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ABSTRACT. M1 RNA, the gene product aihpB, is the catalytic subunit of RNase P lscherichia coli

M1 RNA is transcribed from a proximal promoter as pM1 RNA, a precursor M1 RNA, and then is processed
at its 3 end by RNase E. In addition to pM1 RNA, largepB-containing transcripts are produced from
unknown upstream promoters. However, it is not known yet how these large transcripts contribute to M1
RNA biosynthesis. To examine their biological relevance to M1 RNA biosynthesis, we constructed a
model upstream transcript, upRNA, and analyzed its cellular metabolism. We found that upRNA was
primarily degraded rather than processed to M1 RNA in the cell and that this degradation occurred in
RNase E-dependent manner. The in vitro cleavage assay with the N-terminal catalytic fraction of RNase
E showed that the M1 RNA structural sequence in upRNA was much more vulnerable to the enzyme
than the sequence in pM1 RNA. Considering that RNase E is a processing enzyme involveshih 3
formation of M1 RNA, our results imply that this enzyme plays a dual role in processing and degradation
to achieve tight control of M1 RNA biosynthesis.

M1 RNA is the catalytic RNA subunit of the ribonucle- upstream transcriptgl). However, it has not been clarified
oprotein enzyme RNase P, which is responsible for the yet how RNase E is involved in metabolism of these large
removal of 5 precursor sequences during the biosynthesis transcripts and how they would contribute to M1 RNA
of tRNA in Escherichia coli(1). It is transcribed as a  biosynthesis.
precursor of M1 RNA (pM1 RNA) from the P-1 promoter RNase E is an essential endoribonuclease required for the
of the rnpB gene, and processing of pM1 RNA is initiated maturation of a number of stable RNAs, such as 5S rRNA
by cleavage at the'3nd by RNase E2-6). A study by (9, 10, M1 RNA (4, 5, 11), 10Sa RNA {2), 16S rRNA
Lundberg and Altman on largmpB-containing upstream  (13), and tRNA (4, 15). On the other side, this ribonuclease
transcripts yielded interesting finding$)(Under conditions  acts as an important regulatory enzyme that governs the
where RNase E was inactive, three transcripts were observedprincipal pathway for the degradation of RNA1g 17) and
and the sizes of these transcripts were significantly larger several mRNAs, such as those for S1%8,(19), S20 @O0),
than those of the expected RNAs from known promotérs ( and bacteriophage T£21). RNase E is a core enzyme of
8). To investigate the metabolic pathway of the transcripts, the degradosome complex that is thought to have a general
they constructed a model substrate that was a precursor ofole in RNA degradation22, 23).

M1 RNA with extra 270 nucleotides at the &nd, and This study set out to answer hompB-containing up-
showed that several cleavages by RNase P and unknowrstream transcripts are metabolized and how RNase E is
enzymes occurred within the upstream region in vitro. From involved in this process. We constructed upRNA, a model
those findings, it was proposed that large transcripts might transcript containing extra upstream sequences at' taecb
become functional M1 RNAs4j. The fact that these of M1 RNA, and analyzed its metabolic pathway in vivo
transcripts accumulated substantially in thetemperature-  and in vitro. We investigated the role of RNase E in this
sensitive (ne) mutant strain at nonpermissive temperatures process with in vivo and in vitro analyses. From the data
implies that RNase E, the product of thee gene, mightbe  from upRNA, we conclude thanpB-containing upstream
involved in the metabolic pathway ofnpB-containing  transcripts are primarily degraded and not processed to M1
RNA. Since RNase E is involved in" drocessing of M1
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MCE" (rnet K12rm*) and MCE (rne-3071K12r mt),
kindly provided by A. J. Carpousis, were RNase¢ &nd
RNase E isogenic strains derived from MC10625).
KS2003 (MG1655Azha-295::kan CCCCA) carried the
CCCCA mutation at thene-dependent site ahpB, whereas
KS2001 (MG1655Azha-295::kah was the isogenic strain
carrying the wild-type sequence at thee-dependent site
(26). Plasmid vectors, pSS6 and pLM1, were used to
construct template plasmids for the generation of model RNA
(upRNA). pSS6 contains tac promoter 27), and pLM1 is
a derivative of pGEM3 (Promega) containimgpB from
—270 to+1286 with respect to its transcriptio28). The
pSSLM1 plasmid was constructed by subcloningHiec!|-
Stu 1135 bp fragment of pLM1 into th&mad site of pSS6.
To deactivate the P-1 promoter in pSSLM1, th#0 region
of rnpB was mutated from 'STATACTG-3' to 5-CTC-
GAGC-3 using QuikChange site-directed mutagenesis kit
(Stratagene) with primers of For-10'{6GCGCAAAC-
CCTCCTCGAGCCGCGCCGAAGCTGAC Band Rev-10
(5-GTCAGCTTCGGCGCGGCTCGAGGAGGGTTTGC-
GCG-3). The resultant plasmid was designated pSSM10.
For the in vitro preparation of upRNA, a template plasmid,
pLM1+415, was constructed by introducinglxal site
at position+415 of rnpB in plasmid pLM1 with primers
of PM1Dra-5 (5GCTTCGGCGGGTTTTTGCTTTAAAA-
GGGGCAGAAAGATGAAT GAC-3) and PM1Dra-3 (5
GTCATTCATCTTTCTGCCCCTTTTAAAGCAAAAAC-
CCGCCGAAGC-3). For the preparation of precursor M1
RNA in vitro, pSPM1 was constructed. PCR was performed
with E. coli genomic DNA, rnpsp6 (5GGAAGCTTATT-
TAGGTGACACTATAGAAGCTGACCAGACAGT-3) and
rnpdra (5GGGAATTCTTTAAAGCAAAAACCCGCCG-
AAGC-3'). PCR products were cut witHindlll and EcoRl
and subcloned into pUC19 vect@ral-cleaved pSPM1 was
used as template for in vitro transcription of precursor M1
RNA. For the preparation of M1 RNA, pGER3 was used as
described previously2().

