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In the presence of ample tryptophan, transcription from the
Bacillus subtilis trp operon promoter terminates to give a 140-
nucleotide trp leaderRNA.Turnover of trp leaderRNAhas been
shown to depend onRNase J1 cleavage at a single-stranded, AU-
rich region just upstreamof the 3� transcription terminator. The
small size of trp leaderRNAand its strongdependenceonRNase
J1 cleavage for decay make it a suitable substrate for analyzing
the requirements for RNase J1 target site specificity. trp leader
RNAs with nucleotide changes around the RNase J1 target site
were more stable than wild-type trp leader RNA, showing that
sequences on either side of the cleavage site contribute to RNase
J1 recognition. An analysis of decay intermediates from these
mutants suggested limited 3�-to-5� exonuclease processing
from the native 3� end. trp leader RNAs were designed that con-
tained wild-type or mutant RNase J1 targets elsewhere on the
molecule. The presence of an additional RNase J1 cleavage site
resulted in faster RNA decay, depending on its location. Addi-
tion of a 5� tail containing 7 A residues caused destabilization of
trp leader RNAs. Surprisingly, addition at the 5� end of a strong
stem loop structure that is known to stabilize other RNAs did
not result in a longer trp leader RNA half-life, suggesting that
theRNase J1 cleavage sitemaybe accesseddirectly. In the course
of these experiments, we found evidence that polynucleotide
phosphorylase processivity was inhibited by a GCGGCCGC
sequence.

Protective features of the 5� and 3� ends of prokaryotic
mRNAs explain why these RNA molecules are not degraded
immediately by the multiple ribonucleases that are present in a
prokaryotic cell. The presence of a nucleoside triphosphate at
the 5� end renders this end a poor substrate for 5�-to-3� exonu-
cleolytic decay (1–3) or 5� end-dependent endonucleolytic
activity (4–6). The strong stem loop structure found at the 3�
end of many prokaryotic mRNAs, which is the transcription
terminator structure, is resistant to 3�-to-5� exonucleolytic
decay (7, 8). A general model for the initiation of mRNA decay
in prokaryotes, which is based on numerous studies in Esche-
richia coli, is as follows: initiation of decay occurs by an endo-
nucleolytic cleavage in the body of the message. Such cleavage
generates an upstream fragment with an unprotected 3� end,
which is a good substrate for 3�-to-5� exonucleases, and a

downstream fragment with a monophosphate nucleoside 5�
end, which is a good substrate for additional endonuclease
cleavages (9–11). The downstream fragment could also be a
good substrate for a 5�-to-3� exonuclease activity; however,
such an activity is not known to exist in E. coli.
Themajor decay-initiating endonuclease in E. coli is believed

to be RNase E, a 5� end-dependent endonuclease. That is,
RNase E endonuclease activity is usually contingent on prior
binding to the 5� terminus, after which the enzyme tracks or
loops to its target cleavage site (5, 12). RNase E vastly prefers an
RNA substrate with amonophosphate 5� end (4, 5, 13), and it is
thought that conversion of the initial triphosphate 5� end to a
monophosphate 5� end by a pyrophosphatase activity plays a
significant role in RNase E-mediated initiation of decay (14, 15).
The Bacillus subtilis genome has no sequence homologue of

RNase E. Instead, the recently discovered RNase J1 (16) is
thought to be a major player in initiation of mRNA decay in
B. subtilis. RNase J1 is essential, and growth of B. subtilis under
conditions of reduced RNase J1 results in a general increase in
mRNA half-life (16). A similar enzyme, named RNase J2, is not
essential, and a strain with an RNase J2 gene knock-out shows
no obvious phenotype. A number of RNAs are nowknown to be
cleaved at specific sites by RNase J1 (1, 16–18), and a recent
microarray study showed that the level of many RNAs is
affected in a strain deleted for RNase J2 and having reduced
expression of RNase J1 (19). Although it was believed initially
that RNase J1 was exclusively an endonuclease, more recently it
was discovered that RNase J1 has, in addition, a 5�-to-3� exonu-
clease activity (2, 3), which requires a 5�-monophosphate end.
This discovery is the basis for an alternative to the E. colimodel
for mRNA decay that would apply to organisms that express
RNase J1: mRNA could be degraded directly from the 5� end,
after pyrophosphate removal, or RNase J1 could act as both an
endonuclease to cleave the initial transcript and as a 5� exonu-
clease on the downstream product of such cleavage (2, 20).
We have used the B. subtilis trp leader RNA to study aspects

