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ABSTRACT
The primary transcript of pnp, the gene encoding
polynucleotide phosphorylase in Escherichia coil, is
processed in the 5' end region by ribonuclease III
(RNase 111). The unprocessed transcript shows
enhanced stability compared with the processed
transcript. We report here that, unlike the processed
transcript, the unprocessed pnp transcript did not
accept endonucleolytic attack at, at least, five cleavage
sites. Sequencing analysis of the four cleavage
products shows no sequence specific to all these sites,
but AU rich stretches were observed at three sites.

INTRODUCTION
In procaryotes, the stability of mRNA is an important factor
which determines the level of gene expression. The half-lives
of mRNA species varies at least by a factor of 50 (1) and the
decay-rate of some mRNA is growth-rate-dependent (2). The
differential expression of genes within an operon encoding a
polycistronic transcript can be accomplished by the difference
in mRNA stability (3-6). The difference in mRNA stability,
in turn, could be accounted for by the difference in its
susceptibility to degradation by cellular 3'-exo- and endonucleases
(for a review, see 7).
The 3'-exoribonucleases RNase H and polynucleotide

phosphorylase have been implicated in mRNA decay and appear
to be the major enzymes involved in the degradation of mRNA
(8). On the other hand, there have been many reports which
showed that the endonucleolytic cleavage of the mRNA
determines its decay rate. Decay of some mRNAs like those of
ompA, bla, LacZ, pnp and mc genes appear to be controlled by
endonucleolytic attack near the 5' end of the transcript (9-19),
whereas the decay of int mRNA is initiated by endonucleolytic
cleavage downstream of the gene (18). In spite of the importance
of endonucleolytic cleavage in mRNA decay indicated in these
reports, our knowledge about the endonucleases and the
mechanism involved is still limited.

Endoribonuclease RNase IH is responsible for the processing
ofpnp, mc and int gene transcripts but it is probably only a small
class of mRNAs that are inactivated by this enzyme (19). RNase
M is involved in the degradation of lacZmRNA (21) and RNase
K plays a role in controlling the initial step in the degradation
of ompA and bla mRNAs (17). RNase E is encoded by ams
(altered mRNA stability) gene (22-24) and it is involved in the

processing of 5S rRNA (25) and RNA1, the inhibitor of ColEl
plasmid replication (26). Moreover, in the RNase E-deficient
cells, the chemical half-lives of the T4 and E. coli mRNA were
increased several times (23 -26), suggesting that this enzyme is
essential for general mRNA decay in E.coli.

Previous studies have shown that the transcript of pnp is
processed by RNase IH in the 5' end region and this processing
dramatically affects the decay rate of pnp mRNA (14,15).
Unprocessed transcript in the RNase HI-defective strain is
stabilized up to 10-fold compared with the processed transcript.
Thus, the pnp transcript provides a model system for the
elucidation of the relation between mRNA processing and its
decay.

In this article, we analyzed the endonucleolytic cleavage of
the pnp mRNA by SI protection assay. Comparison of the
cleavage products shows that the unprocessed transcript does not
accept endonucleolytic cleavage at five sites compared with the
processed transcript. The relation of the 5' processing to the
endonucleolytic cleavage is discussed.

MATERIALS AND METHODS
Bacterial strains, plasmid and media
E. coli RNase HI-defective strain N2077 (rncJO5 thi argH nadB
lacY gal maLA xyl ara mtl strt tonA supE) and its isogenic parent
strain N2076 (mc+) were gifts from Dr. D.Apirion (29). Strain
SK5003 (thr leu pnp7 rnbSOO) was supplied by Dr. S.Kushner
(8). Plasmid pYN811 (30) was used as a source of DNA
fragments for preparation of the end-labeled probes. For
preparation of RNA, strains N2076 and N2077 were grown in
LB medium at 37°C to a density of 2 x 108 cells /ml. Strain
SK5003 was grown in LB medium at 32°C to a density of
1 x 108 cells /mi. The temperature was then shifted to 43°C and
incubation was continued for 20 more minutes.

