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Escherichia coli contains multiple 3= to 5= RNases, of which two, RNase PH and polynucleotide phosphorylase (PNPase), use in-
organic phosphate as a nucleophile to catalyze RNA cleavage. It is known that an absence of these two enzymes causes growth
defects, but the basis for these defects has remained undefined. To further an understanding of the function of these enzymes,
the degradation pattern of different cellular RNAs was analyzed. It was observed that an absence of both enzymes results in the
appearance of novel mRNA degradation fragments. Such fragments were also observed in strains containing mutations in RNase
R and PNPase, enzymes whose collective absence is known to cause an accumulation of structured RNA fragments. Additional
experiments indicated that the growth defects of strains containing RNase R and PNPase mutations were exacerbated upon
RNase PH removal. Taken together, these observations suggested that RNase PH could play a role in structured RNA degrada-
tion. Biochemical experiments with RNase PH demonstrated that this enzyme digests through RNA duplexes of moderate stabil-
ity. In addition, mapping and sequence analysis of an mRNA degradation fragment that accumulates in the absence of the phos-
phorolytic enzymes revealed the presence of an extended stem-loop motif at the 3= end. Overall, these results indicate that RNase
PH plays a novel role in the degradation of structured RNAs and provides a potential explanation for the growth defects caused
by an absence of the phosphorolytic RNases.

Like most other organisms, Escherichia coli contains a number
of exo-RNases that participate in many aspects of RNA metab-

olism. Among the main cellular functions of these factors are the
degradation of fragments generated by the endonucleolytic cleav-
age of unstable RNAs and 3=-end processing of stable RNAs, such
as tRNA and rRNA (3, 14). Of the eight known E. coli exo-RNases,
the enzymes RNase II, RNase R, polynucleotide phosphorylase
(PNPase), and Oligoribonuclease (Orn) are the main effectors of
RNA fragment digestion. The known properties of these enzymes
are consistent with some degree of specialization of function.
RNase II is an abundant enzyme that digests unstructured frag-
ments but is unable to digest through secondary structures. RNase
R contains a helicase-like domain that makes it especially effective
at digesting through relatively strong secondary structures.
PNPase functions in digesting both unstructured RNA frag-
ments and those that have a moderate degree of secondary struc-
ture. Orn is capable of acting on very short RNA fragments that are
not effectively bound by the other exo-RNases. With respect to
their role in RNA processing, since mature tRNAs and rRNAs
contain base-paired residues near their 3= ends, the removal of
precursor sequences requires the action of exo-RNases that can
digest close to structured regions. RNase T and RNase PH are the
most effective in this regard, and these enzymes are primarily in-
volved in the 3= end maturation of the stable RNAs (21, 23, 24).

Among the E. coli exo-RNases, PNPase and RNase PH differ
from the others in that they utilize inorganic phosphate, rather
than water, as a nucleophile to catalyze RNA degradation. It has
been an open question whether the mechanistic differences in
RNA digestion by these enzymes have any functional conse-
quences for cellular RNA metabolism. Interestingly, an absence of
either factor has a minimal effect, but an absence of both causes a
significant impairment of cell growth (19, 39). Such observations
suggest that the phosphorolytic RNases could collectively be in-
volved in some important aspects of RNA metabolism. However,
the specific joint functions of these enzymes are not known. In

particular, much less is understood about RNase PH compared to
PNPase, which has been studied for more than 50 years.

To address the common functions of the phosphorolytic en-
zymes, different RNAs were analyzed in strains lacking PNPase
and RNase PH using Northern blot analysis. Interestingly, in
strains lacking both enzymes, an accumulation of mRNA frag-
ments was observed. Similar fragments were also observed in
strains containing mutations in PNPase and RNase R, a combina-
tion of enzymes previously shown to be involved in the degrada-
tion of structured RNAs (9). The evidence presented here suggests
that RNase PH has a role in the degradation of a subset of RNA
fragments that contain significant amounts of secondary struc-
ture, thereby revealing a novel function for this enzyme in RNA
metabolism.

