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RNase E, the principal RNase capable of initiating mRNA decay, preferentially attacks 5'-monophos-
phorylated over 5'-triphosphorylated substrates. Site-specific cleavage in vitro of the rpsT mRNA by RNase H
directed by chimeric 2'-O-methyl oligonucleotides was employed to create truncated RNAs which are identical
to authentic degradative intermediates. The rates of cleavage of two such intermediates by RNase E in the RNA
degradosome are significantly faster (2.5- to 8-fold) than that of intact RNA. This verifies the preference of
RNase E for degradative intermediates and can explain the frequent “all-or-none” behavior of mRNAs during

the decay process.

It is widely believed that the most common pathway of
mRNA decay in Escherichia coli is initiated by endonucleolytic
cleavage, usually catalyzed by RNase E, but occasionally by
other enzymes (1, 5, 19-21). In addition, mRNA decay often
appears to proceed in a net 5’ to 3’ direction (2, 8, 21). Ex-
periments with RNA 1 in vivo and more recently with the rpsT
mRNA in vitro have shown that monophosphorylated (p)
RNAs are more susceptible to RNase E-mediated decay than
primary transcripts which are 5’-triphosphorylated (ppp) (13,
16). These findings have been extended to other RNAs, in-
cluding derivatives of RNA 1 (10), and to another RNase,
CafA-RNase G, a homolog of RNase E (22). These results
imply that following an initial endonucleolytic cleavage, a trun-
cated mRNA fragment becomes a significantly better substrate
for all successive endonucleolytic cleavages catalyzed by
RNase E or by CafA-RNase G. This would explain the fre-
quently observed “all-or-none” pattern of mRNA decay (5, 19,
20). Nonetheless, there are no data which prove that the 3'-
product of an initial RNase E cleavage on a known substrate is,
in fact, more susceptible to a second endonucleolytic cleavage.
To address this point and to extend the generality of the initial
observations made on full-length RNA substrates, we have
created truncated p-rpsT mRNAs and have examined their
susceptibility to RNase E cleavage. Our findings show that
5’-end recognition of p-RNA substrates can account for 5'—3’
vectorial decay of mRNA substrates (8, 21) and can explain
why degradative intermediates rarely accumulate.

Truncated substrates created by oligonucleotide-directed
RNase H cleavage. We previously cleaved the rpsTI365 RNA at
various points with RNase H directed by selected oligonucle-
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otides to show that RNase E cleavage at the major site (resi-
dues 300 to 301) is independent of sequences or secondary
structures in the 5’ third of the substrate (17). However, the
observed sites of RNase H cleavage and thus the new 5'-p
termini were heterogeneous and nonphysiological. In order to
create truncated RNAs which more accurately mimic the prod-
ucts of authentic RNase E cleavages in the 5’ third of the rpsT
mRNA (14), we designed mixed DNA-2'-O-methyl oligonu-
cleotides (11) to direct specific cleavage at four known sites.
Oligonucleotide 1 (to direct cleavage 5’ to residue 99 in
rpsT/365 RNA) is 5'-CAAUTCAAAGGGGAA and oligonu-
cleotide 4 (to direct cleavage 3’ to residue 191) is 5'-GCTTA
CGAGCCUU (see reference 11 for the rational behind the
design). Boldface residues are deoxyribonucleotides, whereas
underlined residues are 2'-O-methyl ribonucleotides. Chimeric
oligonucleotides (~6 pmol) were mixed with 1 pmol of the
synthetic rpsT transcript, rpsT/365 (identical to t87D in refer-
ence 17), prepared by “runoff” transcription in the presence of
[a*?P]CTP (6, 17), in 10 pl of 25 mM Tris-HCI (pH 7.8)-5 mM
MgCl,-100 mM NH,CI-60 mM KCI-0.1 mM dithiothrei-
tol-5% glycerol (17). RNA-DNA hybrids were formed by heat-
ing for 2 min at 90°C and 10 min at 37°C, followed by chilling
on ice. RNase H (Amersham-Pharmacia; 2 U) was added, and
digestion was performed in a final volume of 20 ul of assay
buffer for 90 min at 37°C. The digested RNA was cooled to
30°C, and a zero time sample was removed prior to further
digestion (see below). We found that RNase H cleavage di-
rected by such chimeric oligonucleotides was much less effi-
cient than with the corresponding all DNA oligonucleotide. It
was necessary to anneal the oligonucleotide to the target RNA
at much higher temperatures and to continue the digestion
with RNase H for longer periods and at higher temperatures
than in our previous experiments (17, 18). Despite consider-
able effort, two of the chimeric oligonucleotides promoted too
limited cleavage (<50%) of the target RNA to be useful (data
not shown). Only chimeric oligonucleotides 1 and 4 (see
above) yielded informative data, and only oligonucleotide 1
directed full digestion of its target RNA (Fig. 1). Examination
of lanes 6 and 7 in Fig. 1b (RNase H cleavage at residues 98
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FIG. 1. Time course of digestion of monophosphorylated fragments of rpsT RNA by degradosomes. The ppp-7ps7/365 RNA substrate,
internally labeled with [a-*?P]CTP, was digested first by RNase H in presence of excess chimeric 2'-O-methyl oligonucleotide. The structure of the
cleaved products is shown diagrammatically below each panel. Subsequently, the unfractionated products were incubated with purified degrado-
somes, and samples were removed at the times (in minutes) shown above each lane (see the text). Digestion products were separated by
electrophoresis under denaturing conditions and visualized by phosphorimaging. Panels: a, no oligonucleotide; b, oligonucleotide 1; ¢, oligonu-
cleotide 4. The triangle to the left of each panel points to the untreated rps7/365 RNA substrate; the 5 and 3 products of the initial RNase H
digestion and the 147-residue RNase E cleavage product are denoted by arrows in the right margins.