of RNA decay. In the presence of ample tryptophan, an 11-mer
complex of the regulatory protein trpRNA-binding attenuation
protein (TRAP)2 is activated and binds to 11 triplet repeats on
the nascent trp operon transcript. Binding of TRAP allows for-
mation of a transcription terminator structure such that tran-
scription terminates before RNApolymerase enters into the trp
operonprotein coding sequences (21, 22). The terminated tran-
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script is 140-nucleotides (nt) long (Fig. 1A), which is a useful
size for studying the mechanism of RNA decay. Based on an
analysis of trp leader RNAdecay in ribonucleasemutant strains,
and of a mutant trp leader RNA, we proposed that initiation of
trp leader RNA decay in the presence of bound TRAP is
dependent onRNase J1 endonuclease cleavage (23).Most of the
trp leader RNA is in a form that should be protected from ribo-
nuclease attack: the 5� end is in a stem loop structure (5�SL), the
3� end is in a strong transcription terminator structure (3� TT),
and a large part of the internal sequence is bound by the TRAP
11-mer (Fig. 1A, TBS). There is, however, a small, single-
stranded, AU-rich sequence from nt 93–107, and we have
shown that RNase J1 cleaves in this region in vivo and in vitro
(1). Altering nucleotides at this site to give a GC-rich sequence
resulted in a 4-fold increase in trp leader RNA half-life (23).
RNase J1 cleavage is followed by 3�-to-5� degradation of the
upstream fragment by polynucleotide phosphorylase (PNPase,
Ref. 24) and 5�-to-3� degradation of the downstream fragment
by RNase J1 itself (1). There is also evidence for a minor RNase
J1 cleavage in the upstream end of the TBS (1).
For the current study, we made a number of trp leader RNA

constructs that were designed to probe the recognition require-
ments for RNase J1 cleavage, including changing the nucleotide
sequence at the cleavage site, changing the location of the cleav-
age site relative to other RNA structural features, and adding an
additional cleavage site. To our knowledge, this is the first fine-
scale analysis of an RNase J1 cleavage site.

EXPERIMENTAL PROCEDURES

Bacterial Strains—BG626 was the host strain for plasmids
carrying thewild type ormutant trp leader constructs. BG626 is
trpC2 thr-5 and carries a spectinomycin resistance gene that
replaces chromosomal sequences from the end of the aroH
coding sequence (last 63 codons missing), through the trp
leader sequence, to near the start of the trpE coding sequence
(first 40 codons missing). Construction of this strain was
described previously (23). For experiments with reducedRNase
J1 levels, BG626 was transformed to erythromycin resistance
using chromosomal DNA from the RNase J1 conditional
mutant (25). In this strain, expression of RNase J1 is under
control of the IPTG-inducible pspac promoter. The RNase J1
conditional mutant strain also contained plasmid pMAP65,
which carries extra copies of the lacI gene (26). The host for
cloning of mutant trp leader constructs was E. coli DH5� (27).
Plasmids—Plasmid pGD5 contains the wild type trp leader

sequence and the mtrB gene encoding TRAP (23). The trp

leader sequence is on an SphI-EcoRI
fragment. A two-step PCR protocol
was used to generate the mutant trp
leader constructs. Oligonucleotide
primers containing complementary
sequences including the mutated
nucleotides were used to amplify
the sequence upstream of the trp
leader (with a primer that included
the SphI site) and the sequence
downstreamof the trp leader (with a
primer that included the EcoRI site).

The two amplicons were annealed to each other and used in a
second round of PCR to generate a product that contained the
mutated trp leader sequence on a fragment that had SphI and
EcoRI recognition sites at the ends. This product was cloned
between the SphI and EcoRI sites of the pGD5 vector. The
pGD5 derivative bearing the mutant trp leader sequence was
used to transform BG626 to tetracycline resistance (10 �g/ml).
PNPase Assay—5� End-labeled trp leader RNA bearing a

monophosphate 5� end, used for PNPase assays, was prepared
as described (1). PNPase reactions were done as described (23)
using 1 nMRNA substrate, of which 10%was labeled, and 2.5 nM
PNPase.
Northern Blot Analysis—RNA isolation and Northern blot

analysis were performed as described (1). For determination of
half-life, time points up to two half-lives were used. In all cases,
theR2 valueswere greater than 0.9. Comparison of the half-lives
between two trp leader RNAswas used in a two-sample t test to
derive p values. A p value � 0.05 was considered significant.

RESULTS AND DISCUSSION

Stabilization of trp Leader RNA in a Strain with a Reduced
Level of RNase J1—Previously, a trp leader RNA had been con-
structed in which the AU-rich, RNase J1 target sequence
around nt 101 was changed to an 8-nt GC-rich sequence (23).
(As is demonstrated below, cleavage appears to occur mainly
after nt 101, not after nt 100, as previously mapped. Therefore,
we refer to this RNase J1 cleavage as occurring at nt 101.) The
trp leader RNA with the GC-rich sequence is called “NotI
RNA,” because the 8-bp sequence encoding this GC-rich seg-
ment constitutes a NotI restriction endonuclease site in the
DNA encoding the trp leader. Because this change resulted in a
4-fold increase of trp leader RNA half-life to about 10 min, we
inferred that RNase J1 cleavage at nt 101 is important for initi-
ating trp leader RNA decay. To show directly that the cellular
level of RNase J1 could affect trp leader RNA half-life, we per-
formedNorthern blot analysis of trp leader RNA decay in wild-
type and RNase J1 conditional mutant strains. In the latter
strain, RNase J1 expression is under control of an IPTG-induc-
ible promoter. Addition of IPTG results in a level of RNase J1
that is�5-fold lower than in thewild type strain (28). The result
in Fig. 1B shows that, indeed, trp leader RNA half-life increases
from 2.5min in the wild type to 5.5min in the RNase J1mutant.
Thus, merely reducing the level of RNase J1, without eliminat-
ing it, results in a 2-fold increase in trp leader RNAhalf-life. The
previous and current results indicate that trp leader RNA half-
life is determined primarily by RNase J1 cleavage at nt 101. We

