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ABSTRACT Ribonucleases facilitate rapid turnover of RNA, providing cells with an-
other mechanism to adjust transcript and protein levels in response to environmen-
tal conditions. While many examples have been documented, a comprehensive list
of RNase targets is not available. To address this knowledge gap, we compared lev-
els of RNA sequencing coverage of Escherichia coli and a corresponding RNase III
mutant to expand the list of known RNase III targets. RNase III is a widespread en-
doribonuclease that binds and cleaves double-stranded RNA in many critical tran-
scripts. RNase III cleavage at novel sites found in aceEF, proP, tnaC, dctA, pheM, sdhC,
yhhQ, glpT, aceK, and gluQ accelerated RNA decay, consistent with previously de-
scribed targets wherein RNase III cleavage initiates rapid degradation of secondary
messages by other RNases. In contrast, cleavage at three novel sites in the ahpF,
pflB, and yajQ transcripts led to stabilized secondary transcripts. Two other novel
sites in hisL and pheM overlapped with transcriptional attenuators that likely serve to
ensure turnover of these highly structured RNAs. Many of the new RNase III target
sites are located on transcripts encoding metabolic enzymes. For instance, two novel
RNase III sites are located within transcripts encoding enzymes near a key metabolic
node connecting glycolysis and the tricarboxylic acid (TCA) cycle. Pyruvate dehydro-
genase activity was increased in an rnc deletion mutant compared to the wild-type
(WT) strain in early stationary phase, confirming the novel link between RNA turn-
over and regulation of pathway activity. Identification of these novel sites suggests
that mRNA turnover may be an underappreciated mode of regulating metabolism.

IMPORTANCE The concerted action and overlapping functions of endoribonu-
cleases, exoribonucleases, and RNA processing enzymes complicate the study of
global RNA turnover and recycling of specific transcripts. More information about
RNase specificity and activity is needed to make predictions of transcript half-life
and to design synthetic transcripts with optimal stability. RNase III does not have a
conserved target sequence but instead recognizes RNA secondary structure. Prior to
this study, only a few RNase III target sites in E. coli were known, so we used RNA
sequencing to provide a more comprehensive list of cleavage sites and to examine
the impact of RNase III on transcript degradation. With this added information on
how RNase III participates in transcript regulation and recycling, a more complete
picture of RNA turnover can be developed for E. coli. Similar approaches could be
used to augment our understanding of RNA turnover in other bacteria.
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RNases are best known for their role in processing stable RNAs (e.g., rRNA, tRNA) to
their mature, functional forms. In addition, RNases are critical for the inactivation

and recycling of protein-encoding mRNA transcripts. In Escherichia coli and Bacillus
subtilis, the best-studied models of bacterial RNA turnover, endonucleases and exonu-
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cleases act in concert, often facilitated by formation of a multienzyme complex, termed
a degradosome, to inactivate and recycle transcripts to single nucleotides (1, 2). A
common, generic model of mRNA turnover begins with a rate-determining, inactivating
cleavage by an endoribonuclease followed by exoribonuclease-mediated turnover of
secondary transcript fragments (3). That said, specific mechanisms of mRNA decay are
known for a limited number of transcripts and predictions of how an unstudied
transcript will decay are not available. This knowledge gap is due to the experimental
complexity created by the presence of redundant decay pathways, the interaction of
multiple enzyme classes, and the strong influence of environmental factors on RNase
activity in each case. Furthermore, RNase activity can be blocked by specific protein
inhibitors (4, 5), impaired by the presence of RNA secondary structures, or accelerated
by processing of other RNases. In addition, the substrate preference (i.e., sequence,
structure) of endonucleases is poorly understood. RNases can demonstrate highly
selective cleavage specificity in vivo but often significant nonspecific activity in vitro (6).
Our imprecise understanding of the factors that influence RNase activity prevents
prediction of preferred cleavage sites, transcript abundance, and RNA half-life (t1/2)
from genomic sequence. This report begins to address this gap by cataloging the native
RNA targets of RNase III in E. coli.

RNase III is a widely distributed endoribonuclease that plays many roles in process-
ing bacterial and viral RNAs, and yet a complete catalog of its targets and regulatory
effects remains unavailable. RNase III acts as a homodimer with two Mg2�-dependent
active sites that cleave double-stranded RNA (dsRNA), leaving a 5= phosphate and 3=
hydroxyl with a 2-nucleotide (nt) overhang (7). RNase III is best known for its role in
processing rRNA to release mature 16S and 23S rRNAs (8–11). RNase III is essential in
B. subtilis due to its role in cleaving the duplex of two RNAs encoding toxins on two
prophages (12). In E. coli, the RNase III gene (rnc) regulates its own expression by
binding and cleaving a secondary structure in the 5= untranslated region (5= UTR),
causing rapid degradation of the rnc message (13). The negative autoregulation is
possible because RNase III accounts for only 0.01% of the total protein (14) and can be
effectively titrated away from its own message by abundant targets such as rRNA.
Another well-known example of RNase III regulation of mRNA is pnp, which encodes
PNPase, a 5=–3= exoribonuclease. RNase III cleaves a secondary structure in the 5= UTR,
leading to rapid degradation of the pnp message (15). RNase III can also affect protein
expression through a translational control mechanism where the ribosome binding
site (RBS) is occluded in RNA secondary structure until RNase III cleavage makes it
accessible (e.g., native E. coli alcohol dehydrogenase [adhE]; cIII in lambda phage [16,
17]). There are also many examples of RNase III cleavage that alter RNA maturation and
the abundance of RNA duplexes. RNase III targets several locations in bacteriophage
lambda (17–19), T7 phage (20), and T3 phage (21). In addition to maturation of viral
RNAs, RNase III also participates in the bacterial immune system (type II clustered
regularly interspaced short palindromic repeat [CRISPR]/Cas systems) by releasing
mature guide RNAs from CRISPR-encoded arrays (22). Cleavage of antisense RNA by
RNase III can control plasmid copy number (23). Eukaryotic RNase III family members
(Dicer and Drosha) have been shown to be central players in RNA interference and
microRNA processing (24, 25). Beyond RNA cleavage, RNase III can alter secondary
structure through binding to double-stranded RNA without cleaving (26). With such an
expansive list of viral and cellular RNA targets, we wondered if other native mRNAs
were subject to RNase III cleavage and how cleavage impacted transcript half-life.