Preparation of the end-labeled probes
Plasmid DNA and DNA fragments were isolated as described
(31). Restriction endonucleases and other enzymes were
purchased from Takara Shuzo Co., Japan. DNA restriction
fragments were 5'-end-labeled with polynucleotide kinase or
3'-end-labeled with Klenow fragment of E.coli DNA polymerase
I as described (31). Then these 32p-labeled fragments were
digested with the second restriction nuclease to prepare the DNA
probes which were labeled at one 5' or 3' end. The 5'-end-labeled
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Fig. 1. Structural organization of the rpsO-pnp operon, the DNA probes used in the Sl nuclease analysis and summary of the results obtained in this experiment.
Panel A: The genes for rpsO, which encodes ribosomal protein S15, and pnp are indicated by the solid line (22). Two promoters, P, and p2, and the restriction
sites are indicated. Below the map, the transcripts covering pnp are presented by wavy lines. The processing site by RNase Im is indicated by RI. The possible
stem-loop structure around the processing site (indicated by the arrow) is also shown. Four cleavage sites, 14, demonstrated in this experiment are indicated by
arrows below the transcripts. Panel B: The structure of the DNA probes. 5'-end-labeled probes are SmaI-PvuII, BstEll-DraI and MluI-PvuH fragments. 3'-end-labeled
probes are MluI-EcoRl and SmaI-EcoRI fragments. The labeled end is indicated by asterisks. The cleavage products detected by using these probes are also shown
by wavy lines.

probes were the SmaI-PvuH fragment of 1.5 kbp, the BstEH-
DraI fragment of 1.6 kbp and the MluI-PvuII fragment of 3.3
kbp. The 3'-end-labeled probes were the SmaI-EcoRI fragment
of 2.9 kbp and the MluI-EcoRI fragment of 1.1 kbp (Fig. 1).
The entire region of the pnp transcript was covered by these
probes.

Si nuclease protection assay

SI nuclease assay were performed essentially as described (31).
Total RNA was extracted from the cells by the hot phenol method
of Salser et al. (32). In RNA-DNA hybridization reaction, 40
;g of RNA was mixed with 0.05-0.2 ;&g of end-labeled DNA
probe in 30 ,ul of the hybridization buffer. After being denatured
at 72°C, the reaction mixture was cooled gradually to 37°C. S1
nuclease digestion (300 units per ml) was carried out for 40 min
at 37°C. After nuclease treatment, the hybrids were denatured
and electrophoretically separated on 5% polyacrylamide gels or
8% polyacrylamide gels containing 8M urea with chemical
cleavage ladders of the same DNA fragment. Chemical cleavage
of the end-labeled DNA fragments was performed according to
the method of Maxam and Gilbert (33).

RESULTS

For the identification of the endonucleolytic cleavage product of
the transcript, 5'- or 3'-end-labeled probes were hybridized with
total RNA extracted from rnc+ or mc- strains. In addition to
these strains, a pnp-rnb- (polynucleotide phosphorylase- and
RNase 11-defective) strain was also used because it was expected
that the deficiency of the 3' exonucleases would make it easier
to detect the cleavage product. The hybrids were treated with
Si nuclease and separated on polyacrylamide gels.
When a 5'-labeled SmaI-PvuII fragment was used as a probe,

a band of 300 nt length with the greatest intensity was observed
in rnc+ RNA (Fig. 2, lane 3,5). This band corresponds to the
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Fig. 2. SI nuclease analysis of thepnp transcript by using 5'-end-labeled probes.
Lane 1; size marker (3 p-labeled Hpal fragments of pBR322). Lanes 2,6,10;
probes only. Lanes 2-5; SmaI-PvuII fragment as a probe. Lanes 6-9; BstEH-
DraI fragment as a probe. Lanes 10-13; MluI-Pvull fragment as a probe. Lanes
3,7,11; hybrids with rnc+ RNA. Lanes 4,8,12; hybrids with mc- RNA. Lanes
5,9,13; hybrids with pnp-mrnb RNA. Bands a, 1, 2, 3 and 4 observed in mc+
RNA but not visible or greatly reduced in mc- RNA and band b observed in
only pnp-mb- RNA are indicated by arrows.

5' region of the processed pnp transcript (22, see Fig. 1).
Similarly, three bands observed in mc- RNA with the length
of 842 nt, 420 nt and 379 nt correspond to the 5' region of the
unprocessed transcripts (lane 4). An autoradiogram of the gel
also showed many bands with less intensity in addition to the
main transcripts. Among these, two bands with the length of 165
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Fig. 3. SI nuclease analysis by using a 3'-end-labeled SmaI-EcoRI fragment as
a probe. Lane 1; size marker (32p-labeled HindI-HaelII fragments of pHY300
purchased from Takara Shuzo Co). Lane 2; probe only. Lane 3; hybrids with
rnc+ RNA. Lane 4; hybrids with mc- RNA. Lane 5; hybrids with pnp-rnb-
RNA. Two bands which presumably originated from the cleavage at sites 2 and
3 are indicated by the arrows (see Fig. 1).