FIGURE 1. A, schematic diagram of trp leader RNA, showing structural features and location of primary RNase J1
cleavage site. B, Northern blot analysis of trp leader RNA in wild-type and RNase J1 conditional mutant strains
grown in the presence of 1 mM IPTG. Time after rifampicin addition (min) is indicated above each lane. Migra-
tion of the 136-nt marker (lane M) is indicated at left. Semi-log plot of % RNA remaining versus time is shown at
right. Open triangles, wild type; closed squares, RNase J1 mutant.
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focused attention on the sequence requirements for this decay-
initiating cleavage.
Effect of Mutations in the RNase J1 Target Site on trp Leader

RNA Half-life—trp leader constructs were made that changed
fewer nucleotides upstream or downstream of the 101-nt posi-
tion than were changed in the NotI construct, and these were
designated by the restriction endonuclease site that the change
generated (EaeI, SacII, and NaeI constructs, Fig. 2A). Mutant
trp leader constructs were introduced on a high-copy plasmid,
which also contains the mtrB gene encoding TRAP, into a
B. subtilis strain that is deleted for the endogenous trp leader
region. According to the Zukermfold structure prediction pro-
gram (29), the 3�-TT structure was not affected by the changes
that were introduced. In fact, wild-type sized trp leader RNA
was detected for each of the constructs, indicating that the
mutant sequences did not affect conformation of the transcrip-
tion terminator structure or binding of TRAP, which is
required for termination.
trp leader RNA half-life for each of the constructs was deter-

mined by Northern blot analysis after addition of rifampicin.
The half-lives shown in Fig. 2A are the average of at least three
determinations. The substitution of GC-rich sequence in each
of the new constructs resulted in a trp leader RNA half-life
increase from about 2.5min for thewild type to 5–6min for the
mutant.
Analysis of Upstream and Downstream RNase J1 Cleavage

Products—The steady-state pattern of fragments from wild-
type and mutant trp leader RNAs was probed with upstream
and downstream oligonucleotide probes (probes 1 and 2 in Fig.

2A).We have shown previously that, using these probes, we can
detect the upstream and downstream products of RNase J1
cleavage from trp leader RNA expressed from amulticopy plas-
mid (23). An upstream fragment of �101 nt is detected by the
upstream probe but is present in very low amounts, most likely
because it has an unprotected 3� end, which we have shown is
rapidly attacked by PNPase (24). The downstream fragment of
�39 nt, which contains the 3�-TT, is detected by the 3�-termi-
nal probe but additional bands are also detected (see Fig. 2C,wt
lane and below).
Using probe 1, the full-length RNA was detected for all

strains (Fig. 2B), and the amount of full-length wild type trp
leader RNA was consistently 2–3-fold less than that of the
mutant RNAs, which was anticipated in view of its shorter half-
life. The expected �101-nt band, representing the upstream
product of RNase J1 cleavage, was observed in thewild type, but
was not present in the EaeI, NotI, and NaeI RNAs. Instead, a
band of about 110 nt was observed. For the SacII RNA, a
�101-nt band was detected, in addition to the �110-nt band.
The same RNAs were probed with a downstream probe

(probe 2 in Fig. 2A). For the wild type, the previously observed
patternwas obtained: a group of fragments running between 25
and 50 nt, with a major band at �39 nt (Fig. 2C). These are the
downstream products resulting from RNase J1 endonuclease
cleavage at nt 101. Bands that are larger than 39 nt likely arise
from processed/partially degraded readthrough transcripts,
which resolve well for these small fragments but are not appar-
ent at the level of full-length RNA. (In the high-resolution blot
shown in Fig. 2D, transcripts that are several nt longer than