pRNEN is an expression plasmid for the His-tagged
N-terminal catalytic half of RNase E containing the 1584
bp fragment (encoding 528 residues) of tine gene (1).

Preparation of Total Cellular RNA. E. catells containing
expression plasmids of upRNA were grown overnight in LB
media containing 5Qtg/mL of ampicillin. The overnight
culture was diluted (1:100) into fresh media and grown at
30 °C to an ORug of 0.4. Then IPTG solution was added
to the cell culture at appropriate concentrations, and the
culture was further incubated for another 10 min. Following
induction, total cellular RNAs were prepared from cultures,
as described previousl29). In the case of MCEand MCE
cells, the cultures grown at 3€ were divided and incubated
at 44 °C for 10 min before IPTG induction. In case of
KS2001 and KS2003, the overnight cultures were diluted
1:100 and grown to the stationary phase for 16 h atG7

For RNA stability assays, cells cultured overnight were
diluted (1:100) into fresh media and grown at 3D to an
ODggo Of 0.4. Where required, the temperature was elevated
to 44°C and cells were incubated for another 10 min. IPTG
was added into the culture, followed by further incubation

! Abbreviations: DTT, dithiothreitol; IPTG, isopropylthi6-o-
galactoside; NTH-RNase E, N-terminal half of RNase E; OD, optical
density.
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for 10 min. Rifampicin was added to the culture at a final
concentration of 10Qtg/mL to stop further transcription.
Cultures were dispensed at different time intervals, and total
RNA was prepared.

Reverse Transcription Polymerase Chain Reactibotal
RNA (5 ug) from both the MCE and MCE strains grown
at 30 or 44°C was employed for RT-PCR. As a control,
RNA was pretreated before RT-PCR with RNase (Promega)
or with DNase (Ambion) at 37C for 20 min, according to
the manufacturer’s instructions. The primers used for RT-
PCR were 5GTTACCTGGCACCCTGCCCT-3(+100R;
reverse, complementary to sequences betwednand+100
of rnpB) and 3-GGCGCGCAAACCCTCTATAC-3(—28F;
forward, corresponding to sequences betwe@8 and—9
of rnpB), or 5-GCTTCGTCGTCGTCCTCTTC-3(+22F;
forward, corresponding to sequences betweg and+41
of rnpB). AccuPower RT/PCR Premix (Bioneer) was used
for RT-PCR using the manufacturer’s protocol. In brief, RNA
was mixed with the reverse primer, incubated at°@0for
5 min, and kept on ice. The forward primer was added to
the mixture, and cDNA synthesis was performed at°’@2
for 60 min. The mixture was incubated at 9@ for 5 min
to inactivate reverse transcriptase. The following PCR
conditions were employed: 16 cycles at 94 for 1 min,
50 °C for 1 min, and 72C for 1 min.