MATERIALS AND METHODS
Strains and plasmids. The wild-type strain used in the present study is
MG1655*, a derivative of the sequenced MG1655 strain that has a defec-
tive rph gene that was corrected by recombineering (8). Derivatives of
these strains containing deletion alleles have been described earlier or
were made by transduction of the deletion alleles marked with a kanamy-
cin-resistant (Kanr) cassette from the Keio strain collection into MG1655*
(6, 19). For the �rph, �rnr, �hfq, and �pcnB alleles, the Kanr cassette was
further excised by FLP-mediated recombination. Strains containing a
�ssrA mutation were made by transduction of a �ssrA::cat allele (37).
Strains containing a pnp(Ts) mutation were constructed by P1 transduc-
tion of this allele using a chloramphenicol-resistant marker closely linked
to pnp (38).
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Cell growth measurements. For each set of growth rate measure-
ments, three colonies for each strain were picked and grown to saturation.
The saturated cultures were diluted into prewarmed Luria-Bertani (LB)
medium at 37°C, and the optical density at 600 nm was measured four to
five times during the exponential growth phase. The doubling time and
standard deviation for each strain was determined by linear regression.

Northern blot analysis. Total RNA was prepared as described previ-
ously (2). RNA samples were fractionated on a 1.2% agarose–2.2% form-
aldehyde gel and transferred to positively charged Nytran membrane. For
probing mRNAs, digoxigenin-labeled antisense probes were prepared by
in vitro transcription according to the manufacturer’s (Roche) instruc-
tions. In some instances, oligonucleotide probes were used after labeling
with 32P at the 5= end using polynucleotide kinase. The sequences of the
oligonucleotide probes were as follows: probe 1 (5=-CACGGTTAAATCC
TTCACCGGGGGATCTGCTC-3=), probe 2 (5=-CAAAGCCAACATACG
GGTTAACCTGGTAACCACC-3=), probe 3 (5=-CCAGACGGGTAGCG
ATTTCAGGAGTGATCGC-3=), probe 4 (5=-CCCAGAACAACTACGGA
ACCGTCTTTCGGATCC-3=), and probe 5 (5=-GCCTGCGGCTGAGTT
ACAACGTCTTTGATA-3=).

RNA digestion assays. Duplex substrates were prepared by annealing
a 5=-32P-labeled 34-mer RNA (Fig. 3) with a 2-fold excess of complemen-
tary oligonucleotide. A total of 200 to 400 cpm of duplex substrates was
left untreated or treated with 0.25 �g of each purified RNase in exonu-
clease buffer (50 mM morpholinepropanesulfonic acid [pH 7.0], 3 mM
MgCl2, 5 mM sodium phosphate, 1 mM dithiothreitol) at 37°C for 1 h,
followed by electrophoresis of the resulting products on a 20% polyacryl-
amide– 8 M urea gel. The gels were dried, and the extent of substrate
digestion was quantified by phosphorimaging.

Mapping the boundaries of the OmpA mRNA degradation frag-
ment. Portions (2 �g) of the total RNA derived from MG1655* or
MG1655*�rph �pnp �pcnB were ligated with 0.2 U of T4 RNA ligase
(New England Biolabs) for 3 h at room temperature alongside parallel
reactions in which no ligase was added to the RNA. Each set of ligated and
mock-ligated RNA samples was annealed with 25 fmol of the oligonu-
cleotide OmpA-Rev (5=-CAGACTTCAGAGTGAAGTGC-3=) by slow
cooling from 65 to 35°C and reverse transcribed as described previously
(15). The resulting cDNAs were amplified by PCR using the oligonucleo-
tides OmpA-Fwd (5=-GGATCCGAAAGACGGTTCC-3=) and OmpA-
Rev. The PCR-derived products were separated on a 2% agarose gel, and
the major �300-bp fragment derived from ligation of RNA from
MG1655*�rph �pnp �pcnB was sequenced at a commercial facility
(GeneWiz).