FIGURE 2. A, trp leader RNA sequence, showing mutations in the RNase J1 target site. Extent of complementarity of 5� end-labeled probes to sequences near
the 5� and 3� ends is indicated. Below the trp leader RNA schematic is shown the wild-type and mutant sequences of the RNase J1 target site. Half-lives of each
RNA (min) are shown. The major site of RNase J1 cleavage after nt 101 is indicated by the arrowhead. B–D, Northern blot analysis of wt and mutant trp leader
RNA, using probe 1 on low-resolution (B) and high-resolution (D) blots, and probe 2 (C). FL, full-length trp leader RNA. Leftmost lane (M) in B and C contained 5�
end-labeled TaqI fragments of plasmid pSE420 DNA (35), and the sizes of these fragments are indicated on the left. Sequencing ladder in D was generated on
M13mp18 single-stranded DNA. Sizes of RNA bands detected by probe 1 in D and discussed in the text are indicated on the right. In B and D, the 101-nt
upstream product of RNase J1 cleavage is indicated by the caret.
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full-length trp leader RNA are detectable.) We surmise that
bands smaller than 39 nt result fromRNase J1 5� exonucleolytic
activity on the downstream cleavage product that is hindered
by the strong 3�-TT structure, as we have shown occurs in vitro
(1). For three of the four mutant RNAs, the NotI, SacII, and
NaeI RNAs, the 3� probe detected only faint bands in the 25-
50-nt region, indicating that RNase J1 cleavage at the 101-
nt positionwas occurring at very low levels, if at all. For the EaeI
construct, a band of 35–39 nt was detected, which, relative to
the amount of full-length RNA, was about 30% of the corre-
sponding bands in thewild type lane. This indicates that there is
weak RNase J1 cleavage in the EaeI RNA, not enough to detect
the unstable 101-nt upstream product using the 5� probe but
enough to detect the most prominent downstream fragments
using the 3� probe. The amount of 3� product detected at steady
state will depend not only on the level of RNase J1 cleavage but
also on the ability of RNase J1 to degrade the downstreamprod-
uct, and this may differ depending on the nucleotide sequence.
Thus, we cannot use the amount of 3� product observed as a
measure of the amount of cleavage taking place.
To examinemore precisely the upstream fragments detected

by the 5� probe, a Northern blot analysis was performed on
RNAs separated on a high-resolution gel (Fig. 2D). In all strains,
a band of 133 nt was observed. This likely represents 3� exonu-
clease nibbling from the 3� end of trp leader RNA up to the
downstream side of the 3�-TT stem.We have shown previously
in vitro that the processivity of PNPase, the major B. subtilis
3�-to-5� exonuclease, is hindered by the trp leader RNA 3�-TT
structure (23). Importantly, the amount of this band, relative to
full-length RNA, was approximately the same in all strains,
about 3–4%, which indicated that the mutations in the single-
stranded region upstream of the 3�-TT did not affect accumu-
lation of this intermediate. Similarly, in all strains a band of 113
nt was observed (not visible in this exposure in the wild type
lane but visible on overexposure). Based on results presented
below that demonstrate an inhibition of PNPase processivity by
aGC-rich sequence, we believe this band results from a slowing
of PNPase caused by the three C residues at nt 109–111. In all
strains, the quantity of this band, relative to full-length RNA,
was 1–2% of full-length RNA. The 101-nt upstream product of
RNase J1 cleavage was detected in the strain carrying the wild
type at a level that was about 5% of full-length RNA. A similar-
sized band was detected in the strain carrying the SacII con-
struct, at a level that was about 8% of full-length RNA. Because
the SacII RNA gave very little of the 3� products that would
result from RNase J1 cleavage (Fig. 2C), we suggest that the
101-nt RNAdetected in the SacII construct strain is not a result
of RNase J1 cleavage but represents a block to PNPase proces-
sivity at the GC-rich SacII sequence that abuts the TBS. Simi-
larly, the bands detected in the NotI construct strain running
below the 113-nt RNA likely represent a block to PNPase pro-
cessivity imparted by the GC-rich NotI sequence. It is not clear
why additional bands under the 113-nt band would not be
detected also for the EaeI and NaeI constructs. More in vitro
studies with these mutant RNAs and purified PNPase will be
needed to clarify the “rules” of hindrances to PNPase processiv-
ity. Note that it is not possible to test our hypotheses about the
nature of these bands by probing trp leader RNA in a PNPase

mutant strain. In such a strain, the upstream product of RNase
J1 cleavage is not degraded, which leads to titration of free
TRAP and a lack of terminated trp leader RNA (24).
It is reasonable to conclude from these experiments that

RNase J1 recognizes an AU-rich region from nt 94–105, and
cleaves within this region to initiate decay. The fact that the
NotImutation had themost dramatic effect onmRNAhalf-life,
almost 2-fold more stable than any of the other mutants, sug-
gested that the change of AU sequence on both sides of the
101-nt position in the NotI RNA severely affected the ability of
RNase J1 to initiate decay by cleaving at this site. The other
RNAs were mutated on only one or the other side of the 101-nt
position, and these gave less dramatic increases in trp leader
RNA half-life.
Second Generation Mutations—Two additional mutants

were constructed, in which only two nucleotides were changed
(Fig. 2A, bottom). When nucleotides 100–101 were changed
fromUU toCA (NsiImutant), therewas no significant effect on
trp leader RNA half-life. However, when nucleotides 101–102
were changed from UU to GG (X-EaeI mutant), the half-life
went up to about 5 min. Thus, the presence of U residues
upstream and downstream of the cleavage site is not required
for RNase J1 recognition, but G residues next to the cleavage
site seem to be negatively affect RNase J1 recognition. Future
constructions with replacement of single residues in this region
may reveal more about RNase J1 specificity.
trp Leader RNAs with an Upstream RNase J1 Target Site—