Northern AnalysisFor northern analysis, RNA samples
(20 ug) were electrophoresed on a 5% polyacrylamide gel
containirg 7 M urea and electrotransferred to Hybond-N
(Amersham Biosciences) with a Hoefer Semiphor Semi-Dry
transfer unit at 180 mA for 45 min. To increase transferring
efficiency of large RNAs, the polyacrylamide gel was
immersed in an alkaline solution (50 mM NaOH, 1 mM
EDTA) for 15 min, followed by a neutralization solution of
45 mM Tris—borate, pH 8.0, 1 mM EDTA, for 15 min prior
to electroblotting. Following transfer, the membrane was
hybridized with oligo-1 (5GCTCTCTGTTGCACTGGTCG-
3), which was complementary to the region frebi19 to
+138 of rpB, or anti-M1 riboprobe §), as described
previously 6, 29). The anti-M1 was internally labeled with
[0-*2P]CTP during in vitro transcription dflindlll-cleaved
pMTd23 () as a template. The oligo-1 was labeled at the 5
end with [y-*2PJATP and T4 polynucleotide kinase. For
detecting 6S RNA, the anti-6S riboprobe was prepared using
HindllI-digested pKS200, as described previousd@)( The
membrane was exposed to imaging plate or X-ray film and
then analyzed with BAS-1500 (Fuiji).

In Vitro Reaction by the Purified N-Terminal Half of
RNase EThe N-terminal half of RNase E (NTH-RNase E)
was expressed and purified according to a previous report
(12). The upRNA and pM1 RNA substrates were prepared
by in vitro transcription using pLM*415 and pSPM1 as
templates. The plasmid DNAs were digested widial,
followed by runoff transcription with SP6 RNA polymerase
(Promega). The upRNA transcript encompassed positions
—270 to +415 of rmpB, including an extra 45 bases
corresponding to the vector sequence at trenfl. The pM1
RNA transcript encompassed positioh$ to +415 ofrnpB.

The RNAs were labeled at thé &nd with [y-32P]JATP and
T4 polynucleotide kinase.

The labeled RNA molecules were renatured by heating
for 3 min at 80°C in 25 mM Tris—Cl, pH 8.0 and 100 mM
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Ficure 2: Expression of upRNA in vivo. (A) Schematic repre-
: sentation of the expression plasmids of upRNA. An upRNA
110 bp 3 ~ 4128 bp expression plasmid, pSSLM1, contains both thepromoter and

. +79bp the region encompassing270 to +847 of rnpB. pSSM10, a
derivative of pSSLM1, has a mutation (indicated by an asterisk) at
the —10 region of the P-1 promoter ahpB for the promoter
Ficure 1: Levels of endogenous upstream transcriptspB. (A) inactivation. (B) upRNA expression in MCE(rne™) and MCE
Schematic representation of RT-PCR experiments. The mature M1(rne) cells. Total cellular RNAs were prepared from MCEnd
RNA is marked in gray. Total cellular RNAs were extracted from MCE~ cells containing pSSLM1 grown in the presence of 0.06
MCE" and MCE cells at 44°C. When required, the RNA samples  mM IPTG at the indicated temperatures. The RNAs were separated
were treated with RNase (Promega) or DNase (Ambion). RNAs on a 5% polyacrylamide gel contaijry M urea and analyzed by
were reverse-transcribed into the corresponding cDNA sequencesnorthern blotting. The'send labeled oligo-1 was used as the probe.
by RT-PCR. Reverse transcription was performed with-ti@0R Up, pre-M1, and M1 stand for upRNA, precursor M1 RNA, and
primer complementary to nucleotidés31 to+100 ofrnpB. PCR M1 RNA, respectively.
was performed with a pair of the28F primer (corresponding to
—28 to —9 of rnpB) and +100R primer or the+22F primer

(corresponding tet-22 to +41 of rnpB) and +100R primer. (B) . - o
Analysis of RT-PCR products. RT-PCR products are electrophore- " the same buffer but containing an additional 10 mM ZnCl

sed on a 3% agarose gel and stained with ethidium bromide. Theat 37°C for 30 mm-_ The cleavage products were recovered
PCR product derived from upstream transcripts was indicated by by ethanol precipitation and electrophoresed on a 4%

the arrow. In lane M,A DNA fragments produced bBsEll polyacrylamide gel containlm8 M urea.
treatment are employed as size markers.

