
www.manaraa.com

Escherichia coli responds to environmental changes
using enolasic degradosomes and stabilized DicF
sRNA to alter cellular morphology
Oleg N. Murashkoa and Sue Lin-Chaoa,1

aInstitute of Molecular Biology, Academia Sinica, Taipei 11529, Taiwan

Edited by Joe Lutkenhaus, University of Kansas Medical Center, Kansas City, KS, and approved August 11, 2017 (received for review March 9, 2017)

Escherichia coli RNase E is an essential enzyme that forms multicom-
ponent ribonucleolytic complexes known as “RNA degradosomes.”
These complexes consist of four major components: RNase E, PNPase,
RhlB RNA helicase, and enolase. However, the role of enolase in the
RNase E/degradosome is not understood. Here, we report that pres-
ence of enolase in the RNase E/degradosome under anaerobic condi-
tions regulates cell morphology, resulting in E. coli MG1655 cell
filamentation. Under anaerobic conditions, enolase bound to the RNase
E/degradosome stabilizes the small RNA (sRNA) DicF, i.e., the inhibitor
of the cell division gene ftsZ, through chaperon protein Hfq-dependent
regulation. RNase E/enolase distribution changes from membrane-
associated patterns under aerobic to diffuse patterns under anaerobic
conditions. When the enolase-RNase E/degradosome interaction is dis-
rupted, the anaerobically induced characteristics disappear. We provide
a mechanism by which E. coli uses enolase-bound degradosomes to
switch from rod-shaped to filamentous form in response to anaerobi-
osis by regulating RNase E subcellular distribution, RNase E enzymatic
activity, and the stability of the sRNA DicF required for the filamentous
transition. In contrast to E. coli nonpathogenic strains, pathogenic E. coli
strains predominantly have multiple copies of sRNA DicF in their ge-
nomes,with cell filamentation previously being linked to bacterial path-
ogenesis. Our data suggest a mechanism for bacterial cell filamentation
during infection under anaerobic conditions.
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Posttranscriptional regulation of RNAs is an important molec-
ular mechanism for controlling gene expression, requiring var-

ious ribonucleases (RNases), including RNase E, which is an
essential single-stranded endo-RNase involved in RNA processing
and decay (1). RNase E has N-terminal catalytic and C-terminal
scaffolding domains (2), with the latter responsible for assembling
multicomponent ribonucleolytic complexes termed “RNA degra-
dosomes.” Degradosomes consist of RNase E, PNPase 3′→5′
exoribonuclease, RhlB RNA helicase, and the glycolytic enzyme
enolase (3, 4). Therefore, they can act on RNA internally (by
RNase E) and/or externally (by PNPase) to catalyze the degradation
of RNA into short fragments. Immunogold electron microscopy has
shown that degradosomes exist in vivo and are tethered to the cy-
toplasmic membrane through the N-terminal region of RNase E
(5). Binding of the N-terminal catalytic domain (amino acids 1–499)
to the membrane stabilizes protein structure and increases both
RNA cleavage activity and substrate affinity (6). Global analyses of
aerobic Escherichia coli RNA degradosome functioning using DNA
microarrays showed that decay of some mRNAs in vivo depends on
the action of assembled degradosomes, whereas other mRNAs are
impacted by degradosome proteins functioning independently of
the complex (7–9). Some minor components of the degradosome,
such as the inhibitors of RNase E, RraA and RraB (10), and ri-
bosomal protein L4 (11), affect the stability of subsets of transcripts.
Structural features or biochemical factors that target specific classes
of mRNAs for degradosomal decay may exist.
E. coli is a metabolically versatile bacterium that is able to grow

under aerobic and anaerobic conditions. Adaptation to environ-

ments with different O2 concentrations, which is vital for E. coli
competitiveness and growth, requires reprogramming of gene ex-
pression and cell metabolism. E. coli uses one of three metabolic
modes to support growth (12, 13), which depend on the availabilities
of electron donors and acceptors. In the presence of O2, aerobic
respiration allows complete oxidation of a growth substrate (such as
glucose) and therefore is the most productive mode. Two alternative
metabolic modes are available in the absence of O2, one of which is
anaerobic respiration, which yields less energy than aerobic respi-
ration because the substrate is only partially oxidized. The other
O2-deficient mode is fermentation, which is the least productive
mode since energy is generated only by substrate level phosphory-
lation. Thus, changes in E. coli physiology are provoked by changes
in O2 availability.
The discovery of the multicomponent ribonucleolytic complexes