and 99 with oligonucleotide 1) shows that about half of the
substrate was cleaved by RNase H (see above). In contrast,
lanes 11 and 12 in Fig. 1c (RNase H cleavage with oligonucle-
otide 4 at residues 190 and 191) show that the rps7/365 sub-
strate was cleaved nearly to completion. Primer extension ex-
periments (not shown) confirmed that both cleavages by
RNase H occurred at the intended site, = one residue.

The balance of the RNase H-digested rpsTI365 RNA was
supplemented with degradosomes (ca. 4 to 10 wg/ml) to a final
volume of 20 pl. Degradosomes were prepared (3, 4) from
strain CF881 lacking RNase I. RNase E assays were subse-
quently performed at 30°C as described earlier (14, 17) but
with 50 nM RNA substrate (4). Samples were denatured and
separated on 6% polyacrylamide gels containing 8 M urea.
Products were visualized and quantified with a Phosphor-
Imager (Molecular Dynamics, Inc.). The amount of substrate
remaining at each time point in a digestion was determined
and plotted so that the initial rate of the first cleavage of a
substrate (i.e., the disappearance of full-length substrate)
could be calculated. Figure la shows a typical time course of
digestion of the native ppp-7rpsT/365 RNA substrate, showing
the disappearance of full-length substrate (triangle in the left
margin) and the appearance of the 147-residue 3’ product
(arrow in the right margin). The “precleaved” RNAs prepared
above were assayed for their susceptibility to RNase E in
parallel (Fig. 1 b and c). Using the 351-nucleotide (nt) sub-
strate with a new 5'-p terminus at residue 99 (directed by
oligonucleotide 1), the average rate of cleavage by RNase E in
several experiments was 2.5-fold faster than the rate of cleav-