NaCl, and cooling down at room temperature. RNA sub- RESULTS
strates of 0.2 pmol were incubated with 15 or 30 ng of NTH-  Cellular Levels of Endogenous rnpB Upstream Tran-
RNase E in 5QuL of reaction buffer (25 mM Tris-Cl, pH scripts. Previous work showed that largepB upstream
8.0, 10 mM MgC}, 100 mM NacCl, 0.1% Triton X-100, 1  transcripts of 0.6, 2.1, and 5 kb exist in a temperature-
mM DTT) including 20ug/mL of yeast total RNA at 37C sensitive mutant strain of RNase E at the nonpermissive
for 10 min. We assumed that the RNase P reaction conditiontemperature4). However, it is not clear how much they are
would be the optimum condition to maintain the M1 RNA synthesized in the cell. We attempted to compare the cellular
structure. Since the typical RNase P reaction is carried outlevel of the large transcripts with that of mature M1 RNA.
at 10 mM Mg" and 100 mM monovalent ion, those For this purpose, total RNAs from the wild-type MCEnd
concentrations were chosen for the RNase E reaction. Yeastherne® mutant strain MCE grown at 44°C were subjected
total RNA was added to prevent substrate RNA or cleavageto RT-PCR using primers-28F or +22F as the forward
products from degradation by, if any, contaminated RNases. primer and+100R as the reverse primer. Forward primer
It has been known that the addition of yeast RNA au@0 —28F was designed to correspond to the region upstream of
mL does not affect the RNase E cleavage but inhibits RNA the 8 end of M1 RNA to quantitate transcripts containing
degradation by other RNasés 11). Reaction products were  sequences of the upstream region. On the other hand, forward
analyzed on a 3% or 5% polyacrylamide sequencing gel primer—+22F was specific for a sequence within mature M1
containig 8 M urea. We also employed the RNase E RNA to quantitate transcripts containing the sequence for
cleavage reactions in the absence of yeast total RNA andM1 RNA (Figure 1A). The+22F PCR product of 79 bp
obtained basically the same cleavage patterns. was detected in both MCEand MCE cells, whereas the
Enzymatic Probing of RNAupRNA and pM1 RNA —28F PCR product of 128 bp was in the MCEells only
molecules prepared by in vitro transcription were labeled at (Figure 1B). The PCR products disappeared by the RNase
the 3 end with P?P]pCp and RNA ligase. RNA substrates treatment, but not the DNase treatment, indicating that they
were renatured, as described above. The refolded RNA ofwere driven fronrnpB transcripts. When the amount of the
0.2 pmol was incubated with RNase A, RNase T1, or RNase endogenous upstream transcripts relative to M1 RNA
V1 (Ambion) in 20 uL of the RNase E reaction buffer calculated as the ratio of28F product] to (f22F product]
including yeast tRNA Lg, and with S1 nuclease (Ambion) — [—28F product]), its value was about 50%.
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Ficure 4: Steady-state levels of M1 RNA and upRNA in cells

; treated with different concentrations of IPTG. (A) Total cellular

0 1 2 3 4 0 5 10 15 20 25 30 RNAs were prepared from JM109 cells Containing pSSG, pSSLMl,
Time (min) Time (min) and pSSM10 and subjected to northern analysis. For differential
expression of upRNA, cells were treated with IPTG for 10 min at
final concentrations of 0, 0.02, 0.2, 0.5, and 1 mM. The probe for
northern analysis was an internally labeled anti-M1. (B) The band
: i . intensities of uypRNA and M1 RNA were normalized to that of 6S

Total cellular RNAs were isolated at the indicated times and gRNA and plotted as a function of IPTG concentration. Open and
subjected to northern analysis using thieebd labeled oligo-1 as  fjjleq symbols represent M1 RNA and upRNA, respectiveéhand

the probe. In lane M, precursor M1 RNA (413 nt) and M1 RNA g celis containing pSSLMIZ andm, cells containing pSSM10;
(377 nt) prepared by in vitro transcription were used as size ¢ cg|is containing pSS6.