Themapped RNase J1 cleavage at nt 101 is in a single-stranded
region that is surrounded by the TBS upstream and the 3�-TT
structure downstream. To explore the specificity of RNase J1
target site location relative to RNA structural elements, trp
leader RNA constructs weremade that had either an additional
RNase J1 target site or replacement of the native site with one
located elsewhere on the RNA. The readout for possible effects
of these changes on RNase J1 activity was a change in trp leader
RNA half-life, as determined by Northern blot analysis (at least
three independent repeats for each half-life determination).
The constructs that were made are shown in Fig. 3 and are
referred to in the text below by the numbering in that figure.
RNAs A1 and A2 are the previously reported wild-type and
NotI mutant RNAs, respectively.
First, an additional RNase J1 target sequence was inserted in

trp leader RNA upstream of the TBS (RNA A3). For this, the
sequence from nt 93–106 was used to replace nt 34 in the seg-
ment between the 5�SL and the TBS, resulting in an RNA with
two potential RNase J1 target sites. The half-life of RNAA3was
1.1 min, less than half that of wild-type trp leader RNA (p
value � 0.01). When the RNase J1 target upstream of the TBS
was on the same RNAwith theNotI site at nt 101 (RNAA4) the
half-life was 5.1 min, which was half that of the NotI RNA itself
(RNA A2). Conversely, when the upstream site was the NotI
sequence and the downstream site was wild type (RNAA5), the
half-life was indistinguishable from wild type (p value � 0.06).
This latter result excludes the possibility that the destabiliza-
tion observed with RNA A3 was a result of increasing the dis-
tance between the 5�SL and the TBS, independent of sequence,
rather than the result of inserting an additional RNase J1 cleav-
age site. When both RNase J1 targets were changed to the NotI
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sequence (RNAA6) the trp leader RNAhad a 13.6-min half-life,
which was similar to the half-life for RNA A2 (borderline p
value of 0.05).
Taken together, the results with the A series of constructs

suggested the following: (i) RNA half-life decreased when an
additional RNase J1 target site was present; (ii) the location of
anRNase J1 target site did not need to be immediately upstream
of the 3�-TT, although in both cases so far the AU-rich
sequencewas located between a structuredRNA (5�SLor 3�TT)
and the TBS; (iii) the RNase J1 target site was recognized more
efficiently when it was located downstream of the TBS than
when it was located upstream.
Accumulation of RNADecay Intermediates Due to Inhibition

of PNPase Processivity—Interestingly, Northern blot analysis of
RNA A5 revealed an additional intense set of bands running
between the 46- and 54-ntmarkers (Fig. 4A). This is denoted by
the asterisk in Fig. 3A. This set of RNAs had a half-life of 10.8�
1.4 min. The precise size of these bands was determined by
Northern blot analysis from a high-resolution gel (Fig. 4B, left).
A ladder of four bands could be detected, between 48 and 51 nt.
Henceforth, this set of bands is referred to as the “�50-nt
RNA.” When the downstream RNase J1 site in RNA A5 was
changed to a NotI site (RNA A6), the �50-nt RNAwas present
at a much lower intensity (Fig. 4C). Our earlier studies showed
that rapid degradation of TRAP-bound trp leader RNA is

dependent primarily on PNPase 3�-to-5� exonuclease activity
(24). It is likely that this decay initiates at the RNase J1 cleavage
site, since the 3�-TT structure hinders PNPase decay starting
from the native 3� end (23). To explain the appearance of the
intense�50-nt RNA in the strain carrying RNAA5,we hypoth-
esized that the NotI sequence (GCGGCCGC) upstream of the
TBS blocked PNPase processivity. The end of the NotI
sequence is nt 44 in this RNA, and the block to PNPase proc-
essing would lead to accumulation of fragments that were
somewhat larger than 44 nt. In the case of RNA A6, RNase J1
cleavage at the nt-101 site is abolished, thereby giving little or
no RNA fragment with a susceptible 3� end from which to ini-
tiate PNPase degradation. The small amount of the �50-nt
RNA that was observed for RNA A6 may be due to PNPase
degradation that initiates from the 3� end, which the results in
Fig. 2D suggest is occurring to some extent.
To test this explanation for the appearance of the �50-nt