age of the control substrate (Fig. 1a and b). Likewise, in Fig.
1c, the rate of cleavage of the 257-nt substrate RNA with a new
5'-p terminus at residue 191 (directed by oligonucleotide 4)
was eightfold faster. These rates are minimal estimates for
several reasons. First, in the case of oligonucleotide 1, the
initial 365-nt full-length 7psT RNA is cleaved only partially and
is incompletely resolved from the 351-nt product of the first
digestion. Second, the presence of excess oligonucleotide from
the initial RNase H cleavage can inhibit RNase E activity (data
not shown). Third, the concentrations of substrates in these
assays was 3- to 10-fold higher than that used previously (16).
Reducing the initial concentration of RNA to 20 nM enhanced
the differential increase in the initial rate of cleavage of p-
rpsTI365 RNA by up to fivefold (data not shown).
Complementary data were obtained by measuring the rate of
accumulation of the 147-nt RNase E product. Prior cleavage of
the rpsT RNA with oligonucleotide 4 and RNase H (Fig. 1c)
accelerated the subsequent rate of formation of the 147-nt
product almost 20-fold relative to that observed in Fig. 1a. It is
interesting to note that the 108-nt fragment, the 5’ product of
RNase H cleavage, extending from residue 83 (pppG) to res-
idue 190, in Fig. 1c is almost completely stable during the
digestion, although it contains potential RNase E cleavage
sites (14). This fragment evidently competes poorly for the
available RNase E activity. We were unable to extend this
observation to the substrate in Fig. 1b since its 5’ product of
RNase H cleavage is only ~14 residues and would have run off
the gel. Previously, we assayed substrates which had been
cleaved by RNase H, and all-DNA oligonucleotides annealed
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FIG. 2. Simple model for recognition of p-RNAs by RNase E. The three domains of RNase E include the N terminus with catalytic activity,
the central arginine-rich RNA binding domain (ARRBD), and the C-terminal “platform” with interaction sites for RhIB, enolase and polynu-
cleotide phosphorylase (not shown) (23). For simplicity, RNase E is drawn as a monomer, but its quaternary structure is unknown. The RNA
substrate is shown by a solid line thickened at a potential RNase E cleavage site. RNA sequences between the 5' end and the site of cleavage are
presumed to loop away from the surface of the enzyme. The nucleophilic attack on the phosphodiester bond is shown by the short arrow. The
putative phosphate-binding pocket and the active site for catalysis are presumed to be separate sites within the N-terminal domain of the enzyme

(see the text).

to single-stranded regions of the 7psT RNA with relatively
crude sources of RNase E activity. We found that the 5’ prod-
ucts of RNase H cleavage were also resistant to digestion by
RNase E, whereas the rate of cleavage of the 3’ product was
accelerated fourfold relative to the full-length (ppp) substrate
(17), which is consistent with the present data.

End dependence of RNase E. Data obtained from investiga-
tions of the decay of ColEl-encoded RNA 1 in vivo and the
cleavage of rpsT and 9S RNAs in vitro have suggested that
once a primary transcript is converted to a p-form by RNase E,
it becomes a significantly better substrate for subsequent cleav-
ages (13, 16). Directed RNase H cleavage has permitted us to
create RNA substrates which accurately mimic degradative
intermediates cut once at a known RNase E cleavage site. In
both cases tested, the “precleaved” p-rpsT mRNAs subse-
quently underwent rapid, preferential cleavage(s) without
altering the final product. These data would explain why en-
donucleolytic cleavage intermediates of most mRNAs are nor-
mally ephemeral.

A number of stable RNAs, most notably 5S rRNA and 16S
rRNA require RNase E for their maturation and are 5'-mono-
phosphorylated (7, 12). How do they resist further cleavage?
Two factors likely contribute. First, secondary and tertiary
structures compact these RNAs and occlude potential cleavage
sites (15). Second, the binding of ribosomal proteins likely
stabilizes secondary and tertiary structures and screens any
potentially susceptible internal cleavage sites. In this regard,
the binding of the FinO protein to FinP RNA greatly reduces
its susceptibility to RNase E (9).

Mechanism of 5’-end recognition. Our data, and those ob-
tained independently with much simpler substrates, clearly
show that RNase E (and its homolog, CafA-RNase G) can
distinguish between ppp and p termini and that in RNase E,
this property resides in its N-terminal “catalytic domain” (10,
22). These data suggest that the Rne protein and its homologs
may contain a phosphate-binding pocket which interacts with
the 5’ terminus of a substrate, while a second region in the

N-terminal domain forms the catalytic site which interacts with
a more distant part of the RNA substrate. This is shown sche-
matically in Fig. 2. The putative phosphate-binding pocket
would discriminate between p and ppp termini, presumably on
the basis of size and net charge. In a more elaborate model, the
phosphate-binding pocket and the active site would function
alternatively (7). Genetic, biochemical, and structural ap-
proaches should elucidate the nature of the putative phos-
phate-binding pocket and distinguish between these and other
models.
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