associated with E. coli RNase E and their extensive characterization
in vivo and in vitro have yielded a wealth of information regarding
the structure and function of the complexes under aerobic growth
conditions (see ref. 14 for a review). Enolase is a key enzyme of
glycolysis, a process that generates ATP by converting glucose to
pyruvate in either the presence (aerobic) or absence (anaerobic) of
oxygen. Anaerobic glycolysis is thought to have been the primary
means of energy production in ancient organisms before oxygen was
at high atmospheric concentrations. This metabolic pathway is
particularly essential under the anaerobic conditions faced by E. coli
and other pathogenic bacteria in the intestine. In this paper we
address the specific function of enolase in the bacterial degradosome
under anaerobic growth (sometimes also referred to as “oxygen-
limited growth”) conditions.
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The prevalent habitat of Escherichia coli is the predominantly
anaerobic environment of the gastrointestinal tract of humans
and other warm-blooded organisms. We found that, under an-
aerobic conditions, the presence of enolase in the RNA degra-
dation machinery regulates cell morphology and induces E. coli
filamentation by stabilizing a small RNA, DicF, that inhibits the
cell division gene ftsZ. Cell filamentation has previously been
linked to bacterial pathogenesis. In contrast to E. coli non-
pathogenic strains, pathogenic E. coli strains possess multiple
copies of sRNA DicF in their genomes. Our data provide a
mechanism by which bacterial cells can adopt a filamentous form
during infection under anaerobic conditions.
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We found that under anaerobic conditions E. coli MG1655
cells are characterized by a predominantly (∼70%) filamentous
morphology (>5 μm in length). Our study shows that in response
to oxygen-limited conditions concentrations of RNase E protein
are decreased, and its subcellular distribution is altered. We
demonstrate that the anaerobically induced filamentous mor-
phology is the result of a specific function of the enolase-bound
RNA degradosome through small RNA DicF stabilization and
FtsZ protein expression. Our results demonstrate the unique
role of enolase for RNase E/degradosome-based regulation of
bacterial morphology in response to oxygen-limited conditions
and may provide a mechanistic explanation for some virulent
E. coli strains whose morphological differentiation from rod to
filamentous shape occurs under significantly low oxygen tension.

Results
RNase E Regulates Cell Filamentous Morphology and Is Oxygen-Level
Dependent. We determined RNase E protein levels in E. coli
MG1655 under aerobic and anaerobic conditions by Western
blotting and found that RNase E protein levels were significantly
(∼4.0-fold) lower under anaerobic conditions (Fig. 1A and Fig.
S1A). The decreased level of RNase E is due to active degradation

of the protein (Fig. S1B). Microscopic observations showed that
under anaerobic conditions E. coliMG1655 cells are characterized
by a filamentous morphology (Fig. 1B), with ∼70% of the cells
being >5 μm in length (Fig. 1C, Upper). In comparison, ∼99.5% of
cells of the same strain grown under aerobic conditions are <5 μm
long (Fig. 1C, Lower). The cells that are filamenting show OD
increases for a long time, but the increase was slower than in cells
grown under aerobic conditions (Fig. S2A).
Using aerobic–anaerobic–aerobic alternating growth conditions

(Fig. S1D), we found that protein levels of chromosomal (untagged)
or ectopically expressed RNase E using an arabinose-inducible
promoter from the pBAD plasmid (Flag-tagged) decreased after
shifting to anaerobic conditions but then were restored after
reverting to aerobic conditions (Fig. 1 D, a, lanes t1–t6 and Fig.
S1C, respectively), indicating that the amount of RNase E is cor-
related to the amount of oxygen. This additional experiment indi-
cates that decreased RNase E protein levels are mainly due to
active degradation of the protein. Cell morphology also cycled
through rod–filamentous–rod shapes in accordance with aerobic–
anaerobic–aerobic conditions (Fig. 1 D, b). Cell filamentation was
completely resolved within ∼3 h after shifting back to aerobic
conditions or on RNase E overexpression (Fig. 1 E, a and b and
Movie S1). In contrast, cells transformed with the empty pBAD
vector maintained a filamentous morphology under the same cul-
ture conditions (Fig. 1 E, c and d). Thus, our data demonstrate that
acquisition of a filamentous morphology under anaerobic condi-
tions is correlated with reduced RNase E protein levels.