RESULTS
Accumulation of mRNA degradation fragments in strains lack-
ing PNPase and RNase PH. In an effort to define common func-
tions of the phosphorolytic RNases, Northern blot analysis was
performed on RNA derived from strains lacking either or both of
the phosphorolytic RNases. A first set of studies evaluated four
relatively well-characterized mRNAs: rpsO, trxA, lpp, and ompA
(4, 5, 18, 28). As shown in Fig. 1A, single or double deletion of
either pnp or rph had a moderate effect on the rpsO, trxA, or lpp
mRNAs. However, with ompA mRNA, an absence of both en-
zymes resulted in a substantial accumulation of discrete mRNA
fragments. Lower levels of these fragments were observed with
strains lacking either enzyme, suggesting that a collective absence
of both enzymes is responsible for high-level ompA mRNA frag-
ment accumulation. Such observations are reminiscent of other
robust processes in which significant RNA metabolism defects are
observed only when two or more exonucleases are inactivated
(16, 22).

The presence of the ompA mRNA fragments suggested that this
transcript could contain some features that are different from the
other mRNAs. One possibility was that the ompA mRNA frag-

ments could contain higher levels of secondary structure, requir-
ing a different set of enzymes for digestion. Currently, the exonu-
cleases implicated in the degradation of structured RNAs in vivo
are RNase R and PNPase. RNases R has a unique ability to digest
RNA duplexes, possibly due to the presence of a helicase-like do-
main that opens up RNA duplexes to promote digestion (9, 35).
PNPase does not efficiently digest RNA duplexes in vitro, but this
enzyme associates strongly with RhlB RNA helicase in vivo, and
RNA unwinding by RhlB allows PNPase to digest through mod-
erately stable secondary structures (12, 25, 26, 30). RNase R and
PNPase appear to share overlapping roles in structured RNA di-
gestion since high levels of fragment accumulation are only ob-
served when both enzymes are rendered defective (10).

If the ompA mRNA fragments that accumulates in strains lack-
ing PNPase and RNase PH contain high levels of secondary struc-
ture, one prediction would be that similar fragments would also be
observed in strains containing defects in RNase R and PNPase.
Although a removal of both enzymes is not feasible due to the
synthetic lethality of rnr and pnp deletions (10), this hypothesis
was tested using a strain containing a combination of a deletion
mutation in rnr and a temperature-sensitive mutation in pnp. No
significant ompA fragment accumulation was observed in a wild-

FIG 1 Accumulation of mRNA degradation fragments in strains lacking
phosphorolytic exonucleases. (A) Total RNA was isolated from MG1655*
(wild type), MG1655*�rph, MG1655*�pnp, or MG1655*�rph �pnp strains
following growth in LB medium at 37°C and was analyzed by Northern blot-
ting using probes to rpsO, trxA, lpp, or ompA mRNA. The positions of the
full-length RNAs and the degradation products that accumulate in the absence
of the phosphorolytic RNases are indicated by arrows and brackets, respec-
tively. (B) Strains MG1655* or derivatives that contain �rnr, pnp(Ts), or �rnr
pnp(Ts) mutations were grown to saturation in LB medium at 30°C, diluted
1,000-fold into fresh medium, transferred to 44°C, and harvested for RNA
preparation upon reaching mid-log phase. RNA samples were analyzed by
Northern blotting with an ompA mRNA probe. RNA derived from
MG1655*�rph �pnp was loaded as a control.
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type strain or in strains containing single mutations in either en-
zyme (Fig. 1B). However, in the strain containing mutations in
both rnr and pnp, ompA mRNA fragments similar to those ob-
served in strains lacking RNase PH and PNPase were found to
accumulate at a nonpermissive temperature. Because mutations
in rnr and pnp are known to be associated with the accumulation
of structured RNA fragments, it can be inferred that the ompA
mRNA fragments observed in the �rph �pnp double-mutant
strain also contained high levels of secondary structure, suggesting
that RNase PH, like PNPase and RNase R, could be involved in the
degradation of such structured RNAs inside the cell.