markers. Up, pre-M1, and M1 stand for upRNA, precursor M1
RNA, and M1 RNA, respectively. The data show one representative . .
experiment of three performed. (B) The remaining RNA % was 'ule out any possible effects of thel0 mutation and effects

calculated as a ratio of the amount of RNA at the indicated times masked by transcription from the strong P-1 promoter,
with_ respect to that c_)f the_zero time point after the rifampicin respectively.
f‘gfp‘)g‘égvgpe“ and filled circles represemie” and e’ cells, RNase E Dependency of the Steady-State Concentration
y- of upRNATo examine whether upRNA accumulates in the
Construction of a Model Substrate and Its Expression. absence of RNase E, we performed northern analysis after
Since multiple rnpB-containing upstream transcripts are inducing the expression of upRNA in RNase E-deficient cells
present in the cell, we designed a model substrate to(rne®). When induced with 0.06 mM IPTG, upRNA ac-
systematically investigate their metabolic pathway. Initially, cumulated at the nonpermissive temperaturenig® cells,
we constructed the template plasmid for a model RNA by whereas it was barely detectedrime® cells. (Figure 2B).
subcloning thenpB fragment into pSS6 (Figure 2A). The We then examined more quantitatively the effect of RNase
resulting plasmid, pSSLM1, contained a fragment encom- E on the turnover of upRNA by comparing the half-lives of
passing nucleotides270 to+847 of thernpB gene linked UpRNA betweenne™ andrne’s cells. For these experiments,
to thetac promoter so that the amount of a primary transcript we modified the method for northern analysis by partially
of 742 nt, named upRNA, could be regulated by the IPTG alkaline-hydrolyzing RNAs in the polyacrylamide gel prior
concentration in vivo. pSSLM1 also produces pM1 RNA to the membrane transfer of RNA. This modified protocol
from the native P-1 promoter afnpB because the P-1  highly increased the northern signal by improving transfer-
promoter exists in pSSLM1. Therefore, excess M1 RNA ring efficiency of large RNAs in the polyacrylamide gel, to
produced from the P-1 promoter on the high-copy plasmid the extent that upRNA imne* cells was readily detected.
could highly contribute to the steady-state concentration of At 30 °C (permissive temperature), the half-life of upRNA
mature M1 RNA in the plasmid-containing cells. This high in rnet cells was 1.4 min, similar to 1.5 min ime* cells
concentration of M1 RNA may cause problems in evaluating (Figure 3). However, at 44C (nonpermissive temperature),
the contribution of upRNA to M1 RNA biogenesis. There- the half-life of upRNA inrne cells significantly increased
fore, we also constructed another template plasmid for with the value of 13 min, compared to 2.1 minrime* cells
UpRNA, pSSM10, in which P-1 promoter activity was (Figure 3). These data indicate that RNase E is involved in
disrupted via the-10 mutation of TATACTG to CTCGAGC  the turnover of upRNA in vivo.
(Figure 2A). However, it should also be noted that upRNA  Fate of upRNATo determine whether upRNA undergoes
produced by pSSM10 may undergo a different metabolic processing to M1 RNA or degradation, we analyzed the
pathway due to the mutated sequence at-t1id region. change of M1 RNA levels as the expression of upRNA
Thus, in this study, we used both pSSLM1 and pSSM10 to increased. When the IPTG concentration increased from 0.02

Ficure 3: rne dependency of upRNA stability. (A) Rifampicin
was added to MCE (rne*) and MCE" (rne®) cells containing
pSSLM1 grown in the presence of 0.06 mM IPTG at 30 oré4
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Ficure 6: Expression of upRNA in M1 RNA-deficient cells. Total
L ". e ue cellular RNAs were prepared from KS2001 and KS2003 containing
. ' pSS6, pSSLM1, and pSSM10 and subjected to northern analysis,
. 4 8 1 . pre-M1 as in Figure 3. For the induction of upRNA, cells were treated with
Pesee=gERRe= —m 0.1 mM IPTG.
m—_ es of RNase P, and thereby additional M1 RNA derived from

upRNA could not be detected. This is not the case because

Ficure 5: Fate of upRNA in cells containing pSSM10. Rifampicin excess M1 RNA generated from the P-1 promoter on
was added to MCE (me) and MCE_(mes) cells containing SSLML1 in the absgence of IPTG was observrfd (Figure 4)
pSSM10 grown in the presence of 0.1 mM IPTG at 30 oré4 P g :

Total cellular RNAs were isolated at the indicated times and Furthermore, M1 RNA derived from upRNA was not
subjected to northern analysis using theebd labeled oligo-1 as  observed in M1 RNA-deficient KS2003 cells even though
the probe. M1 RNA produced from the P-1 promoter on pSSLM1 was