Cell Filamentation Under Anaerobic Conditions Requires Enolase-
Bound RNA Degradosomes. Since RNase E exists as multienzyme
complexes (the RNA degradosomes) in cells (5), we investigated
the possibility that RNA degradosomes are involved in E. coli
acquiring the filamentous morphology under anaerobic condi-
tions. We used the E. coli MG1655 strain to construct defined
isogenic mutant strains (Fig. S3). We generated a MG1655 de-
rivative that lacked degradosome formation by deleting amino
acid residues 500–1,061 of the scaffolding domain of RNase E
(hereafter Rned500–1061; see SI Materials and Methods).
Rned500–1061 possesses only the N-terminal 499-aa residues of
RNase E (Fig. 2 A, c and d). As shown in Fig. 2, under anaerobic
conditions, Rned500–1061 had uniformly rod-shaped cells (∼2.0–
2.5 μm) (Fig. 2 A, c and d), in contrast to MG1655 (Fig. 2 A, a and
b), suggesting involvement of degradosome components in cell
filamentation under anaerobic conditions. Since enolase is es-
sential under anaerobic conditions, we wondered whether enolase
bound to RNase E/degradosomes plays a role in anaerobically
induced cell filamentation. We generated another strain
(Rned823–850) in which the chromosome region encoding amino
acid residues 823–850 of RNase E [constituting the RNase E
microdomain for enolase recognition (15)] was deleted. The
Rned823–850 strain could host PNPase and RhlB helicase, but not
enolase, in degradosomes under both aerobic and anaerobic
growth conditions (Fig. 2B, lanes 3 and 4). Like Rned500–1061,
Rned823–850 exhibited a rod-shaped morphology under anaer-
obic conditions (Fig. 2 A, e and f). The growth rate of Rned823–
850 was similar to that of MG1655 under aerobic conditions (Fig.
S2B), but under anaerobic conditions Rned823–850 grew faster
than MG1655 (Fig. S2B).
We generated a control strain, Rned984–1011, in which the

chromosome region encoding amino acid residues 984–1,011 of
RNase E was deleted (SI Materials and Methods and Fig. S4). This
region does not interfere with degradosome formation, and the
protein ratios of RNase E, PNPase, enolase, and RhlB in degra-
dosomes of this strain have a stoichiometry similar to that of the
MG1655 strain (Fig. 2B, compare lanes 1 and 2 with lanes 5 and 6).
Like the MG1655 strain, strain Rned984–1011 had a filamentous
morphology under anaerobic conditions (Fig. 2 A, g and h). The
growth rate of Rned984–1011 was similar to that of MG1655 under

Fig. 1. RNase E is a key regulator of cell filamentation under anaerobic condi-
tions. (A) Endogenous expression levels of RNase E under aerobic and anaerobic
conditions. Whole-cell extracts were analyzed by SDS/PAGE and immunoblotted
with the indicated antibodies. (B) E. coli MG1655 cell morphology under aerobic
(B, a) and anaerobic (B, b) conditions. (Scale bars, 5 μm.) (C) Cell-size distribution
of E. coli MG1655 cells under aerobic and anaerobic conditions. The lengths of
cells were measured using the image analysis package MetaMorph (SI Materials
and Methods). (D) RNase E protein levels (D, a) and cell morphology (D, b) under
aerobic–anaerobic–aerobic alternating growth conditions. (Scale bars, 5 μm.)
(E) Arabinose-induced expression of RNase E under anaerobic conditions. (Upper)
Cell morphology. (Scale bars, 5 μm.) (Lower) RNase E protein levels.
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aerobic and anaerobic conditions (Fig. S2A), indicating that the
deletion of residues 984–1,011 had no effect on cell growth.
Since enolase is essential under anaerobic conditions to sustain

bacterial growth using glucose as a carbon source but not using other
carbon sources such as pyruvate, glycerate, or succinate, we per-
formed a reciprocal experiment using a strain deleted for the eno
gene (i.e., without enolase), grown with pyruvate-supplemented
minimal medium, to address whether enolase is required for
RNase E/degradosome anaerobically induced cell filamentation.
This strain, MG1655Δeno, has intact full-length RNase E but lacks
enolase and has a rod-shaped morphology, similar to the Rned500–
1061 or Rned823–850 strains (Fig. 2C). Together, these data
demonstrate that the filamentous morphology under anaerobic
conditions requires enolase-bound RNA degradosomes.

Filamentous Cells Induced by Oxygen-Limited Conditions Have Limited
Septum Formation and Decreased FtsZ Protein Expression Levels. The
filamentous morphology suggests limited septum formation under
anaerobic conditions. Septum formation in E. coli begins by as-
sembling three essential proteins—FtsZ, FtsA, and ZipA—to
form a proto-ring attached to the midcell inner membrane (see
ref. 16 for a review). As shown in Fig. 3A, FtsZ protein levels were
significantly decreased in E. coli MG1655 under anaerobic con-
ditions (in contrast, no difference in FtsA and ZipA protein levels
was observed), suggesting that FtsZ total enzymatic activity is
lower under anaerobic than in aerobic conditions. E. coliMG1655

also exhibited a limited capability for septum formation under
anaerobic conditions (Fig. 3D), as is consistent with the reduced
FtsZ levels. We confirmed that protein stability and abundance
of ftsZ mRNA were equivalent under both aerobic and anaer-
obic conditions (Fig. 3 B and C). Therefore, anaerobic condi-
tions result in the inhibition of FtsZ protein synthesis at the
posttranscriptional level.