In this study, we performed RNA sequencing (RNA-seq) on an E. coli model system
to confirm known sites, identify novel targets, and determine the impact of cleavage
events on transcript degradation and metabolic phenotypes. To find cleavage sites, we
compared the abundances of sequencing reads across the transcriptome of a wild-type
(WT) E. coli strain and an rnc deletion mutant. The RNA sequencing approach provided
wider coverage and unprecedented resolution of mRNA abundance at each position in
the transcriptome compared to prior studies that used quantitative PCR (qPCR), North-
ern blotting, or microarrays (27). In addition to data collected from exponentially
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growing cells, we observed the effects of RNase III cleavage on transcript degradation
by collecting samples in a time course after stopping nascent transcription with
rifampin. Combined, our datasets allowed us to pinpoint novel RNase III cleavage sites
located within transcripts encoding important metabolic enzymes, near alternative
promoters, and within transcription attenuators.

RESULTS
Determination of global RNase III targets. To study RNase III processing of the

E. coli transcriptome, we collected total RNA from two strains of exponentially growing
E. coli strains, MG1693 (WT) and SK4455 (rnc deletion mutant). Samples were harvested
over a 20-min time course following addition of rifampin to each culture. Ribosomal
RNA was reduced from these samples, and the resulting pool was processed for RNA
sequencing. The resulting sequencing reads were mapped to the E. coli genome and
quantified per base using Integrated Genomics Viewer (IGV) tools (28).

We examined two well-known RNase III processing sites, 5= of pnp and sucA (Fig. 1),
to identify hallmarks of cleavage in our RNA-seq data. Prior to rifampin addition, WT
samples (blue) exhibited drastically reduced read coverage compared to the read
coverage of the rnc deletion mutant (red) at processing sites. The difference led to
dramatic spikes in the ratio of rnc deletion mutant reads/WT reads near the site of
RNase III cleavage (green). Beyond the cleavage site, the time course post-rifampin
addition demonstrated a degradation pattern of the pnp transcript consistent with
previous descriptions (29); RNase III cleavage results in a faster decay of the down-
stream secondary transcript (Fig. 2). In rnc deletion mutant samples, the downstream
transcript is more stable, with a half-life of ~6 min compared to ~4 min in the WT.
Previous studies using S1 nuclease mapping reported that the half-life of the pnp
transcript was 8 min in the rnc deletion mutant and 1.5 min in the WT (30); others have
reported a half-life of �40 min in the rnc deletion mutant (31). The RNA profiles of
several other known RNase III targets were similarly changed (see Fig. S1 in the
supplemental material).

On the basis of these observations, we devised a search algorithm for identifying
putative RNase III processing sites. Specifically, we plotted the ratio of reads from the
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FIG 1 Identification of RNase III cleavage sites by comparison of the levels of RNA sequencing coverage
between the wild-type strain (WT) and the RNase III mutant (rnc-). Read coverage across genomic
locations of known cleavage sites near sucA and pnp are shown as well as the location of the known
cleavage site (gray box). Novel cleavage sites were identified by looking for peaks in the ratio of reads
between the rnc deletion mutant and the WT.

Novel RNase III Cleavage Sites in E. coli ®

March/April 2017 Volume 8 Issue 2 e00128-17 mbio.asm.org 3

http://mbio.asm.org


rnc deletion mutant to reads from the WT and searched for sequences where the rnc
deletion mutant strain was dramatically more abundant than the WT in short win-
dows—i.e., sites where cleavage would reduce RNA abundance in the WT. From this
data set, we created a list of potential cleavage sites that had a ratio of reads between
the rnc deletion mutant and WT of 30 in both replicates. This ratio was chosen because
this was the lowest ratio that we observed for a known site, tufB. With this criterion,
there were numerous locations selected that corresponded to shoulders of potential
sites, so we required the sites to be at least 400 bp apart. The list comprised the
majority of known processing sites as well as novel putative cleavage sites (see
Table S1 in the supplemental material). The top 20 novel cleavage sites as well as the
genes that are affected by the cleavage event are listed in Table 1. Sites were widely
distributed across the genome, falling both within coding regions and within untrans-
lated regions.