RNase PH, PNPase, and RNase R function in a common
pathway. If RNase PH functions in a degradation pathway com-
mon to RNase R and PNPase to digest structured RNAs, one pre-
diction would be that the introduction of a �rph mutation into a
strain containing RNase R and PNPase mutations would result in
an exacerbated growth defect. Noting that a combination of rnr
deletion and a pnp(Ts) mutation renders cells sensitive to temper-
ature, a specific prediction was that the incorporation of a �rph
mutation into a strain carrying these mutations would increase
the temperature sensitivity of the resulting strain. To determine
whether that is the case, a doubly mutated �rnr pnp(Ts) strain and
a triply mutated �rph �rnr pnp(Ts) strain were streaked on agar
plates at different temperatures. As controls, the wild-type strain
MG1655* and MG1655*�rph were also streaked. At 30°C each
strain grew comparably well, indicating that the temperature-
sensitive PNPase enzyme retains considerable activity at this
temperature (Fig. 2A). In contrast, when streaked at 42°C, both
MG1655*�rnr pnp(Ts) and MG1655*�rph �rnr pnp(Ts) failed to
form colonies, indicating a nearly complete inactivation of
PNPase at this temperature. At an intermediate temperature
(37°C), however, the growth of the triply mutated strain was no-
ticeably worse than the double mutant, indicating that the intro-
duction of a �rph mutation into a �rnr pnp(Ts) strain background

has a negative effect on growth. These observations were corrob-
orated by growth rate measurements on the four strains at 37°C
(Fig. 2B). Both MG1655* and MG1655*�rph grew with a dou-
bling time of 25 to 30 min, indicating that the �rph mutation,
by itself, does not cause any significant defects, whereas dou-
bling time of MG1655*�rnr pnp(Ts) was moderately increased to
38 min. In contrast, the triply mutated MG1655*�rph �rnr
pnp(Ts) strain grew with a doubling time of 87 min, considerably
slower than the other strains. Thus, the �rph mutation confers a
growth defect only when the other two enzymes involved in struc-
tured RNA turnover have been partially inactivated. These obser-
vations reinforce the notion that RNase PH functions in a pathway
that involves both PNPase and RNase R.

Digestion of RNA duplexes by RNase PH in vitro. The exper-
iments described above suggested that RNase PH could be con-
tributing to the digestion of structured RNA in vivo. To determine
whether RNase PH can digest duplex RNA in vitro, three related
RNA duplexes were prepared and treated with purified RNases.
Each duplex contained a common 5= labeled 34-nucleotide (nt)
RNA that was annealed to a complementary oligonucleotide of
different lengths (Fig. 3). These three substrates form 17, 14, and
12-bp duplexes and are denoted as duplexes I, II, and III, respec-
tively. In each case, a common 17-nt single-stranded poly(A) tail
on the labeled RNA constituted a loading platform for RNases to
initiate digestion. In addition to RNase PH, three other RNases
were used as controls. RNase R, well known for its ability to digest
through duplex RNA, was used as a positive control. RNase II,
which is known to exhibit low activity on RNA duplexes and
RNase T were used as additional controls (11).

The addition of each enzyme to duplex I resulted in some de-
gree of RNA digestion in each case (Fig. 3A). With RNase R, all of
the labeled RNA, including the base-paired region, was digested to
limit products (Fig. 3A, lane 6), indicating that a 17-bp RNA du-
plex is not inhibitory to its action, as has been shown previously

FIG 2 RNase PH shares overlapping functions with RNase R and PNPase. (A) MG1655*, MG1655* �rph, MG1655* �rnr pnp(Ts), and MG1655* �rph �rnr
pnp(Ts) strains were streaked on LB plates and incubated overnight at 30, 42, or 37°C as indicated. (B) Growth rates. Strains analyzed in panel A were grown in
LB medium at 37°C, and the doubling times were determined by monitoring the optical density at different times during the exponential phase. The measured
doubling times and standard deviations are indicated.
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for this substrate (9). With RNase II and RNase T, digestion of the
single-stranded segment of the labeled RNA was initiated effi-
ciently, but each enzyme stalled near the interface of the single-
stranded and double-stranded regions. With RNase II, the di-
gested substrates retained three to nine single-stranded residues
(Fig. 3A, lane 5), a finding consistent with its inability to digest
close to a duplex (27, 33). With RNase T, digestion proceeded
further and the major product was one that had all of the single-
stranded residues removed (Fig. 3A, lane 3). A quantification of
the extent of digestion indicated that both RNase II and RNase T
digested ca. 25% of the substrate through the duplex region,
whereas the remainder of the substrate had only the aforemen-
tioned single-stranded residues removed (Fig. 3D). With RNase
PH, the extent of single-strand digestion was similar to that ob-
served with RNase T (Fig. 3A, lane 4). A quantification of the data,
however, revealed that a significantly higher percentage of the
substrate, ca. 60%, was digested to limit products, indicating an
increased propensity to digest through duplexes compared to ei-
ther RNase II or RNase T.