Both the sRNA DicF and Hfq Are Necessary to Reduce FtsZ Protein Levels
and Induce Cell Filamentation Under Anaerobic Growth Conditions. The
sRNA DicF is responsible for decreased FtsZ protein levels through
translational inhibition (17–19), so deletion of sRNA DicF should
reveal a rod-shaped cell morphology in E. coli MG1655 under an-
aerobic conditions. Therefore, we analyzed the cell morphology of
an endogenously deleted dicF strain, MG1655ΔdicF (20), under
aerobic and anaerobic conditions. This strain exhibited a rod-shaped
morphology (cell length ∼2.0–2.5 μm) (Fig. 3 E, a and b) under both
aerobic and anaerobic conditions, and, tellingly, its FtsZ protein
levels were unchanged under anaerobic conditions (Fig. 3G, lanes
1 and 2). The growth rate of MG1655ΔdicF was similar to that of
MG1655 under aerobic conditions (Fig. S2C), but under anaerobic
conditions MG1655ΔdicF grew faster than MG1655 (Fig. S2C), and
its growth rate was similar to that of the Rned823–850 strain
(compare Fig. S2 B and C).
Given that sRNA DicF is a known inhibitor of FtsZ (21), we

first ectopically expressed sRNA DicF (53 nt) in MG1655ΔdicF
using an arabinose-inducible promoter from the pBAD plasmid
and observed that cells became filamentous aerobically (Fig. S5A).
As in aerobically induced filamentation, cells regained their fila-
mentous shape (cell length >5 μm) (Fig. 3 E, c), and FtsZ protein
levels were reduced (Fig. 3G, lanes 3 and 4) following ectopic
expression of sRNA DicF under anaerobic conditions. This aer-
obically or anaerobically induced filamentation by sRNA DicF
overexpression was also observed in Rned823–850 cells (Fig. S5B),
so it is not dependent upon the enolase-binding site in RNase E.
Many trans-encoded sRNAs, including DicF, require the chap-

erone protein Hfq for their stability and base-pairing activity under
aerobic growth conditions (22–24). Hfq action on sRNA stability
and function may also happen under anaerobic conditions. If so,
deletion of the hfq gene should destabilize DicF and produce
similar FtsZ protein levels under both aerobic and anaerobic
conditions, and the cells should have a rod-shaped cell morphology
under anaerobic conditions. Indeed, our MG1655Δhfq strain was
rod-shaped (Fig. 3 F, a and b) under anaerobic conditions, and its
FtsZ protein levels were similar under both aerobic and anaerobic
conditions (Fig. 3H, lanes 1 and 2). MG1655Δhfq grew slightly
more slowly than MG1655 (Fig. S2D) under aerobic conditions.
However, under anaerobic conditions, MG1655Δhfq grew faster
than MG1655 cells (Fig. S2D). In the MG1655Δhfq strain with
ectopically expressed Hfq by the arabinose-inducible promoter,
the cells again became filamentous under anaerobic conditions
(cell length >5 μm) (Fig. 3 F, c), and FtsZ protein levels were
reduced (Fig. 3H, lanes 3 and 4).
Thus, our results show that both sRNA DicF and the RNA

chaperone Hfq are required for the filamentous transition of
E. coli under anaerobic conditions. Since the level of FtsZ de-
creases under anaerobic conditions, it could be assumed that the
level of its negative regulator, sRNA DicF, increases under the
same conditions.

53-nt sRNA DicF Accumulates Under Anaerobic Conditions. Pre-DicF
RNA was transcribed from the dicA-ydfABC-dicF operon, and the
transcript (∼850 nt long) was further processed by RNaseIII and
RNase E via intermediate fragments (18) into mature 53-nt sRNA
DicF. However, the processing steps to produce the mature sRNA
are still unknown. Instead of using a strain deleted for dicF (as
in Fig. 3)—namely, the MG1655ΔdicF mutant carrying the dicA-
ydfABC-ΔdicF operon, which produces a truncated transcript with

Fig. 2. Cell filamentation under anaerobic conditions requires enolase bind-
ing to RNA degradosomes. (A) Cell morphology of E. coliMG1655 (a and b) and
its derivative strains (c–h) under aerobic and anaerobic conditions. Schematic
representations of RNase E and its endogenous (untagged) and plasmid-
encoded (Flag-tagged) variants are presented above the respective images.
(Scale bars, 5 μm.) (B) The degradosomes isolated from E. coli MG1655 and its
derivatives, Rned823–500 and Rne984–1011. Protein aliquots containing equal
amounts of Flag-RNase E and its variants were analyzed by SDS/PAGE and
immunoblotted with the indicated antibodies. Schematic representations of
RNase E and its endogenous (untagged) and plasmid-encoded (Flag-tagged)
variants are presented above the respective images. (C) Cell morphology of the
E. coli MG1655Δenolase mutant with endogenously deleted enolase under
aerobic and anaerobic conditions. (Scale bars, 5 μm.)
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an unknown RNA secondary structure—we used a strain without
the operon as a negative control to precisely identify pre-DicF–
specific transcripts, intermediate RNA, and mature RNA products