Verification of novel RNase III sites with in vitro cleavage assays. We performed
in vitro cleavage assays to confirm the processing of 19 putative RNase III cleavage sites
selected using the following criteria: (i) top ranking based on search algorithm; (ii)
RNA-seq pattern resembling those of known cleavage sites; and (iii) predicted second-
ary structure containing a double-stranded region greater in size than the minimum
RNase III target size of 22 nt. For in vitro tests, synthetic RNA templates were designed
such that putative cleavage sites were positioned ~150 nucleotides from the 5= end to
ensure that the cleavage product was clearly visible when it was separated from uncut
RNA on a denaturing 5% polyacrylamide gel. A T7 promoter was included in the 5= end
of the primer used to create PCR products for use as the templates in in vitro
transcription reactions. RNA made from in vitro transcription was quantified and
incubated with purified E. coli MG1655 RNase III. Reactions were activated by the
addition of MgCl2 and incubated at 37°C for 15 min before quenching with excess
EDTA. In vitro reaction products were separated on a 5% polyacrylamide urea gel. Using
this approach, we demonstrated RNase III cleavage of 11 putative sites near aceEF,
pflBA, pheM, ahpFC, ndh, hisL, sdhC, dctA, tnaA, proP, and yajQ-panE (Fig. 3). For each
putative cleavage site, the band corresponding to the full-length transcript decreased
in intensity or disappeared after addition of both enzyme and MgCl2. Analogously, new
bands, shorter in length, appeared in each of these samples. Two known cleavage sites
(pnp and mltD) were tested as well as two negative controls not known to be processed
by RNase III (gene H from bacteriophage phi X174 and ompA, a highly structured RNA
in E. coli). Bands corresponding to full-length RNA for both negative controls remained
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intact after 15 min of incubation with purified RNase III. In 8 of the 19 putative sites,
bands corresponding to full-length transcript remained after 15 min (Fig. S2), suggest-
ing that these sequences are not processed by RNase III in vitro. It is possible that these
sites may be cleaved in vivo through interactions with other RNAs or altered secondary
structure. RNase III cleavage of dsRNA consisting of antisense RNA and sense RNA has
been shown to be prevalent and may play a major role in gene regulation (32).
Unfortunately, we were unable to determine if this was the case for our putative

TABLE 1 Known RNase III cleavage sites and top putative RNase III cleavage sites as identified by RNA-seq coverage differences between
the WT strain and rnc deletion mutanta

Location Annotation Ratio 1 Ratio 2

WT reads
Rep. A
(no.)

WT reads
Rep. B
(no.)

�RNase III
reads (no.)

Gene(s)
affected

Reference or
result of in
vitro
cleavage
assay

Known cleavage sites identified
in this study

4166537 Intergenic (muri-rrsB) 415 587 41 29 17,025 rRNA (rrsB) 10
4035410 Intergenic (hemG-rrsA) 314 925 53 18 16,647 rRNA (rrsA) 10
3311286 psrO 3,782 3,782 3 3 11,347 pnp 15
2731278 Intergenic (rrsG-clpB) 487 534 23 21 11,206 rRNA (rrsG) 10
223653 Intergenic (gmhB-rrsH) 271 491 29 16 7,853 rRNA (rrsH) 10
3428875 Intergenic (rrsD-yrdA) 340 234 20 29 6,791 rRNA (rrsD) 10
3943398 Intergenic (rrsC-gltU) 1,309 2,619 4 2 5,237 rRNA (rrsC) 10
4209733 Intergenic (rrsE-gltV) 4,959 2,480 1 2 4,959 rRNA (rrsE) 10
4168221 Intergenic (rrsB-gltT) 123,700 123,700 0.01 0.01 1,237 rRNA (rrsB) 10
4168637 Intergenic (gltT-rrlB) 120 419 7 2 837 rRNA (rrlB) 9
3427176 Intergenic (Ileu-rrsD) 77,500 775 0.01 1 775 rRNA (rrsD) 10
3397879 yhdE 114 98 6 7 684 rng 63
225355 Intergenic (rrsH-ileV) 64,300 643 0.01 1 643 rRNA (rrsH) 10
4037115 Intergenic (rrsA-ileT) 62,600 62,600 0.01 0.01 626 rRNA (rrsA) 10
3318176 Intergenic (rimP-metY) 102 609 6 1 609 metY 46
4037523 rrlA 149 223 3 2 446 rRNA (rrlA) 9
758515 P67/sucA 30,500 305 0.01 1 305 sucA 64
4207874 Intergenic (purH-rrsE) 29,000 290 0.01 1 290 rRNA (rrsE) 10
3946623 Intergenic (rrlC-rrfC) 22,700 227 0.01 1 227 rRNA (rrlC) 9
2729186 Intergenic (rrlG-gltW) 55 221 4 1 221 rRNA (rrlG) 9
4040443 Intergenic (rrlA-rrfA) 20,300 203 0.01 1 203 rRNA (rrlA) 9
4212954 Intergenic (rrlE-rrfE) 19,500 65 0.01 3 195 rRNA (rrlE) 9
3941526 Intergenic (yieP-rrsC) 16,200 41 0.01 4 162 rRNA (rrsC) 10
4171559 Intergenic (rrlB-rrfB) 12,100 12,100 0.01 0.01 121 rRNA (rrlB) 9
3423873 Intergenic (rrfD-rrlD) 11,700 117 0.01 1 117 rRNA (rrlD) 9
2726273 Intergenic (rrfG-rrlG) 11,500 58 0.01 2 115 rRNA (rrlG) 9

Putative cleavage sites
identified in this study

122961 Intergenic (pdhR-aceE) 6,977 1,550 2 9 13,954 aceE, aceF, lpdA Y
639695 Intergenic (ahpC-ahpF) 900 900 4 4 3,598 ahpC Y
1799278 Intergenic (pheM-rplT) 639 799 5 4 3,196 pheM, pheS,

pheT
Y

4330944 proP 66 83 15 12 992 prop Y
3889207 tnaA* 301 129 3 7 903 tnaC, tnaA,

tnaB
Y

755579 sdhD* 545 42 1 13 545 sdhC, sdhD Y
3683389 dctA 74 74 7 7 518 dctA Y
2171807 Intergenic (gatR-gatD) 213 47 2 9 426 gatR, gatD N
3609652 yhhQ 58 77 4 3 231 yhhQ N
951147 Intergenic (pflA-pflB) 15,800 15,800 0.01 0.01 158 pflB Y
2351931 glpT 14,300 143 0.01 1 143 glpT N
2237178 mglC* 133 13,300 1 0.01 133 mglC, mglA,