RNA, we analyzed the ability of purified PNPase to degrade
through theNotI sequence in vitro. trp leader RNA versions A1
(wild type) and A5 (upstreamNotI sequence) were synthesized
in vitro, ending at the 3 Cs in the 3�-TT sequence (i.e. until nt
111 in the wild type trp leader RNA sequence; see Fig. 2A). To
enhance the in vitro transcription reaction, three Gs were
included at the 5� end, giving an RNA size of 114 nt for the wild
type and 127 nt for the NotI RNA. The 3� end of these in vitro

FIGURE 3. trp leader RNA mutant constructs. Open rectangle denotes RNase J1 target site, nt 96 –103. Filled rectangle denotes target site mutated to contain
the NotI sequence. The asterisk in RNAs A5, B5, and C5 indicates accumulation of small decay intermediate consisting of 5� proximal sequence. Half-life of each
RNA (average of at least three independent experiments, with S.D.) is shown to the right of the schematic. ND, not done.
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transcripts is predicted to be unstructured, which is a re-
quirement for efficient 3� exonuclease activity by PNPase
(23). The trp leader RNAs were labeled at the 5� end and were
pre-incubated with TRAP before addition of purified
PNPase. As seen in Fig. 4D, PNPase was able to digest wild
type trp leader RNA with time. An accumulation of a proc-
essing intermediate just below the 114-nt full-length band
likely represents a pause at the downstream edge of the TBS.
In the case of trp leader RNA with the upstream NotI
sequence (RNA A5), additional bands of about 60 nt were

observed. The sizes of these bands
were determined from a high-reso-
lution gel (Fig. 4B, right), and were
found to be a ladder of three bands
between 59–61 nt. Taking into
account the three extra Gs at the 5�
end, the location of the block to
PNPase would be at nt 56–58,
somewhat downstream from what
was observed in vivo (Fig. 4B, left).
This difference may be due to the
presence of other 3� exonucleases in
vivo, which could nibble at the 3�
end after PNPase release. We con-
clude that PNPase has difficulty
degrading past this inserted se-
quence. This observation was useful
in determining decay pathways in
other RNAs (see below).
trp Leader RNAs with a 27-nt

Sequence Added at the 5� End—
Based on many studies that show a
5� end dependence of RNA decay in
B. subtilis (20), one might have
expected that the presence of the
stem loop structure at the 5� end of
trp leader RNA would confer a rela-
tively long half-life. The 2.5-min
half-life of trp leader RNA is, in fact,

rather short; in a survey of nearly 1500 B. subtilismRNAs, only
10% were found to have half-lives of less than 3 min (30). To
assess the influence of 5� determinants on trp leader RNA sta-
bility, a 27-nt sequencewas added to the 5� end (Table 1 andFig.
3B). The 27-nt sequence was predicted to exist in a single-
stranded conformation, based on the Zuker folding prediction
software. RNAs B1-B4 had the same trp leader RNA sequence
as RNAs A1–A4 except for the added 27-nt sequence. Some-
what unexpectedly, in all these cases the added 5� sequence had
a stabilizing effect. For the wild type trp leader RNA, the 5�
addition (RNAB1) had a small but statistically significant effect
on stability, increasing the half-life from 2.5 to 3.0 min (p
value � 0.04). In the context of the stabilizing NotI sequence at
nt 101 (RNA B2), the added 5� sequence gave a highly stable
RNA, with a half-life of 17.4 min. The unstable RNA with two
RNase J1 target sites (RNA A3) was stabilized 2-fold by the
addition of the 27-nt sequence at the 5� end (RNA B3). Simi-
larly, the intermediate stability of RNA A4, with the upstream
RNase J1 target and the downstreamNotI site, increased 2-fold
by the addition of the 27-nt sequence (RNA B4).
One more construct with this 5� end sequence was made to

test our explanation for the accumulation of the �50-nt RNA
observed with RNA A5 (Fig. 3A). If the �50-nt RNA was the
result of a block to PNPase processivity, then addition of a 27-nt
sequence at the 5� end of the A5 RNA should give a similarly
intense decay intermediate that was �77-nt long. This was
indeed observed, as shown in Fig. 5A (RNA B5). Unlike RNAs
B1-B4, however, the addition of the 27-nt sequence in RNA B5

FIGURE 4. A, half-life of �50-nt processing intermediate (arrow) in the RNA with the upstream NotI site (RNA
A5). B, sizing of the �50-nt RNA on a high-resolution gel by Northern blot analysis of in vivo RNA isolated from
strain carrying RNA A5 (left) and after PNPase processing in vitro (right). The in vitro samples were incubated
without (�) or with (�) PNPase. C, comparison of amount of full-length (FL) and �50-nt processing interme-
diate (arrow) in A5 and A6 RNAs. D, in vitro PNPase activity on trp leader RNAs without and with the upstream
NotI sequence. Sizes of full-length substrates (114 nt for wild-type, 127 nt for RNA A5) are indicated, as well as
the approximate size of the PNPase digestion product for the RNA with the upstream NotI sequence. The
control lane C contained no added PNPase. Above each lane is indicated time (min) after PNPase addition.