in the MG1655 strain by Northern blot analyses. To identify a
strain lacking the entire dicA-ydfABC-dicF operon in its genome
for use as a negative control for Northern blots, we conducted in
silico analysis of E. coli genomes using the BioCyc Database Col-
lection (https://biocyc.org). Interestingly, most commensal strains
lack dicF in their genomes. In contrast, pathogenic E. coli strains
have multiple copies of dicF (Fig. 4B and Table S1). In this study,
we used E. coli Nissle 1917 as a negative control to identify the
DicF-specific hybridization signal(s). We performed Northern blot
analyses using two specific probes for the detection of sRNA DicF
and its precursor RNA transcribed from the dicA-ydfABC-dicF
operon (Fig. 4A) and compared the RNA steady-state levels under
aerobic and anaerobic conditions in E. coli MG1655. Using in-
ternal radiolabeled antisense RNA probe 1 (Fig. 4A), we detected
specific upper (∼183-nt) and lower (∼130-nt) bands (indicated by
asterisks in Fig. 4 C, a, lanes 1 and 2) that were not present in the
E. coli Nissle 1917 strain (Fig. 4 C, a, lanes 3 and 4). Using anti-
sense RNA probe 2 (Fig. 4A), we detected several specific bands
not present in the E. coli Nissle 1917 strain (indicated by arrow-
heads in Fig. 4 C, b; compare lanes 1 and 2 with lanes 3 and 4), one
of which was the same upper band [∼183 nt; a product of RNase
III processing (18)] detected by probe 1; the others were lower
bands (∼50 nt) (Fig. 4 C, b, lanes 1 and 2). The upper band
(∼183 nt) detected by both probes represented the 183-nt RNA
precursor of sRNA DicF (which we refer to as “DicF precursor”),
and the lower band (∼130 nt) detected only by probe 1 but not by
probe 2 was the 130-nt 5′-upstream intermediate product arising
from RNase E cleavage of the DicF precursor (which we refer to as
the “130-nt product”) (Fig. 4A). The other RNase E cleavage
products detected at the 3′ end of the DicF precursor, which were
detected by probe 2 but not by probe 1, are variants of the 53-nt
sRNA DicF (referred to as “53-nt DicF”) and/or its degradation
products, represented by the multiple lower bands in Fig. 4 C, b.
To determine whether sRNA DicF is preferentially enriched

under anaerobic conditions, we probed another Hfq-dependent
Spot42 sRNA (25), which plays essential roles as a regulator of
carbohydrate metabolism and uptake and expression of which is
activated by glucose (26), and found that steady-state levels of the
RNA decreased, rather than increased like DicF, under anaerobic
conditions (Fig. 4 C, c). This result indicates that sRNA DicF is
preferentially enriched under anaerobic conditions.
Although 53-nt DicF predominantly accumulated under oxygen-

limited conditions (Fig. 4 C, b, lane 2), neither it nor its variants
were detected in the MG1655Δhfq strain under either aerobic or
anaerobic conditions (Fig. 4 D). This observation was expected, as
Hfq specifically protects sRNA DicF from degradation under nor-
mal growth conditions (27); in the absence of Hfq, 53-nt DicF and
its derivatives were rapidly cleaved and thus were not detected.

RNA Cleavage by RNase E Is Oxygen Responsive and Is Necessary for
Cell Filamentation Under Oxygen-Limited Conditions. Since 53-nt
DicF accumulated under oxygen-limited conditions, we performed
a Northern blot to determine the impact of oxygen levels on 53-nt
DicF. Under aerobic–anaerobic–aerobic alternating growth con-
ditions, 53-nt DicF and its precursor accumulated after shifting to
anaerobiosis and then reverted to their original state after shifting
back to aerobic conditions (Fig. 4E, compare lanes t0 and t1 with
lanes t2 and t3 and with t4–t6, respectively, and Fig. S5D). We
detected a similar pattern for the 130-nt product.
We then investigated whether RNase E is responsible for DicF

precursor cleavage and production of the 130-nt and 53-nt DicF
cleavage products. We used the RNase E temperature-sensitive
strain N3431 (28), in which RNase E activity is inhibited under
nonpermissive temperatures, since the DicF precursor should ac-
cumulate in the N3431 cells under nonpermissive temperatures.
As shown in Fig. 4F, we found that after shifting to a non-
permissive temperature (44 °C) for 3 h, levels of the DicF pre-
cursor increased significantly compared with 30 °C (detected by