mglB
N

4307817 alsE* 126 63 1 2 126 alsB, Alsa, alsE,
alsC, alsK

N

2090031 hisL 11,900 60 0.01 2 119 hisL Y
1166043 Intergenic (ycfP-ndh) 10,800 10,800 0.01 0.01 108 ndh Y
159578 gluQ* 10,400 52 0.01 2 104 gluQ N
444573 Intergenic (panE-yajQ) 48 32 2 3 96 yajQ, panE Y
1622816 Intergenic (yneM-mgrR) 9,100 91 0.01 1 91 yneM, mgrR N

aPositions with zero reads were given a pseudocount of 0.01 reads. Asterisks (*) indicate that multiple cleavage sites were identified within a region and combined
into one entry in the table. “Y” indicates there was observed cleavage of an in vitro transcribed transcript when incubated with purified enzyme, while “N” indicates a
lack of observed cleavage. Ratio 1, number of reads in ΔRNase III divided by number of reads in WT replicate A; Ratio 2, number of reads in ΔRNase III divided by
number of reads in WT replicate B; Rep. A, number of reads in WT replicate A; Rep. B, number of reads in WT replicate B.

Novel RNase III Cleavage Sites in E. coli ®

March/April 2017 Volume 8 Issue 2 e00128-17 mbio.asm.org 5

http://mbio.asm.org


cleavage sites because our RNA-seq data did not contain stranded information. The
presence of an antisense transcript involved in RNase III cleavage could explain our
inability to show in vitro cleavage of two putative cleavage sites, integenic yneM-mgrR
and yhhQ, since both of these sites were previously shown to have RNase III-dependent
antisense transcripts (32).

Using Mfold (33), we were able to identify predicted long double-stranded regions
for all 11 confirmed locations of the cleavage sites. We confirmed these locations by
performing 5= rapid amplification of cDNA ends (RACE) on RNA extracted from samples
at the end of in vitro cleavage reactions (Fig. 4). Three sequences, near pheM, ndh, and
panE, contained multiple cleavage sites that were individually identified by sequencing
5= RACE fragments subcloned into pGEM. Several cleavage sites were found adjacent to
or within other regulatory elements such as promoters (aceEF and pflBA) and attenu-
ators (hisL and pheM). We noticed that three of the verified sites were close to leader
peptides (hisL, pheM, and tnaC) and wondered if RNase III was involved in the turnover
of other leader peptides. We performed RNase III cleavage assays on 10 other tran-
scripts encoding leader peptides but saw that none were processed by RNase III in vitro
(Fig. S2).

RNase III cleavage impacts mRNA transcript degradation rates. The expansion of
known RNase III cleavage sites allowed us to examine the effect of RNase III cleavage
on transcript decay. Overall, our observations can be grouped into four mechanisms of
regulation mediated by RNase III: (i) destabilization of the transcript; (ii) stabilization of
the transcript; (iii) degradation of transcripts encoding leader peptides involved in
transcriptional attenuation; and (iv) processing that mimics transcription from an
alternate promoter. We found that in 10 of the 18 putative sites highlighted in Table 1,
RNase III cleavage events led to destabilization of WT transcripts compared to rnc
deletion mutant transcripts. For example, the half-life of the WT aceEF transcript was
~3 min and the half-life of this transcript in rnc deletion mutant was ~5 min (Fig. 5). This
is the same as the pattern seen with known RNase III cleavage sites such as pnp (13),
where half-lives were shorter in the WT than in the rnc deletion mutant. Other RNase
III cleavage sites following this pattern included those near tnaC, dctA, pheM, sdhC,
yhhQ, glpT, aceK, gluQ, and proP (Fig. S3A to I). One cleavage site that we identified,
proP, has been previously described but only under conditions where proP was tran-
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scribed from the osmoregulated P1 promoter (34). Here, we identified this cleavage site
in exponentially growing cells, highlighting that this cleavage event also occurs without
the presence of osmotic stress. The steady-state proP transcript levels in this study
agreed with what was previously described, showing an increase in abundance in the
rnc mutant compared to the WT. Our data also support their conclusion that cleavage
of the proP transcript by RNase III leads to degradation and a shorter half-life compared
to uncut transcript.

In contrast, we also identified examples where RNase III processing had no impact
on transcript stability (e.g., upstream of ndh; Fig. S4) or led to an increased half-life of
the resulting secondary transcript. For example, we observed that RNase III cleavage at
a site between pflB and pflA led to stabilization of the pflB transcript in the WT
compared to rnc deletion mutant (~5.5 min for the WT and ~3.5 min for the rnc deletion
mutant). The cleavage site is located very close to the promoter region of pflA (Fig. 6A).
The transcription likely originated upstream, presumably from the promoter in front of
pflB, and proceeded through a strong rho-independent terminator (35). The cleavage
event at the 3= end of the pflB transcript may serve to ensure the separation of the RNAs
encoding pflB and pflA and may mimic the event seen with the transcript formed from
the promoter preceding pflA. Similarly, cleavage at a site between ahpC and ahpF
stabilizes the ahpC transcript (~14-min half-life in the WT strain and ~6-min half-life in
rnc deletion mutant) (Fig. 6B) while not changing the stability of ahpF. Additionally,
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cleavage at a site in the 5= UTR of yajQ stabilizes the transcript in the WT relative to the
rnc deletion mutant (~6 min for the WT and ~3 min for the rnc deletion mutant)
(Fig. S5). Only the stability of yajQ was affected, but it is possible that panE might be
influenced by this cleavage event. Due to the complementary nature of these hairpins,
very similar structures could form from transcript of the plus strand that encodes yajQ
and the minus strand that encodes panE (Fig. 4).