) o observed in these cells (Figure 6). Taken together, these
to 1 mM in cells containing pSSLM1 or pSSM10, the steady- results suggest that little amount of M1 RNA derived from
state concentrations of upRNA increased about 10-fold in ypRNA is not due to its rapid degradation in the absence of
both cells. However, M1 RNA levels were nearly identical c5 protein.

in spite of the increase in the upRNA levels (Figure _4). Cleavage of upRNA by RNase E in VitrBo test whether
Instead, the amount of degradation fragments extensivelypnase E is directly involved in metabolism of UpRNA, we

increased with the increase of IPTG concentration. Theseperformed an in vitro cleavage assay of upRNA using the
data show that upRNA scarcely contributes to M1 RNA o iifieq NTH-RNase E as the catalytic domain, which alone
biosynthesis. We analyzed in detail the fate of UDRNA o1 carry out the RNase E reaction in vitdd,(31). upRNA
produced from pSSM10 that contained the inactivated P-1 ¢ ynthesized by in vitro transcription and labeled at the
promoter. P-1 transcripts in cells containing this plasmid were 5 end with®P. The in vitro transcribed upRNA of 730 nt
expected to be prpduced only from chromogpmpB gene. carried the extra sequences of the 45 nt vector and 270 nt
Using cells containing pSSM10, RNA stability assays were upstream sequences at the @&d of pM1 RNA. We
perfor+med (Figure 5). About 95% of upRNA disappeared .,mpareq the cleavage reaction of upRNA with that of pM1
in rne* cells in 5 min after the treatment of rifampicin at [N A that leads to cleavage of pM1 RNA at positich878/
30 °C. Howevers, the change in M1 RNA levels was not 379 q1). Cleavage sites were estimated using G-specific
observed. Inrne® cells, at_the nonpermissive temperature cleavage products by RNase T1. Cleavage sites in the M1
(44 °C), upRNA was highly accumulated as in cells pya vegion of upRNA were further deduced by comparing
containing pSSLM1. We also found that the rifampicin G-specific cleavage patterns of upRNA and pM1 RNA
treatment under this condition did not increase M1 RNA .5 se they share the M1 RNA sequence. UpRNA was
levels. ThIS result suggests that upRNA_does not undergo|aaved at positions around3784-379 by NTH-RNase E
grocezsmg tg generate M1 RNA even in the absence of g res 7 and 9), as expected from the fact that upRNA
egradation by RNase E. . also had the '3processing site. In addition, we found that
It is possible that a small increase of mature M1 RNA NTH-RNase E cleaved upRNA in the upstream sequence
could not be detected over the background signals of the (positions—172,—157,—147,—116, and—102) and within
pre-existing M1 RNA. To exclude this possibility, we used the M1 RNA structural sequence (positiofig, +8, +97,
M1 RNA-deficientE. coli strain KS2003, where M1 RNA  +1344-136,+166,+255, and+329) (Figures 7 and 9). The
levels are very low due to the mutation of tire-dependent  cleavages of the upRNA within the M1 RNA structural
site ofrnpB (26). KS2003 cells mimienpB-knockout cells,  sequence were surprising because pM1 RNA did not generate
particularly in the statlpr)ary phasgq). In stationary phase  those cleavages under the same condition. This finding
cells of KS2003 containing pSSM10, therefore, any mature supports the hypothesis that RNase E is directly involved in
M1 RNA generated from upRNA could be more clearly the degradation of upRNA by cleaving the M1 RNA
observed if present. However, we did not detect M1 RNA structural region.
in IPTG-induced KS2003 cells containing pSSM10 (Figure 1o examine whether the susceptibility of upRNA to RNase
6). The data of KS2003 cells also suggest that upRNA is E cleavage would have resulted from structural differences
not processed to M1 RNA. in the M1 RNA sequence between upRNA and pM1 RNA,
It might be argued that excess M1 RNA may not be stable we probed their secondary structures using S1 nuclease and
in vivo in the absence of C5 protein, the protein component RNase A (specific to the single-stranded region) and RNase
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FiGure 7: In vitro processing of upRNA by the N-terminal half of RNase E. (A) upRNA and pM1 RNA transcribed in vitro were
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half of RNase E (NTH-RNase E) at 3T for 10 min. Reaction products were separated on a 3% polyacrylamide sequencing gel
containirg 8 M urea. M, RNA Century-Plus markers (Ambion); OH, partial alkaline hydrolysis ladders; G, G-specific (RNase T1)
cleavage products;, no enzyme. The region of upRNA corresponding to M1 RNA was marked with a solid bar. (B) The RNA substrates
were assayed independently, as in (A), and the reaction products were separated on a 5% polyacrylamide sequencing gel containing 8 M

urea.