Fig. 3. Both sRNA DicF and Hfq are necessary to reduce FtsZ protein levels,
leading to cell filamentation under anaerobic conditions. (A) FtsZ, FtsA, and
ZipA endogenous protein levels under aerobic and anaerobic conditions.
Whole-cell extracts were analyzed by SDS/PAGE and immunoblotted with
the indicated antibodies. (B) FtsZ, FtsA, and ZipA protein stability under both
aerobic and anaerobic conditions. Cells were collected at the indicated times
(0, 2, 4, 8, 16, 32, and 64 min) after chloramphenicol (Cm) treatment, lysed,
and assayed by Western blotting. The bands corresponding to endogenous
FtsZ, FtsA, and ZipA are indicated. (C) ftsZ mRNA steady-state levels under
aerobic and anaerobic conditions. The bands corresponding to endogenous
ftsZ mRNA (Northern blot) and 16S ribosomal RNA (membrane after trans-
fer) are indicated. (D) Fluorescence images of anaerobically induced fila-
mentous cells. Membrane (red) and DNA (blue) were visualized by FM
4-64 and Hoechst 33342 dyes, respectively. (E, a and b and F, a and b) Cell
morphology of the MG1655ΔdicF and MG1655Δhfq mutants under aerobic
and anaerobic conditions. (Scale bars, 5 μm.) (E, c and F, c) Cell morphology
of the MG1655ΔdicF and MG1655Δhfq mutants after arabinose-induced
expression of sRNA DicF (E, c) or Hfq (F, c), respectively, under anaerobic
conditions. (Scale bars, 5 μm.) (G and H) Western blot analysis of the
MG1655ΔdicF (G) and MG1655Δhfq (H) mutants under aerobic and anaer-
obic conditions and after arabinose-induced expression of sRNA DicF or Hfq
under anaerobic conditions. The bands corresponding to endogenous FtsZ,
Hfq, and GAPDH and ectopically expressed Hfq are indicated.
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both probes 1 and 2) (Fig. 4F, compare lane 1 under 44 °C vs. 30 °C).
The 130-nt product was not produced at 44 °C but was detected at
30 °C (probe 1) (Fig. 4F, compare lane 1 under 44 °C vs. 30 °C). As
expected, at 44 °C, levels of 53-nt DicF were comparable to those at
30 °C (probe 2) (Fig. 4F, Lower; compare lane 1 under 44 °C vs.
30 °C). In fact, 53-nt DicF was slowly degraded at both 30 °C and
44 °C (probe 2) (Fig. 4F, compare lanes 1–5 in the left and right
panels). In contrast to 53-nt DicF, the 130-nt product was less stable
(t1/2 ∼17 min at 30 °C) at permissive temperatures and was com-
pletely degraded after shifting to the 44 °C nonpermissive temper-
ature for 3 h (probe 1) (Fig. 4F, compare lanes 1–5 in the left and
right panels). Thus, our data indicate that RNase E is necessary for
cleavage of the DicF precursor to produce the 130-nt product and
53-nt DicF and that degradation of the 53-nt DicF, but not the
130-nt product, is predominantly dependent on RNase E activity.
Since Hfq protects 53-nt DicF from degradation, and both Hfq

and 53-nt DicF are necessary for cell filamentation under anaerobic
conditions, we examined whether RNase E cleavage of the DicF
precursor to generate 53-nt DicF is required for cell filamentation
under anaerobic conditions. We introduced an arabinose-inducible
pBAD-plasmid—expressed either as a 63DicF1 DicF miniprecursor
containing the 53-nt sRNA DicF plus a 10-nt wild-type upstream

region with an RNase E cleavage site (so it could be cleaved by
RNase E) or a 63DicF2 variant in which the RNase E cleavage site
had been replaced by 10 guanines in the 53-nt DicF upstream re-
gion (so it could not be cleaved by RNase E), as described in SI
Materials and Methods. Unlike 63DicF1, 63DicF2 was not cleaved
by RNase E under either anaerobic or aerobic conditions (left
panels in Fig. 4G and Fig. S5C, respectively). As a result, in contrast
to the 63DicF2 variant (Fig. 4 G, c and d and Fig. S5 C, c and d),
a filamentous cell morphology was obtained for MG1655ΔdicF
only upon expression of the 63DicF1 miniprecursor under anaer-
obic or aerobic conditions (Fig. 4 G, a and b, and Fig. S5 C, a and
b, respectively). Our data demonstrate that RNase E cleavage
(processing) is a necessary step for the production of functional
53-nt sRNA DicF that induces cell filamentation under anaerobic
conditions.