RNase III-mediated processing of transcripts encoding attenuation-sensing
peptides. The placement of several RNase III cleavage sites may indicate additional
levels of regulation. Two genes containing verified novel RNase III cleavage sites, hisL
and pheM, are regulated by transcription attenuation. hisL and pheM encode short
peptides with an abundance of histidine and phenylalanine, respectively (36, 37). There
are a series of stem loops that partially overlap these peptides that can form two
alternate structures; one leading to termination and the other leading to transcription
of the downstream genes encoding histidine biosynthesis genes or phenylalanyl-tRNA
synthetase genes. In the case of hisL, we observed an increased amount of this leader
transcript in the rnc deletion mutant strain compared to the WT (Fig. 7). Using 5= RACE
on in vitro cleavage reactions, we found that this site overlapped with the E:F termi-
nation structure (38). An RNase III cleavage site was also identified in the pheM
transcriptional attenuation structure (Fig. 8). Using 5= RACE, we identified several
different cleavage products with ends located within the termination structure. Unlike
the hisL results, the leader structure did not accumulate in the rnc deletion mutant.
Instead, degradation around this site resembled that of the well-known cleavage site 5=
of pnp (Fig. 2) where RNase III cleavage leads to degradation of the downstream
message.

RNase III activity affects a key metabolic node: pyruvate dehydrogenase. Many
of the novel target sites identified in this study are linked to genes encoding metabolic
enzymes. For instance, we observed a significant difference in the half-life values of the
aceE-aceF-lpd transcript, encoding the multisubunit pyruvate dehydrogenase complex
(PDH), between the WT and rnc deletion mutant strains. Given the critical role of
pyruvate dehydrogenase, we examined the differences in PDH activity in the WT strain
and rnc deletion mutant. Samples were taken from the WT and rnc deletion mutant
grown in LB medium (with 50 �g/ml thymine) and M9 medium (with 50 �g/ml
thymine, 0.4% glucose, and 0.2% Casamino Acids) during the exponential, early sta-
tionary, and late stationary phases. PDH activity was measured in a coupled enzymatic
assay by monitoring pyruvate-dependent NADH formation in cell lysates. Increases in
PDH activity were seen for the rnc deletion mutant during the early stationary phase
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but not during the exponential or late stationary phase (Fig. 9). RNase III processing of
the aceE-aceF-lpd transcript could be responsible for altering PDH activity, presumably
by altering the stability and abundance of the transcript (as shown in Fig. 5).

DISCUSSION
Mechanisms of RNase III-mediated regulation. In addition to confirming known

sites, our data identified 11 novel RNase III sites verified by in vitro cleavage assays.
Together, the RNase III sites can be grouped into four mechanisms of regulation. First,
cleavage by RNase III in the 5= UTR can decrease mRNA abundance of protein-coding
transcripts via a decrease in the half-life of the downstream message. Previously known
examples of this phenomenon include rnc, pnp, and metY. Here, we found similar
degradation patterns near aceEF, proP, tnaC, dctA, pheM, hisL, sdhC, yhhQ, glpT, aceK,
and gluQ. For several of these transcripts (proP, dctA, tnaC, sdhC, yhhQ, glpT, aceK, and
gluQ), we hypothesize that the degradation was rapid because there was no decrease
in read coverage throughout the time course and the transcript abundance was low.
We suspect that rapid decay occurred during the 3.5 min between rifampin addition
and the initial sampling. Rapid transcript degradation following RNase III cleavage has
been explained by the loss of cis-acting stabilizing elements— e.g., hairpins at the 5=
end of transcripts blocking RNase E activity (39) or hairpins at the 3= end of transcripts
blocking exonucleases polynucleotide phosphorylase (pnp) and RNase II (40). Alterna-
tively, RNase III can inactivate transcripts by cleaving within coding regions (e.g., nirB
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[27], arfA [41], and mltD [42]). In this study, we found no verified novel sites within
coding regions.

Second, RNase III can lead to increased mRNA abundance and/or expression of
target genes. For instance, RNase III cleavage removes occlusion of the RBS controlling
expression of alcohol dehydrogenase (adhE) (16). In the case of ahpF, pflB, and yajQ,
novel sites identified in this study, there is an increase in stability of the processed
transcript compared to the unprocessed transcript. We propose that these cleavage
events leave stabilizing hairpins that protect secondary transcripts from degradation.
Increased stability of RNase III-cleaved transcripts could be due to creation or place-
ment of new stabilizing structures that impede further RNA turnover— e.g., placement
of hairpins 3= of pflB and ahpC to block exonucleases and 5= of yajO that could slow
RNase E processing (see Fig. S6 in the supplemental material). The importance of this
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novel mode of regulation is highlighted by the functions of the encoded proteins. AhpC
and AhpF are located in the same operon and encode the subunits of alkyl hydroper-
oxide reductase, where AhpC forms a decameric ring and interacts with an AhpF dimer
(43). Proper regulation and stoichiometry of these two genes transcribed in a single
operon may be critical because they are among the most highly abundant proteins in
the cell (44, 45). Another transcript that showed increased stability upon RNase III
cleavage was pyruvate formate lyase (PflB), which is central to anaerobic metabolism.
Together, these examples show that RNase III cleavage events can lead to both positive
and negative regulation of gene expression.

Third, we observed two novel cleavage sites within transcripts known to be involved
in transcriptional attenuation (hisL and pheM). Here, formation of an RNA secondary
structure leads to termination of the leader transcript that would otherwise read
through the terminator and transcribe downstream genes. We pinpointed the hisL and
pheM cleavage sites to these known secondary structures. Therefore, we hypothesize
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that after the attenuation mechanism terminates the leader transcript or continues
transcription based on the concentration of charged tRNAs, RNase III is involved in
recycling the terminated leader transcript. We observed a buildup of the hisL leader
transcript in the RNase III mutant (Fig. 7) but not the pheM leader transcripts (Fig. 8).
Instead, the pheM transcript resembled that of other cleavage sites where the down-
stream transcript decayed more rapidly. We hypothesize that RNase III does help turn
over pheM leader transcripts, but under the growth conditions in which cells were
harvested for RNA-seq, the major transcript was the read-through and not the atten-
uated transcript.