moters inE. coli (4, 8). Biogenesis of M1 RNA by the P-1
transcription and subsequerit@@ocessing has been exten-
sively studied 2—6), whereas that from upstream transcripts
heterogeneous with the 8nds of mainly positionst415 has not been clear. In this study, we analyzed upRNA, a
and+413 32), we are able to clearly compare the cleavage model rnpB-containing upstream transcript B. coli, and
patterns (Figures 8 and 9). We also assigned cleavageshowed that upRNA was primarily degraded and not
products by analyzing combined cleavage patterns expectedorocessed to M1 RNA. Therefore, upRNA makes little
from the heterogeneous415 and+413 ends along with  contribution to M1 RNA biosynthesis under normal cellular
not only information on secondary structures deduced from conditions. This degradation of upRNA supports a model
cleavage patterns of S1 nuclease, RNase A, and RNase Vhat the biosynthesis of M1 RNA is tightly regulated: only
cleavages but also the proposed secondary structure of Mltranscripts from the proximal P-1 promoter give rise to M1
RNA (33). The cleavage patterns by all the enzymes in the RNA through 3 processing, whereas those from upstream
M1 RNA region between the upRNA and pM1 RNA were promoters are degraded.
almost the same, except for a minor difference in RNase A Lundberg and Altman4) showed that the multicopy
and RNase V1 cleavages at the regiont73 to +377, plasmid carrying the upstream 6.6 kb regionropB with
which might result from base-pairing with’ Sipstream  nactivated P-1 promoter complements the growth of a
sequences in upRNA. The global similarity of the enzymatic emperature-sensitive M1 RNA-deficient strain at restrictive
probing data for the M1 RNA sequence between UPRNA (emperatures. This complementation phenomenon could be
and pM1 RNA suggests that the vulnerability of upRNA 10 gy pjained on the basis of our results. First, the inactivated
degradathn by RNase E is not due to the alteration in the p_q promoter may have enough residual activity to permit
folding of its M1 RNA region. cell growth. Another possible explanation is that minimal
DISCUSSION amounts of mature M1 RNA for cell growth may be
produced from upstream transcripts although most of them
M1 RNA transcripts can be generated from both the are degraded. Alternatively, upstream transcripts may directly
proximal P-1 promoter and unknown distal upstream pro- function without processing until they are degraded, because

V1 (specific to the double-stranded region). In this probing
experiment, the RNA molecules labeled witfH]pCp at the
3 end were used. Although in vitro transcripts were
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pM1RNA upRNA essential enzyme required for processing of M1 RNA by
conS ol X X cond o X1 &1 removing extra nucleotides at theehd of pM1 RNA @, 5,
w -] l‘m 11). We showed here that the enzyme can also initiate the

= : i degradation of upRNA. This mode of action may be similar

| 8 to that of initiation of mMRNA degradation by RNase F1(
37—39). NTH-RNase E did not cleave within the M1 RNA
sequence in pM1 RNA, but cleaved in upRNA, which may
be a major mechanism of the RNase E-dependent degradation
of upRNA. A plausible explanation for the cleavage differ-
ence between pM1 RNA and upRNA is the substrate
specificity of RNase E. RNase E has been known to cleave
RNAs with unpaired nucleotides at thé &nd more ef-
ficiently than those with Sterminal base-pairing2Q, 40).
pM1 RNA has a rigid stem structure at thé é&nd 6),
whereas UpRNA has extended sequences from'teadbof
pM1 RNA. Therefore, potential cleavage sites within the M1
[*m RNA structural sequence in upRNA may be more susceptible
L 415/+413

VNY T

" W W SEEr 0

g

G378 L -
to RNase E than those in pM1 RNA even though the M1
RNA region in upRNA folds like that in pM1 RNA. Even
FIGURE 8: Structure probing of pM1 RNA and upRNA. RNAs Wwhen cleavages occur within the upstream sequence in the
transcribed in vitro weréP-labeled at the'3end, and 0.2 pmol of  first place, the cleaved RNAs bearing monophosphates at