Enolase in the Degradosome Stabilizes 53-nt sRNA DicF Under
Anaerobic Conditions. As shown in Fig. 2A, the MG1655 strain
containing enolase-bound degradosomes is able to form fila-
mentous cells under anaerobic conditions when functional 53-nt
DicF accumulates. In contrast, the Rned823–850 strain containing
enolase-free degradosomes lost the ability to form filamentous

Fig. 4. DicF RNA levels are oxygen responsive, and DicF production (processing) and decay (degradation) depend on RNase E. (A) Schematic representation of
the dicA-ydfABC-dicF operon with RNase III and RNase E cleavage sites (modified from ref. 18). Probes 1 (*) and 2 (◄) for Northern blots and the specific RNA
fragments detected in this study are indicated. (B) Number of dicF genomic copies in nonpathogenic E. coli strains (Com, commensal; Env, environmental; Lab,
laboratory) and pathogenic (AIEC, adherent-invasive; APEC, avian pathogenic; DAEC, diffusely adhering; EAEC, enteroaggregative; EHEC, enterohemorrhagic; EPEC,
entheropathogenic; ETEC, enterotoxigenic; NMA, neonatal meningitis-associated; UPEC, uropathogenic). Each dot represents one E. coli strain. (C, a and b and D)
Northern blot analyses of sRNA DicF in E. coliMG1655 (C) and in the MG1655Δhfqmutant (D) under aerobic and anaerobic conditions. Specific signals of probe 1 (*),
probe 2 (◄), and nonspecific signals (black solid lines) are indicated at the right of each gel. (C, c) Northern blot analysis of sRNA Spot42 in E. coliMG1655 under aerobic
and anaerobic conditions. Specific signal is indicated by a black arrow at the right of the gel. (E) DicF RNA levels under aerobic–anaerobic–aerobic alternating growth
conditions. Specific signals of probe 1 (*) and probe 2 (◄) are indicated. (F) RNA stability of DicF, 130-nt product, or DicF precursor in the E. coli temperature-sensitive
N3431 strain grown anaerobically at permissive (30 °C) and nonpermissive (44 °C) temperatures. Equal amounts of total RNA extracted from the cells before and after
rifampicin treatment at the times indicated were analyzed by Northern blotting using probe 1 (*) and probe 2 (◄). (G, Right) Cell morphologies of E. coliMG1655ΔdicF
before and after ectopic expression of the 63DicF1 DicF miniprecursor or a 63DicF2 variant under anaerobic conditions. (Scale bars, 5 μm.) (Left) Northern blots upon
arabinose ectopic expression under anaerobic conditions are shown. (Center) Schematic representations of the 63DicF1 DicF miniprecursor and the 63DicF2 variant and
their RNase E cleavage sites.
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cells under the same conditions, suggesting that 53-nt DicF levels
in this strain are not comparable to those in the MG1655 strain.
Northern blot analyses were performed to determine RNA

abundances of 53-nt DicF, its precursor, and the 130-nt product
in the MG1655, Rned984–1011, and Rned823–850 strains at
different time points after rifampicin treatment under aerobic
and anaerobic conditions. We found that the abundance and
stability of all RNA species were relatively similar in all three
strains under aerobic conditions (probes 1 and 2) (Fig. 5A,
compare lanes 1–5, 6–10, and 11–15, respectively). In contrast,
under anaerobic conditions, the abundance and stability of 53-nt
DicF and the 183-nt precursor were lower for Rned823–850 than
for the MG1655 and Rned984–1011 strains (probes 1 and 2)
(Fig. 5B, compare lanes 11–15, 1–5, and 6–10, respectively). The
RNA steady-state levels of the 130-nt product were similar under
both aerobic and anaerobic conditions. However, its degradation
rate was greater in Rned823–850 than in the MG1655 and
Rned984–1011 strains under anaerobic conditions (Fig. 5B, com-
pare lanes 11–15, 1–5, and 6–10, respectively). Our data show
that disruption of the enolase and RNase E interaction results in
faster degradation of the 130-nt product (t1/2 ∼12 min in Rned823–
850 vs. t1/2 >32 min in MG1655) and 53-nt DicF under anaerobic
conditions (t1/2 ∼17 min in Rned823–850 vs. t1/2 >32 min in
MG1655) (Fig. S5E).
We used sRNA Spot42 again to monitor RNA half-life by

Northern blot analysis. We found that Spot42 sRNA half-life is
not changed under either aerobic or anaerobic conditions in all
strains: MG1655, Rned823–850, and Rned984–1011 (Fig. 5 C and
D). The data show that RNA turnover of Spot42 is not affected by
deletion of the enolase-binding microdomain in RNase E. Thus,
the anaerobically induced faster degradation of the sRNA DicF
by the nonenolasic degradosomes in the Rned823–850 strain is
specific. Collectively, our data show that the enolase association
specifically helps stabilize DicF (and, possibly, its processing) but
not Spot42 sRNA under anaerobic conditions.