Qualitatively similar results were obtained using Duplex II,
which contained three fewer base pairs compared to duplex I. In
each case, both the pattern and the extent of digestion of this
substrate by each of the four enzymes was comparable to that
observed with duplex I (Fig. 3B and D). Finally, digestions were
performed with duplex III, which contained two fewer base-pairs
compared to duplex II (Fig. 3C). In this case, an increased degree
of digestion through the duplex region was observed with each
enzyme (Fig. 3D), possibly due to increased breathing of the
shortened duplex. Remarkably, compared to RNase II and RNase
T, the efficiency of RNase PH digestion increased sharply, result-
ing in nearly complete digestion through the duplex, similar to
what was observed with RNase R. Thus, RNase PH appears to have
a high propensity to digest through short regions of duplex RNA.
Overall, these studies show that RNase PH can digest through
structured RNA, and the efficiency of digestion is dramatically
increased on substrates that contain short duplexes.

Characterization of an ompA mRNA degradation fragment.
Given the ability of RNase PH to digest secondary structures, it

FIG 3 Digestion of duplex RNA by exonucleases. (A to C) Three partial duplex substrates— duplex I, duplex II, and duplex III—were prepared by annealing a
5=-labeled 34-mer RNA with 17-, 14-, and 12-nt complementary oligonucleotides. Each substrate was untreated or treated with the indicated RNase, and the
extent of substrate digestion was assessed following gel electrophoresis. The sequence of each duplex is shown on the left of each panel. The migration of the
undigested labeled RNA and a product derived by the removal of the 3= single-stranded residues from the labeled RNA are indicated by dotted lines. (A) Digestion
of duplex I. A 17-nt control RNA that corresponds to the part of the labeled RNA that is base-paired in duplex I was also run on the gel (lane 1). (B) Digestion
of duplex II. (C) Digestion of duplex III. (D) For each substrate, phosphorimaging of dried gels was performed to quantify the extent of digestion through the
duplex region with each enzyme. The mean extent of digestion and standard errors by each enzyme for the different duplexes, derived from five experiments, is
indicated. Blue circles, digestion by RNase II; green squares, digestion by RNase T; red diamonds, digestion by RNase PH.
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was of interest to further characterize the ompA mRNA degrada-
tion fragments observed in strains lacking RNase PH and PNPase
(Fig. 1). One prediction was that these enzymes are needed for
digestion because the fragments contain secondary structures
near the 3= end that impede digestion by single-strand specific
RNases.