FIGURE 5. Steady state pattern of selected trp leader RNAs. Full-length (FL)
and processed products detected by probe 1 in strains carrying the construct
indicated above each lane.

TABLE 1
Sequences added to the 5� end of trp leader RNA
Nucleotides 93–106, which are included in the 5� addition in the C series, are
italicized. Underlined nucleotides in the D7 RNA are complementary sequences
that are predicted to form a stable stem structure.

RNA Sequence

B1-B5 GGAUCCAAAAACAUGCAAGUCGAAACG
C1-C5 GGUACCUUUCAUUAUGUUUAUUCAACG
D7 GAUCAUGAUAAUAGCUAUUAUCAUGAUAAAAAAA
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did not result in any significant increase in stability, compared
with RNA A5.
We had expected that addition of the 27-nt single-stranded

tail to the 5� end might cause instability of the trp leader RNA,
either because the accessible 5� end could be dephosphorylated
and serve as a substrate for 5� exonuclease activity, or because
the 5� end could provide a good binding site for RNase J1, whose
endonuclease activitymay be 5� end-dependent. It was possible
that the primary sequence at the very 5� end (GG) was not a
good substrate for either of these activities, or that, by an
unknownmechanism, addition of this 5� tail hindered RNase J1
access to, or recognition of, the primary target site at nt 101.
As a variation on the experiments with the B series con-

structs, additional constructs were made (Fig. 3C) bearing a 5�
single-stranded tail that contained the sequence constituting
the downstream RNase J1 target site (nt 93–106). We reasoned
that a 5� tail with an RNase J1 recognition site might function
better to destabilize. Furthermore, although the results with
RNAs A3 and A4 had suggested that insertion of an additional
RNase J1 target site could decrease trp leader RNA stability, in
those cases, the additional site was surrounded by the 5�SL on
one side and theTBS on the other. TheC series constructs were
useful in addressing whether the presence of an RNase J1 site in
a region not bounded by structured RNA could function in
modulating RNA half-life.
The 93–106 nt sequence was used to replace 14 nt of the

27-nt 5� addition that had been studied in the B series. Because
this replacement was predicted to give some secondary struc-
ture, the sequence at the 5� end of the 27-nt additionwas altered
such that there was no more predicted secondary structure
(Table 1). RNA C1, containing the additional RNase J1 target
sequence in the upstream segment, was indeed significantly less
stable than the wild type (p value � 0.01). Similarly, RNA C5
was significantly less stable than RNA A5 (p value � 0.04).
However, RNAs C2 and C4, which had the same 5� sequence
but in the context of theNotImutation at nt 101, gave half-lives
that were much more stable than the corresponding RNAs A2
and A4, and that had similar stability to RNAs B2 and B4 con-
taining the 27-nt 5� sequencewithout the RNase J1 target site (p
value for B2 versus C2 � 0.17). Thus, the 5� addition in the C
series was stabilizing in two cases and destabilizing in two other
cases. At present, we have no reasonable explanation for these
observations.
RNA C5 had the added upstream NotI sequence that was

capable of blocking PNPase, in the context of the 5� tail con-
taining the RNase J1 cleavage site. This RNAwas used to deter-
mine whether the C series RNAs were being degraded exonu-
cleolytically. As we had found with RNA B5, RNA C5 gave an
accumulation of a 5�-terminal�77-nt RNA (Fig. 5A). However,
the accumulation of this RNA in the case of RNAC5 was about
2-fold less (relative to full-length RNA) than for RNAs A5 and
B5, suggesting some 5� exonuclease degradation. These results
suggested that the upstream RNase J1 recognition site,
althoughnot surrounded by structuredRNAonboth sides,may
be recognized weakly for endonuclease cleavage, allowing 5�
exonucleolytic decay from the newly generated monophos-
phate 5� end. Addition of this 5� sequence in the case of RNAs
C1 and C5 accelerated decay of relatively unstable trp leader

RNAs that undergo efficient RNase J1 cleavage at nt 101. It is
not clear, however, why this alternate pathway to access trp
leader RNA did not result in a detectable decrease in half-life of
the RNAs that have the NotI sequence at nt 101 (RNAs C2
and C4).
trp Leader RNAs with an A7 Tail Added at the 5� End—We

next turned to a less complex addition at the 5� end, an A7
sequence (Fig. 3D).We observed previously that placement of a
7-nt tail upstream of a stabilizing 5� stem loop structure could
render the RNA unstable (31). Addition of the A7 tail to the
wild-type trp leader RNA (RNA D1) resulted in an extremely
unstable trp leader RNA: Northern blot analysis of RNAs
extracted at increasing times after rifampicin addition gave a
half-life of less than 1min, and a comparison of the steady-state
pattern of wild type trp leader RNAwith unstable RNAsA3 and
D1 showed a sharp decrease in concentration (Fig. 5B). When
the A7 tail was added to the stable NotI mutant (RNA A2) to
give RNA D2, the half-life decreased from 10.3 min to 3.2 min,
i.e. an even greater destabilizing effect than the effect of insert-
ing an upstream RNase J1 target site (RNA A4). Similarly, add-
ing the A7 tail to RNA A4 to give RNA D4 resulted in a 2-fold
reduction in half-life. These results demonstrate the destabiliz-
ing effect of a 5� A7 sequence, and further experiments will be
needed to understand the difference between the results with
the B series and the D series (e.g. would a G2A5 5� tail have the
same effect as an A7 tail?).