Table 1. Nucleotide sequence of the cleavage sites in the 5'-processedpnp transcript

Cleavage site Sequence

Site 1 5'-CAGAAAAAAGICICAAACCAGG-3'
Site 2 5'-AACUGGGUGAIAIAUUCUGCAC-3'
Site 3 5'-CGUGAAAAAGIAIUA UGAUCC-3'
Site 4 5'-CUACACUGGIUIAAAGUGACCC-3'

Cleavage sites 1-4 are described in the text (see Fig. 1) and they are indicated
by the arrows in the sequence. The sequence common to these sites is shown
in bold letters. All nucleotide sequences are according to Regnier et al. (36).

nt and 72 nt, denoted as a and 1, were visible in rnc+ RNA,
but not visible or reduced in mc- RNA. Two explanations are
possible for the origin of these bands: one is that they originate
from the endonucleolytic cleavage of the transcript and the other
is that they are transcripts initiated from intragenic promoters.
But it is unlikely that intragenic initiation products are different
in two pnp genes with the same structure. Therefore we conclude
that these two bands correspond to the cleavage products. Band
1 is amplified in pnp-rnb- RNA (lane 5) suggesting that
3'-exonucleases are involved in the degradation of this fragment.
The use of a 5'-end-labeled BstEl-DraI fragment revealed two

bands, 2 and 3, with lengths of 174 nt and 94 nt (lane 7,8), which
are present in rnc+ RNA but absent or greatly reduced in mc-
RNA. The band b (lane 9) could be seen only in pnpmrnb-
RNA and it might be caused by a base change (s) in the pnp
mutation.
There is another band, 4, with the length of 94 nt, which is

observed only in mc+ RNA, when a 5'-end-labeled MluI-Pvull
fragment was used as a probe (lane 11). Two bands, 3 and 4,
are also amplified in pnp-rb- RNA as band 1.
The 3'-end-labeled probes were used to identify the cleavage

products. When a 3'-end-labeled MluI-EcoRI fragment was used,
no difference was found in the hybrids with mnc+ and mc-
RNAs (data not shown). When a 3'-end-labeled SmaI-EcoRI
probe was used, two clear bands could be observed in
pnp-rnb- RNA (indicated by arrows in lane 5, Fig. 3), which
are absent in rnc- RNA. The length of these bands
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Fig. 4. Determination of the 5' end of the cleavage products. Panel A; hybrids

with a 5'-end-labeled BstEII-DraIlprobe. Panel B; hybrids with a 5'-end-labeled

Smal-Pvull probe. Panel C; hybrids with aS -end-labeled Mlul-Pvull probe. The

hybrid formed between end-labeled DNA probes and mnc+ RNA were digested
with SI nuclease, denatured and separated on a 8% polyacrylarmide gel with the

chemical cleavage ladders. The ends of the protected fragments are indicated by
arrows 1-4 (right lane in each panel). The arrow number corresponds to the band

number in Fig. 2. Only G+A (left lane) and T+C (middle lane) sequencing
reactions were performed with the end-labeled probe used in the hybridization

experiments.

(approximately 670 nt and 750 nt) corresponds to that expected
for the 5'-upstream cleavage products at sites 2 and 3 (the site

number corresponds to the band number, see Fig. 1). The

reduced amount of these bands in mnc+ RNA (lane 3) is

probably due to the degradation of the 3' end by 3'-exonucleases.

These results also indicate that bands 2 and 3 are originated by

endonucleolytic cleavage and not by intragenic transcription
initiation. Thus, at least five cleavage products were identified

by using 5'- and 3'-end-labeled probes. All these results are

summarized in Fig. 1.