Fourth, we observed cleavage sites in several untranslated regions that produce
products that are nearly identical to those produced by an alternative promoter. There
is one published example of RNase III cleaving the metY-nusA-infB resulting in the
downstream transcript resembling a transcript that originated from the internal P2
promoter (46). Two of our verified novel RNase III cleavage sites, near aceEF and pflBA,
are also located very close to promoters. Both of the predicted hairpins contain the �35
site, �10 site, and transcription start site (TSS). These hairpin structures would form
only from a transcript that began before the previous gene. In the case of aceEF, this
cleavage event results in a downstream transcript that is identical to the mapped TSS
of this promoter (47). RNase III cleavage of the pflBA transcript leads to the downstream
transcript having a single additional “A” at the 5= end compared to a transcript that
would have originated from the promoter preceding pflA (48). It is possible that these
previously described promoters identified by 5= end mapping were actually the result
of an RNase III processing event instead of the activity of a true promoter, but sequence
elements with high similarity to �70 promoters support the conclusion that these are
true promoters.

We compared these novel RNase III cleavage sites to the consensus sequence (49)
by identifying the proximal, middle, and distal boxes for the sites where we determined
the cleavage site. None of these sequences perfectly matched the consensus sequence,
but the aceEF site matched all but the third position of the proximal box (U-A instead
of A-U). All other structures contained some similarities to the consensus sequence, but
no striking pattern was observed. It remains to be seen whether the double-stranded
structure is the more important recognition factor facilitating RNase III cleavage.

RNase III alters metabolic activity. RNase III-mediated regulation can have a
significant impact on metabolism. Here, we observed and verified a cleavage site
upstream of aceE, aceF, and lpd, genes encoding pyruvate dehydrogenase (PDH), and
a site upstream of pflB, encoding pyruvate formate lyase. We observed an increase in
the aceEF-lpd transcript levels in the RNase III mutant (Fig. 5) and observed that RNase
III cleavage led to a reduction in PDH activity only during early stationary phase and not
exponential or late stationary phase. These data are in agreement with a recent
quantitative proteomics study that reported that an increase in growth rate led to
increased AceE levels (50). Based on the lower growth rate of the rnc deletion mutant
(Fig. 9a), a reduction in AceE levels might be expected, but we observed instead an
increase in activity, transcript levels, and transcript half-life. Additionally, transcript
levels of aceE have been shown to decrease significantly upon entry into stationary
phase (51), and even if this reduction occurs in both the WT and the rnc deletion
mutant, the observed increase in the half-life of aceEF-lpd (~5 min compared to ~3 min)
could explain the observed increase in PDH activity in early stationary phase in the rnc
deletion mutant. The effect of these processing events on transcripts encoding meta-
bolic enzymes is complex because, although RNase III is known to be constitutively
expressed (and autoregulates its own mRNA decay [29]), its activity has been shown to
be affected by a protein inhibitor as well as by other, unknown factors (5).

These new findings complement prior work that demonstrated that RNase III
cleavage affected expression of central metabolic enzymes, including alcohol dehydro-
genase (adhE), oxoglutarate dehydrogenase, and succinate dehydrogenase (sdhCDAB-
sucABCD). This connection between ribonucleases and metabolic activity is not unprec-
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edented. RNase E (rne) deletion mutants were unable to grow on M9 media with
glucose without yeast extract or a mixture of amino acids, which indicated a defect in
the connection between the glycolytic and tricarboxylic acid (TCA) pathways in rne
deletion mutants (52). This was explained by a drastic decrease in phosphoenolpyru-
vate carboxylase production. We observed a similar growth defect when the rnc
deletion mutant was grown in M9 media with glucose, but this growth defect could be
rescued by adding 0.2% Casamino Acids (data not shown). Both RNase E and RNase III
are involved in the regulation of enzymes that connect glycolysis and the TCA cycle (52)
(Fig. 10). In addition to these two examples, there are a significant number of examples
of how ribonucleases regulate metabolic enzymes via RNA stability and other mecha-
nisms. RNase R has been shown to hydrolyze the prpBCDE operon encoding enzymes
in the 2-methylcitrate pathway enabling propionate degradation under oxic but not
anoxic conditions (53). Additional support for the link between RNases and central
metabolism includes the presence of the degradosome where the key glycolytic
enzyme enolase complexes with RNase E (54). RNase G has also been associated with
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the degradation of the enolase transcript (eno) as well as the alcohol dehydrogenase
transcript (adhE) (55). Other metabolic enzymes that were profoundly affected by
deletion of RNase G included phosphoglucose isomerase (pgi), glucokinase (glk), and
triosephosphate isomerase (tpiA) (56). Other links between RNA metabolism and central
metabolism include the ability of citrate to bind PNPase and act as either an allosteric
regulator stimulating PNPase activity or an inhibitor in binding the catalytic site,
causing significant effects on central metabolism (57).

RNA sequencing has proved to be a useful tool for identifying RNase cleavage sites
and can hopefully be used to better understand RNase activity and specificity so that
a more thorough picture of RNA turnover can be developed. We have identified novel
RNase III cleavage sites in E. coli and describe four modes of regulation. Two of these
novel cleavage sites may affect the abundance of key metabolic enzymes, suggesting
that ribonucleases may play an underappreciated role in ensuring proper regulation of
central metabolic enzymes.