First, to understand the potential role of other trans-acting
factors in the formation of the ompA mRNA degradation frag-
ments, three different deletion mutants were introduced into
strain MG1655*�rph �pnp. A first mutation that inactivates Hfq
was introduced to determine whether the formation of the degra-
dation fragments could be dependent upon small-regulatory
RNAs (sRNAs). Hfq has been shown to be important for mediat-
ing the pairing of many sRNAs to mRNAs leading to mRNA de-
stabilization in many instances (1, 32). In particular, Hfq pro-
motes the association of the micA sRNA to ompA, resulting in the
downregulation of the latter (34). It was therefore of interest to
investigate whether the formation of the ompA fragments is depen-
dent upon Hfq. Accordingly, RNA derived from MG1655*�rph
�pnp and a derivative containing a �hfq mutation were analyzed
by Northern blotting (Fig. 4A). A significant reduction in the
abundance of the ompA mRNA degradation fragment was ob-
served in the �hfq derivative, suggesting that these fragments are
generated by the action of sRNAs. It should be noted that Hfq has
been found to interact with RNase E, a major E. coli endonuclease,
and therefore it is feasible that the tripartite interaction between
ompA RNA, sRNAs, and Hfq promotes RNase E cleavage to gen-
erate the observed ompA mRNA degradation fragments. How-
ever, this point remains to be established. A second mutation
tested (�ssrA) deletes tmRNA, a key molecule involved in the
release of stalled ribosomes from mRNAs containing translational
stalling sequences, including those lacking a stop codon (20). This
mutation was tested to ascertain whether the generation of ompA
mRNA fragments could be related to translational stalling. How-
ever, only nominal differences were found in the levels of ompA
mRNA fragments between strains lacking or containing the �ssrA
mutation, suggesting that tmRNA does not have a significant role
in the generation of these fragments. Finally, a �pcnB mutation
was tested to investigate the role of poly(A) polymerase (PAP), an
enzyme that is encoded by pcnB. When RNA fragments contain
secondary structures at the 3= end, the incorporation of poly(A)
residues by PAP to the RNA 3= end, in many instances, provides a
toehold for RNases to attach to these RNAs and promote their
degradation (31). Since the ompA mRNA fragments being in-
vestigated were expected to contain secondary structures, it
was feasible that polyadenylation of these fragments could be
important for their turnover. This turned out to be the case,
because when tested, a dramatic increase in the amount of the
ompA mRNA degradation fragment was observed in the strain
containing a �pcnB mutation. Thus, PAP appears to be criti-
cally important for promoting the degradation of these struc-
tured mRNA fragments.

A second question of interest was to define the sequence of the
degradation fragment. By Northern blot analysis, the size of the
major ompA mRNA degradation fragment was estimated to be
�400 nt. Since the full-length ompA mRNA, including the 5= and
3= untranslated regions (UTRs), is 1.2 kb in size, to determine
which part of the full-length transcript comprises this fragment,
Northern blot analysis was performed on total RNA from strain
MG1655*�rph �pnp using five oligonucleotide probes that corre-

spond to different regions of the ompA transcript (Fig. 4B). Probe
1 is complementary to the ompA 5= UTR and binds to a region 53
to 85 nt upstream of the start codon. Probes 2 to 5 are comple-
mentary to the coding region, binding to nt 184 to 217, 451 to 481,
744 to 776, and 1008 to 1037 downstream of the translation start
site, respectively. With the different oligonucleotide probes, only
probe 4 showed the presence of the ompA mRNA degradation
fragment (Fig. 4C). From these analyses, it can be inferred that the
boundaries of degradation fragment lie between nt 451 and 1037
downstream of the ompA translation start site.

To more precisely define the 5= and 3= ends of the ompA mRNA
degradation fragment, total RNA derived from MG1655* �rph
�pnp �pcnB, which accumulates high levels of the ompA mRNA
degradation fragment, was circularized using RNA ligase. The re-
sulting product was reverse transcribed using an oligonucleotide
primer complementary to nt 639 to 658 of the ompA coding re-
gion, followed by PCR using this primer and second primer that
corresponds to nt 744 to 762 of the ompA sense strand. Given the
85-nt separation between the two primers, it was anticipated that
upon ligase treatment, the 5= and 3= ends of the ompA mRNA
degradation fragment would become joined and allow amplifica-
tion by this set of otherwise divergent primers to yield a product of
�0.3 kb. Indeed, a DNA product of the expected size was observed
after PCR that was neither observed in the absence of RNA ligation
nor present at appreciable levels when RNA from MG1655* was
used instead (Fig. 4D). The PCR product was sequenced to pro-
vide information about the extent of ompA sequences in the deg-
radation fragment, with the expectation that the sequences at the
5= end and 3= ends of this fragment would be juxtaposed. As ex-
pected, the sequence of PCR product provided well-defined se-
quences corresponding to ompA residues 514 to 883 (Fig. 4E).
However, instead of a clear sequence transition from the 5= to the
3= end of the degradation fragment, as expected due to RNA cir-
cularization, the sequence beyond these residues was of mixed
composition. This result can be explained if the population of
ompA mRNA degradation fragments that is ligated and amplified
contains a core region but different members of this popula-
tion contain terminal sequences of various lengths that causes
sequence heterogeneity. This scenario is not unexpected and
could be due either to variability in 3= end trimming or to
heterogeneity of the 5= end cleavage. From these experiments,
it can be inferred that the ompA mRNA degradation fragment
contains a core 370-nt region that corresponds to nt 514 to 883,
with variable extensions among the difference molecules in this
population.