In order to determine the 5' ends of these cleavage products,
Si nuclease-protected fragments were sized on a sequencing gel
next to DNA sequence ladders (Fig. 4). In these experiments,
the bands with the highest intensity were assumed as the ends
of the fragment. But this assignment is tentative until confirmed

by mRNA sequence analysis. In addition to the main bands,
numerous much less intense bands could be seen on the gel

(Fig. 4, B,C. These minor bands mright be generated by true
5'-termini of the mRNA present in low abundance or they mnight
be caused by localized melting of heteroduplexes followed by
SI nuclease digestion. These cleavage sites and the flanking
sequence are shown in Table 1. The result shows no sequence
specific to all the sites, but AU rich stretches are observed at

three sites (sites 2, 3 and 4). In addition, 5'-AAAG is observed

on either side of three cleavage sites (site 1,3 and 4). In site 2,

the sequence AAA could be seen instead of AAAG.

DISCUSSION

The data presented here shows that, unlike the processed

transcripts, the unprocessed pnp transcripts do not accept

endonucleolytic attack at several sites. These cleavage sites are
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dispersed throughout the whole transcript. The results suggest
that processing of the 5' region in the pnp primary transcript leads
to the endonucleolytic cleavage in, at least, five sites. The
extended half-life of the unprocessed transcripts might be due,
therefore, to the absence of these cleavages. In other words, the
decay of the pnp mRNA is facilitated by 5' processing followed
by endonucleolytic cleavages.

In addition to the five cleavage products, there are other bands
on the gel which were visible both in processed and unprocessed
transcripts (Fig. 2,3). It is not clear whether they originated from
the cleavage of the transcript or transcription initiation from
promoters within the gene. If the former is true, these cleavages
seem to be unaffected by 5' processing of the transcript and they
might be catalyzed by enzymes other than that involved in the
cleavage at the five sites described in this experiment.

Sl protection analysis showed no nucleotide sequence specific
to all of the cleavage sites. But it seems that AU rich stretches
are vulnerable to the endonucleolytic attack. Similar observations
were reported for endoribonucleases RNase K and RNase E.
Cleavage sites by RNase K are predominantly located within AU
rich stretches in ompA transcript (17), although there is no
sequence specific to these sites. The sequence A/AU is conserved
at most of the RNase E cleavage sites in 5S rRNA (25), RNA1
(26), T4 mRNAs (27, 28) and rpsT mRNA (34). These results
suggest the possibility that the enzyme responsible for the
endonucleolytic cleavage of pnp transcript described here
corresponds to RNase K or RNase E. But, the presence of the
sequence AAAG near the cleavage site has not been reported
before with any endoribonucleases. Further investigation is
necessary to identify the enzyme (s) involved in these cleavages.
In addition to the AU rich stretches, sequence AAAG could be
seen in three out of four sites although its relative position to
the cleavage end is variable. It should also be noted that there
are 19 AAAG sequences in total in the whole pnp mRNA. This
might suggest that AAAG is only one of the factors necessary
in determining the cleavage site.
Two models could possibly explain how the 5' region of the

unprocessed transcript prevents endonucleolytic cleavage ofpnp
mRNA. The first implies that the 5' region of the unprocessed
pnp transcript creates a secondary structure with the cleavage
site leading to difficulty in attacking the site by endonuclease.
But analysis of the nucleotide sequence did not show any potential
secondary structure between the 5' region and the cleavage sites
as might be expected to order to prevent nuclease attack. The
second, which is more likely, is that the entry of the endonuclease
responsible for the cleavage at the five sites described here is
limited only to the 5' end of the mRNA and it proceeds along
the transcript to meet the primary and/or secondary structure
serving as a substrate. In the unprocessed transcript a large stem-
loop structure, which is the target site for RNase IH (see Fig. 1),
in the 5' region provides a barrier to the enzyme resulting in
the absence or decrease of the cleavage. Studies with T4 gene
32 mRNA have shown that, consistent with the second model,
a stem-loop structure in the 5' end stabilizes the transcript (35).
We have previously shown that the 5', middle and 3' region

of the processed pnp transcript are rapidly degraded with equal
frequency, whereas the 5' region of the unprocessed transcript
is more stable than the 3' region (30). All these results, including
the data presented here, suggest that the cleavage at the five sites
described is responsible for the rapid and uniform decay of the
pnp mRNA. These cleavages generate short RNA fragments
which are exposed to attack by 3'-exonucleases. In the absence

of these cleavages, degradation from the 3' end of the transcript
is dominant leading to the gradient of the decay rate within the
transcript. This mechanism does not exclude the possibility that
other endonucleolytic cleavages are also involved in the decay
of pnp niRNA.
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