MATERIALS AND METHODS
Sample collection. We identified cleavage sites of RNase III by collecting and sequencing RNA from

both an RNase III mutant (SK4455; rnc-14::ΔTn10 thyA715 rph-1) (27) and the parental strain (MG1693;
thyA715 rph-1) from which the RNase III mutant was derived (58). Samples from exponentially growing
cells (lysogeny broth; 37°C with shaking) were harvested after the addition of rifampin (250 �g/ml) to
stop nascent transcription and quenched with stop solution (10% phenol– ethanol). The first time point
in the experiment was 3.5 min after addition of the antibiotic to give time for the diffusion of rifampin
into the cells and binding of the antibiotic to RNA polymerase. This sample was called the 0-min sample,
and further samples were taken from wild-type E. coli and the RNase III mutant at 2.5, 5, 7.5, 10, and
20 min. A partial biological replicate of the wild type was taken (at 0, 2.5, and 7.5 min) to examine the
reproducibility between samples.

RNA isolation and RNA sequencing. Total RNA was extracted and DNase treated according to
published protocols (59) and submitted to the University of Wisconsin (UW) Biotech Center, where
EpiCentre Ribo-Zero Gram-negative ribosomal RNA reduction kits were used to remove rRNA from 2.5 �g
of total RNA. A total of 15 libraries were prepared (TruSeq RNA Library Prep) (2 � 100 bp) and sequenced
at the UW DNA sequencing facility using a HiSeq 2500 system (Illumina). For all 15 samples, there were
between 14 and 23 million reads, with the average Phred score above 35. Adapters were trimmed using
cutadapt, and reads were aligned to the genome (NC_000913.3) using bwa 0.7.7. SAMtools was used to
index and sort aligned reads. The Integrated Genomics Viewer (IGV) was used to visualize data (28). The
number of reads that aligned to each position of the genome was calculated using the count function
of IGV tools with the window size set to 1. Normalization factors were calculated as the average of data
from three stable genes (ssrA, ssrS, and rnpB) and used to normalize successive time points to the time
zero sample. Bases without any aligned reads were given a pseudocount of 0.01 for the purpose of
calculating the ratio of the number of reads from the rnc deletion mutant to the number of reads from
the WT. Half-life values were calculated by fitting the equation A � 10�kt, where the read coverage at
time zero had to be greater than 1 read. The half-life was calculated only when the R2 value of the
regression line was greater than or equal to 0.7 using the equation t1/2 � log(0.5)/k.

Expression and purification of E. coli RNase III. Hexahistidine-tagged RNase III derived from E. coli
MG1655 was expressed and purified as previously described (60). Briefly, specific primers (RNase III.F and
RNase III.R) were used to amplify the coding sequence of RNase III from Escherichia coli MG1655 genomic
DNA using Phusion High-Fidelity DNA polymerase (New England Biolabs) and the resulting fragment was
cloned into a BamHI/NdeI fragment of pET28b� using Gibson assembly (61) to generate the pET28b-
His-RNase III vector for expression in BL21 cells.

For expression, colonies from a fresh plate of BL21 cells transformed with pET28b-His-rnc were
precultured in 5 ml of LB and transferred into 250 ml of prewarmed LB medium supplemented with
kanamycin (Kan) (50 mg/liter) in a 1-liter baffled flask and grown at 37°C with shaking (250 rpm). Protein
expression was induced with IPTG (isopropyl-�-D-thiogalactopyranoside) (1 mM final concentration)
when the cells reached an optical density (OD) at 600 nm of 0.3 to 0.4. Cells were harvested by
centrifugation (6,000 rpm, 10 min, 4°C, JA.10 rotor) after ~4 h of induction, aspirated, and stored at �20°C
until affinity purification was performed.

Cells were suspended in 30 ml ice-cold buffer A (500 mM NaCl, 20 mM Tris-HCl, pH 7.9)–5 mM
imidazole and sonicated on a Fisher Scientific Sonic Dismembrator (model 500) for 4 min (30 s on, 40 s
off; small tip, 50% power) on ice. The clarified lysate and insoluble pellet fractions were harvested
following centrifugation at 6,000 � g (JA14.5 rotor) for 20 min at 4°C. The pellet was washed in buffer
A–5 mM imidazole, solubilized in buffer A– 6 M urea for 3 h at 4°C, and centrifuged at 10,000 � g (JA14.5
rotor) for 15 min at 4°C. The 6 M urea supernatant was applied to a 5-ml HisTrap (GE Healthcare Life
Sciences) column preequilibrated in buffer A–5 mM imidazole and was then washed with 10 column
volumes of buffer A–5 mM imidazole and 6 column volumes of buffer A– 60 mM imidazole. The protein
was eluted with buffer containing 1 M NaCl, 400 mM imidazole, and 20 mM Tris-HCl (pH 7.9) (elution
fraction 1, 5 ml; elution fraction 2, 5 ml; elution fraction 3, 5 ml; elution fraction 4, 15 ml). Elution fractions
2 and 3 were pooled, placed in a 12-ml Slide-A-Lyzer cassette (Life Technologies, Inc.) (molecular weight
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cutoff [MWCO], 10), dialyzed against 2 liters of buffer (1 M NaCl, 400 mM imidazole, 60 mM Tris-HCl,
pH 7.9) at 4°C for 2 h, and then dialyzed against 2 liters of the same buffer but without imidazole. The
sample was then dialyzed against buffer (1 M NaCl, 60 mM Tris-HCl [pH 7.9], 1 mM EDTA, 1 mM
dithiothreitol [DTT]) for 16 h at 4°C. The protein was concentrated (Amicon; Millipore) (MWCO, 10) to
~1.5 mg/ml as estimated by absorbance at 280 nm (� � 14,440 M�1 cm�1). Proteins were resolved by
SDS-PAGE (Any kD Mini-Protein protein gel; Bio-Rad) and stained with GelCode Blue (Themo Scientific)
(see Fig. S7 in the supplemental material). The purity of the protein was estimated to be ~90% based on
densitometry. The purified protein (0.77 mg/ml) was stored in aliquots at �20°C in 50% (vol/vol)
glycerol– 0.5 M NaCl–30 mM Tris-HCl (pH 7.9)– 0.5 mM EDTA– 0.5 mM DTT until use.