0.05 and 0.005 units of RNase V1, or 0.3 and 0.03 units of S1 44)

nucleases at 37C for 15 min. The reaction products were separated
on a 4% polyacrylamide sequencing gel containé M urea. C, We do not exclude the possibility that the folding of
untreated RNA as a control; G, G-specific (RNase T1) cleavage ypRNA is different from that of natural large upstream
gggﬁ?ﬁbﬂg' ﬁ?é?fé?s'k?/'irrfb?é’r?)folg'iﬁgfae; "E)';(ggu"c"t'tsh Zr':‘aA transcripts, thereby leading to different metabolic pathways.
indicated on the left. The region of M1 RNA is divided into four HOWever, it is noteworthy that the endogenous transcripts
parts on the left: I+1 to+115; II, +116 to+215; Ill, +216 to exist as multiple forms having different 8nds but sharing
+315; IV, +316 to+377. Some cleavage sites by RNase V1 and the M1 RNA sequence at the 8egion. In this regard,
ggclgﬂﬁliﬁszg%rg l?gé%aet;?vg);/ ?hpeltzlc ﬁgﬁq ;Ei'!rlljectttgrrg (;’]‘g"ltf;)'g’\t&e UpRNA is similar to the endogenous transcripts. Furthermore,
with an asterisk at the position of label is shown in the right. our results Sugge§t that the sequence e?<tenS|on fro_m' the 5
end of M1 RNA is responsible for rapid degradation of
it has been known that M1 RNA with extra nucleotides at upRNA. Therefore, it is likely that the endogenous transcripts
the 3 end or 5end remains catalytically active in vitr84— follow the same metabolic pathway of upRNA. Here, we
36). propose a model that entails two modes for RNase E
An interesting finding of this study is the dual mode of involvement in the regulation of biosynthesis of M1 RNA
action of RNase E onmnpB expression. RNase E is an (Figure 10). In one mode, transcripts from the P-1 promoter

+4 +8 34 I
172 116 @ e+345)
: -157
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il fhrk 6 LEid1

Ficure 9: Schematic representation of the cleavage sites by RNase E, RNase V1, and S1 nuclease. A secondary structure of M1 RNA
proposed by Hass et aBJ). is shown without its sequence. The tertiary base-pairing interactions are not shown here. The four parts (|, II,
lll, and 1V) of the M1 RNA region indicated in Figure 8 are also presented. The 270 nt upstream sequence of upRNA is indicated by the
thick line. The arrows indicate cleavage sites of upRNA by RNase E. Capital and small letters within the circle indicate cleavage sites by
RNase V1 and S1 nuclease, respectively.



Dual Function of RNase E for M1 RNA Biosynthesis
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Ficure 10: Proposed model for the dual mode of RNase E on the 13.

biosynthesis of M1 RNA. In degradation mode, transcripts from
upstream promoters were cleaved by RNase E and subsequently
degraded by other cellular factors (left). In processing mode, RNase
E cleaves a primary transcript from the P-1 promoter atitB&8/

+379 position as a processing enzyrid)( and exoribonucleases

trim the intermediater378+-379 product at the'3nd to mature 15.

M1 RNA (6) (right).
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Li, Z., and Deutscher, M. P. (2002) RNase E plays an essential
role in the maturation oEscherichia coltRNA precursorsRNA
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16. Lin-Chao, S., and Cohen, S. N. (1991) The rate of processing and

are driven into the processing pathway, processed at'the 3
end, and transformed to mature M1 RNA. In the other mode,
largerrnpB-containing upstream transcripts are degraded by
RNase E and other possible cellular factors. M1 RNA is not
produced in this pathway, and degradation products are
recycled.

The biological meaning of the degradation mode of RNase
E action is currently unclear for upstream transcripts. Four
plausible ORFsdarP, garL, garR, andgarK) are located
upstream of thenpB gene, and the stop codon of the last
ORF garK is located within the P-1 promoter ohpB. If
these genes are expressed, their transcripts could be extended
to the rnpB terminator 4). In that case, the regulation of 20
possible production of mature M1 RNA from the extended
transcripts could not be coordinated with regulation of
expression from the proximal P-1 promoter. Therefore, the
cell may need an additional machinery to remove
upstream transcripts for the tight regulation of M1 RNA
biosynthesis.
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