Another RNA of interest was the D5 RNA, in which the A7
sequence was added to the 5� end of RNA A5. RNA A5 con-
tained the wild-type downstream RNase J1 site and the
upstream NotI sequence, and gave a wild type half-life, as well
as intense accumulation of the �50-nt RNA (Fig. 4B). In the
case of RNA D5, the half-life of the full-length RNA was
reduced to 1.4 min (p value relative to wild type � 0.01), and
while the expected �57-nt 5� fragment was observed (arrow in
Fig. 5B) it did not accumulate to the levels seen with RNAs A5
and B5 (compare Fig. 5A). We hypothesize that addition of the
A7 tail makes trp leader RNA a substrate for 5� exonuclease
activity, resulting in little accumulation of the RNA fragment
that has a block to PNPase processivity at its 3� end. Similarly,
addition of the A7 tail to the highly stable RNA A6, which had
twoNotI sites and a 13.6-min half-life, resulted in a reduction in
half-life to 5.4 min (RNA D6).
trp Leader RNAwith a 5� Stabilizer—Experiments in our lab-

oratory and others (31–33), as well as a survey of stable B. sub-
tilis mRNAs (20), have indicated that a 5�-terminal stem loop
structure should have a strong stabilizing effect. We predicted
that addition of such a structure would stabilize greatly the
extremely unstable D1 RNA. Accordingly, a final construct in
theD series wasmade (RNAD7) that contained the 5�-terminal
stem loop structure of mutant mdr (or bmr3) RNA (�Go �
�10.0 kcal mol�1), which was shown to increase mdr mRNA
stability at least 4-fold (33), and which we have found confers
extreme stability to other RNAs.3 Surprisingly, while this addi-
tion did stabilize RNA D1, it only brought it back to a 2.3-min
half-life, which was not significantly different fromwild type (p

3 S. Yao and D. H. Bechhofer, unpublished experiments.
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value� 0.11). This latter result suggests the following:when the
A7 tail is accessible at the 5� end, it can serve, perhaps after
dephosphorylation of the 5�-triphosphate end, as a binding site
for RNase J1 and allow processive 5�-to-3� exonuclease activity.
However, when the A7 tail is occluded by a strong secondary
structure, decay of trp leader RNA reverts to the pathway for
decay of the wild type, which is not 5� end-dependent and relies
on direct access of RNase J1 to its target at the nt 101 site.
The panel of trp leader RNA mutants constructed in this

study demonstrates the power of using this small RNA as a
model substrate to probe the function of RNase J1. It should be
emphasized that the prompt degradation of trp leader RNA to
release TRAP, which then binds nascent transcripts being syn-
thesized from the constitutive trp promoter, is an important
feature of the trp regulatory system. Without rapid trp leader
RNA degradation, the limiting number of TRAP molecules
become trapped, allowing new trp transcription to continue
into the trp operon coding sequences, even in the presence of
ample tryptophan (24). The presence of the 5�SL is also an
important feature of trp transcription regulation, as it has been
shown that efficient TRAP binding depends, in part, on this
structure (34). In general, however, a stem loop structure
located at the 5� terminus is known to stabilize RNA (20). Thus,
the trp leader system requires rapid RNA turnover, but appears
to contain a 5� RNA stabilizer. We suggest that this dilemma
may be solved by efficient, 5� end-independent binding of
RNase J1 to its 3� proximal target site, followed by cleavage at nt
101 and PNPase degradation from the newly generated 3� end.
Our study allows some tentative conclusions regarding the

specificity of RNase J1 endonuclease activity, including: (i) a
12-nt AU-rich sequence is recognized for RNase J1 cleavage;
substitution with G or C nucleotides upstream or downstream
of the cleavage site severely affects RNase J1 endonucleolytic
activity. (ii) an RNase J1 target site is efficiently utilized when
located between structured RNA regions. (iii) at least for this
small molecule, an additional RNase J1 cleavage site translates
into more rapid decay (Fig. 3A, series). In addition, there is a
hint that RNase J1 can act both exonucleolytically from the
native 5� end and endonucleolytically on the same RNA sub-
strate (Fig. 3D, series), and RNase J1 endonuclease activity may
not be 5� end-dependent (RNA D7). One aim of future studies
will be to complement our in vivo findings with biochemical
assays of RNase J1 target site preference in vitro. In addition,
further experiments are planned to understand how different
sequences/structures located at the 5� end affect RNase J1
access to its internal target site.
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