resistant to erythromycin (TENSON
et al. 1996).
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