In vitro RNA cleavage assays. DNA primers were designed to amplify regions surrounding potential
cleavage sites, with the forward primer containing the T7 promoter at the 5= end of the primer. All
oligonucelotides are listed in Table S2 in the supplemental material. DNA was amplified with Phusion
High-Fidelity DNA polymerase (New England Biolabs), and product size was verified on a 1% DNA
agarose gel. PCR products were purified by ethanol precipitation, and RNA was transcribed with a T7
RiboMAX Express large-scale RNA production system (Promega). RNA was quantified with a Qubit 2.0
Fluorometer using an RNA HS assay kit (Thermo Fisher Scientific). Five micrograms of RNA was briefly
heated at 100°C for 30 s before being placed on ice. RNA was diluted in cleavage reaction buffer (30 mM
Tris [pH 8], 160 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT) for a total reaction volume of 100 �l. Ten microliters
was removed before the addition of 0.70 �g His-RNase III and before the addition of MgCl2. Cleavage was
initiated with addition of 10 mM (final concentration) MgCl2 and placed at 37°C for 15 min. Reactions
were quenched by addition of EDTA at 40 mM (final concentration) in 2� urea sample loading buffer
(Bio-Rad catalog no. 1610768). RNA was run on a 5% polyacrylamide 8 M urea gel and visualized with
ethidium bromide (Fisher Scientific catalog no. BP1302-10).

5= RACE was performed on 70 �l of the in vitro cleavage reaction mixtures. Reactions were stopped
with addition of 40 mM EDTA (final concentration), and RNA was extracted with a phenol-chloroform and
ethanol precipitation. cDNA was transcribed with Promega’s GoScript reverse-transcription kit (A5001)
using gene-specific primers according to the manufacturer’s instructions. cDNA was purified using a
QIAquick PCR purification kit (Qiagen catalog no. 28106). A 1 pM volume of PCR product was tailed with
either dCTP or dGTP using terminal deoxynucleotidyl transferase (Thermo Fisher Scientific catalog no.
EP0161). Products were PCR purified, and 1 �l was used as the template in a 40-�l PCR mixture using
GoTaq Green master mix (Promega M712) containing the gene-specific primer and a primer designed to
bind the tailed 5= end. PCR products were purified and sequenced (Functional Biosciences, Madison, WI).
Some cleavage reactions yielded a mixture of products, so these mixtures were subcloned using a
pGEM-T vector system (Promega A3600).

Pyruvate dehydrogenase assay. Plates (LB plus 50 �g/ml thymine) inoculated with frozen glycerol
stocks from SK4455 (rnc deletion mutant) and the parental line (WT; MG1693) were grown overnight at
37°C. Single colonies from plates were used to inoculate preculture tubes containing 5 ml of growth
medium (LB plus 50 �g/ml thymine or M9 minimal medium containing 0.4% glucose, 0.2% Casamino
Acids, and 50 �g/ml thymine), and the resulting cultures were grown overnight at 37°C with shaking at
~200 rpm. Overnight cultures were diluted to an OD at 600 nm of 0.05 in 50 ml prewarmed media (LB
plus 50 �g/ml thymine or M9 minimal medium containing 0.4% glucose, 0.2% Casamino Acids, and
50 �g/ml thymine) in 250-ml baffled shake flasks and grown at 37°C with shaking at 250 rpm. Samples
were collected (~3.3 ml/OD at 600 nm) at specific time points (log, early stationary, and late stationary
growth) by centrifugation (FX6100 rotor; Beckman) (5,000 � g, 5 min, 4°C). Samples were aspirated,
washed in 1 ml 25 mM phosphate buffer (pH 8.0), and centrifuged again at 5,000 � g, and the pellets
were stored at �20°C.

Pyruvate dehydrogenase activity was measured in crude cellular lysates using an NADH-linked
spectrophotometric assay as previously described (62). Briefly, frozen cell pellets were resuspended in
1 ml of buffer (50 mM potassium phosphate buffer [pH 8.0], 2 mM phenylmethylsulfonyl fluoride [PMSF])
on ice and then sonicated (Fisher Scientific Sonic Dismembrator Model 500) using the small tip (40%
power, 1 s on, 10 s off, 1.5 min total). Clarified lysates were harvested following centrifugation at
16,100 � g for 15 min at 4°C (Eppendorf microcentrifuge), and the protein concentration was
determined by comparison to calibrated bovine serum albumin standards (Fisher) using Bradford
reagent (Sigma). For PDH activity analyses, crude extract was added to a reaction mixture (1 ml total)
containing thymine pyrophosphate (0.2 mM), coenzyme A (CoA) (0.1 mM), MgCl2 · 6H2O (1 mM),
dithiothreitol (0.3 mM), NAD� (2.5 mM), and bovine serum albumin (100 �g/ml). The reaction was
performed at room temperature (23°C) and was initiated by the addition of pyruvate (5 mM). The
pyruvate-dependent reduction of NAD� was monitored at 340 nm as a function of time (� �
6,220 M�1 cm�1), and the enzyme activity is reported as micromoles of NADH produced per minute
per milligram of protein.

Accession number(s). Raw sequencing files as well as read counts per base in each sample have been
submitted to the NCBI GEO repository and can be found with GenBank accession number GSE95318.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
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