Finally, to address the question of whether the accumulation of
the ompA mRNA degradation fragment in the absence of the
phosphorolytic enzymes is associated with secondary structures,
the core region of the degradation product was computationally
folded to identify potential secondary structures. Strikingly, a sta-
ble extended stem-loop structure (�G � �14.6 kcal/mol) was
observed near the end of the ompA mRNA degradation fragment,
with this motif ending four nucleotides from the 3= end (Fig. 4F).
The presence of this motif near the 3= terminus of the ompA
mRNA degradation fragment strongly suggests that it could be
impeding the action of the more single-strand specific RNases,
and its removal therefore requires the action of RNases that are
effective at digesting through such secondary structures.
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DISCUSSION

E. coli harbors more than 20 RNases, whose functions have been
characterized to various extents (20). Among the eight known
exonucleases, RNase PH and PNPase differ in the mechanism of
RNA cleavage, since they both use inorganic phosphate rather

than water as a nucleophile to catalyze bond scission (13). Previ-
ously, it was found than the absence of both enzymes causes sig-
nificant growth and ribosomal defects, suggesting that the two
enzymes together participate in some important cellular func-
tions. Recently, it has been shown that the overexpression of

FIG 4 Analysis of an ompA mRNA degradation fragment. (A) Northern blot analysis of total RNA derived from strain MG1655*�rph �pnp (lane 1), as well as
derivatives containing �hfq (lane 2), �ssrA (lane 3), or �pcnB (lane 4) mutations, using an ompA mRNA probe. The positions of the full-length RNAs and a major
degradation product that accumulates in the absence of the phosphorolytic RNases are indicated by thick and thin arrows, respectively. (B) Schematic description
of ompA mRNA. The mRNA is denoted by a horizontal line with the 5= UTR, coding region, and the 3= UTR separated, as indicated. The approximate location
of the oligonucleotide probes used for mapping of the ompA degradation fragment is shown. (C) Northern blot analysis of ompA mRNA derived from
MG1655*�rph �pnp using the ompA-specific oligonucleotide probes shown in panel B. The positions of the full-length ompA RNA and the degradation product
are indicated by thick and thin arrows, respectively. (D) On the left is the strategy for identifying the boundaries of the ompA mRNA degradation fragment. Total
RNA was first ligated, followed by reverse transcription using an ompA-specific primer (OmpA-Rev) that lies within the ompA degradation fragment. The
resulting cDNA population was amplified using the divergently oriented ompA primers OmpA-Rev and OmpA-Fwd and was expected to yield a DNA product
derived from the ompA degradation fragment whose 5= and 3= ends have become ligated. On the right, gel electrophoresis of the PCR products generated
following RNA ligation and amplification was performed. Lane M, 100-bp marker; lanes 1 and 2, PCR products derived using unligated or ligated RNA from
strain MG1655*; lanes 3 and 4, PCR products derived using unligated or ligated RNA from strain MG1655* �rph �pnp �pcnB. A product of the size expected for
the ompA mRNA degradation fragment is indicated by an arrow. (E) Sequence of the 5= and 3= termini of the PCR product of the ompA mRNA degradation
fragment. The PCR product derived from ligation of total RNA from strain MG1655*�rph �pnp �pcnB was sequenced using the primers OmpA-Rev (top panel)
or OmpA-Fwd (bottom panel). The sequences and traces corresponding to the 5= and 3= extremities of the core ompA mRNA degradation fragment are shown.
The trace of the top panel corresponds to the antisense strand, and the trace of the bottom panel corresponds to the sense strand. (F) Secondary structure of an
extended stem-loop motif found at the 3= end of the ompA mRNA degradation fragment. Base-paired residues in the hairpin region are indicated by horizontal
lines. The last four nucleotides of the core degradation fragment are also shown.
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RNase R or RNase II can partially suppress these growth defects,
suggesting that the cellular activities of the phosphorolytic en-
zymes overlap with the other RNases (19). Nonetheless, the com-
mon functions of these phosphorolytic enzymes have remained
unclear.

While characterizing the defects of strains lacking PNPase and
RNase PH, an accumulation of fragments derived from ompA
mRNA was observed (Fig. 1A). Similar fragments were observed
in a strain significantly lacking in PNPase and RNase R activity
(Fig. 1B). Since the latter set of enzymes is known to be collectively
involved in the degradation of structured RNA fragments, these
observations suggested that RNase PH could also be involved in a
similar process. Biochemical analysis of RNase PH on duplex sub-
strates confirmed that this enzyme can digest through RNA du-
plexes of moderate stability that are relatively recalcitrant to
RNase II and RNase T (Fig. 3). Additional support for a role for
RNase PH in structured RNA degradation comes from the obser-
vation that a triple mutant containing �rph �rnr pnp(Ts) muta-
tions is much more sensitive to temperature compared to the �rnr
pnp(Ts) strain (Fig. 2). Collectively, the evidence suggests that
RNase PH plays a role in structured RNA digestion, which consti-
tutes a novel finding given that RNase PH was previously believed
to be primarily involved in digesting single-stranded precursor
regions on small RNAs.

Interestingly, two recently identified functions for RNase PH
are compatible with a role for this enzyme in structured RNA
digestion. First, RNase PH has been found to play a role in initi-
ating the degradation of rRNA upon starvation of E. coli cultures
(7). Although the details concerning its role in this process are not
known, it is conceivable, given that rRNAs possess high levels of
secondary structure, that RNase PH is involved in digestion
through structured regions within these molecules. Second, our
laboratory has recently shown that RNase PH has a prominent
role in the 3= end maturation of 23S rRNA, a process that includes
the removal of five base-paired residues within an extended stem
region (17). The ability of RNase PH to digest through secondary
structures provides a potential explanation for how this enzyme
could be removing these residues.

Despite many years of investigation, very little is known about
the naturally occurring structured RNA elements that protect
mRNAs from the abundant single-strand specific exoribonucleo-
lytic activities present in the cell. Resistance to digestion by such
enzymes has been observed in fragments derived from rRNAs and
in mRNAs that contain copies of the commonly occurring palin-
dromic repetitive extragenic sequence (REP) motif that is present
in a number of genes (9, 29). As part of these investigations, a
prominent ompA mRNA degradation fragment that is stabilized
in strains lacking PNPase and RNase PH was characterized by
mapping and sequence analysis. Significantly, this mRNA frag-
ment contains a stable hairpin-loop motif at its end, which pro-
vides a potential explanation for why the degradation of this frag-
ment requires enzymes that can digest through secondary
structures. The ompA mRNA degradation fragment defined here
should serve as a useful model mRNA substrate to further explore
the role of these enzymes in structured RNA degradation.

An important question that arises is whether the biological
functions of these RNases can be explained in terms of their
known properties. PNPase and RNase R are collectively required
for viability, and high levels of structured RNA fragments are ob-
served in strains containing defects in both enzymes, suggesting

that these two enzymes are key factors involved in the turnover of
these RNAs (9, 10). However, given the observation that cells lack-
ing PNPase and RNase PH grow poorly and also exhibit an accu-
mulation of such RNA fragments, this suggests that some aspect of
structured RNA degradation is carried out by this combination of
enzymes that cannot be carried out by RNase R alone. Although
RNase R is a potent duplex-degrading enzyme in vitro, it is con-
ceivable that the effectiveness of substrate digestion by this en-
zyme in vivo is limited by its inability to access certain substrates
whose accumulation leads to cellular toxicity. For example, RNase
PH and PNPase may be better able to recognize and digest some
substrates, such as those that have short 3= single-stranded over-
hangs, since RNase R needs a single-stranded “landing pad” of
more than 4 nt to initiate digestion (36). A requirement for these
phosphorolytic enzymes to digest such transcripts could explain
why an absence of these enzymes causes growth defects. Further
work on the mechanism and consequences of substrate recogni-
tion will be required to elucidate both the distinct and overlapping
roles of these different enzymes inside the cell.
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