Binding of Enolase to RNase E Does Affect Protein Levels and Impacts
Subcellular Localization of RNase E Under Anaerobic Conditions. The
fast turnover of the DicF precursor under anaerobic conditions
in the Rned823–850 strain that lacks enolase in degradosomes
could be caused by increased RNase E protein levels. Therefore,
we determined the protein levels of RNase E/RNase E variants
in the MG1655, Rned823–850, and Rned984–1011 strains under
both aerobic and anaerobic conditions. We found that for all
three strains the levels of RNase E or its derivative protein were
reduced under anaerobic conditions (Fig. 6A). Quantitation in-
dicated that RNase E protein levels decreased to a lesser extent
under anaerobic conditions in the Rned823–850 mutant (∼2.5-
fold) than in the MG1655 (∼4.0-fold) or Rned984–1011 (∼3.4-
fold) strains.
Previous studies have shown that RNase E–degradosome com-

plexes are tethered to the cytoplasmic membrane in vivo (5) and
that membrane-binding of the RNase E N terminus (which con-
tains a catalytic domain) stabilizes protein structure and increases
both RNA cleavage activity and substrate affinity (6). We in-
vestigated whether binding of enolase to RNase E may change the
subcellular localization of RNase E under anaerobic conditions
and thereby regulate protein stability and enzymatic activity and
stabilize functional sRNA DicF in the MG1655 and Rned984–
1011 strains. We used EvoGlow fluorescent reporter protein to
study the subcellular localization of RNase E under aerobic and
anaerobic conditions, as this fluorescent reporter can be detected
under both conditions (29). We constructed MG1655 Rne-Bs1,
Rned823–850-Bs1, and Rned984–1011-Bs1 strains in which the
fluorescent reporter was fused to the chromosomal C terminus of
RNase E through a polypeptide linker (SI Materials and Methods).
Our results show that for the MG1655 or Rned984–1011 strains
that host enolase in the degradosomes, the subcellular distribution

Fig. 5. DicF processing and degradation are dependent on enolase being
bound to RNase E. (A and B) sRNA DicF RNA half-lives in the E. coli MG1655,
Rned984–1011, and Rned823–850 strains under aerobic (A) and anaerobic
(B) conditions. RNA samples prepared from the cultures before and after
rifampicin treatment at the times indicated were analyzed by Northern
blotting using probe 1 (*) and probe 2 (◄). (C and D) RNA half-lives of sRNA
Spot42 in the E. coli MG1655, Rned984–1011, and Rned823–850 strains
under aerobic (C) and anaerobic (D) conditions. Specific signals are indicated
by black arrows on the right side of each gel.
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of RNase E shifted from the cytoplasmic membrane under aerobic
conditions to a diffuse pattern under anaerobic conditions (Fig.
6 B, a, d and c, and f, respectively). However, for the Rned823–
850 strain, whose degradosomes lacked enolase, RNase E was
cytoplasmic membrane-associated under both conditions (Fig. 6 B,
b and e). Furthermore, our results show that whenever RNase E
was tethered to the cytoplasmic membrane of MG1655 (Fig. 6 B,
a), Rned823–850 (Fig. 6 B, b), or Rned984–1011 (Fig. 6 B, c) cells
under aerobic conditions or of Rned823–850 (Fig. 6 B, e) cells
under anaerobic conditions, 53-nt DicF turnover was rapid, whether
or not enolase was hosted by the degradosomes. In agreement with
this idea that association with the cytoplasmic membrane increases
RNase E enzymatic activity, the Rned823–850 RNase E variant
tethered to the cytoplasmic membrane under both aerobic and
anaerobic conditions exhibited faster degradation of 53-nt DicF
under both conditions (Figs. 5 A and B, lanes 11–15, and 6 B, b and
e). When RNase E binds to enolase and is diffuse in the cytoplasm
(under anaerobic conditions), and thus is not tethered to the cyto-
plasmic membrane (as it is under aerobic conditions), this may lock
RNase E into a less active conformation for sRNA degradation,
thereby stabilizing sRNA DicF.
To examine whether the diffuse localization pattern of RNase E

and enolase is specific to anaerobically induced filamentous cells,
we used other means of inducing cell filamentation under aerobic
conditions (i.e., potassium dichromate and cephalexin). We found
that the localization patterns of RNase E and enolase under these
conditions (Fig. 6D) differed from those under anaerobiosis (Fig. 6
B and C). The pattern under potassium dichromate and cephalexin

treatment is not affected by nonenolasic degradosomes (Fig. 6D,
compare a and b with e and f). Thus, the diffused localization
pattern of RNase E and enolase (Fig. 6 B, d and Fig. 6 C, d,
respectively) is specific to anaerobically induced filamentous
cells, and the localization pattern depends on how filamentation
is induced (i.e., by low oxygen or potassium dichromate/cephalexin
treatment).
To understand whether RNase E amounts affect the localiza-

tion, we ectopically expressed RNase E fused with Bs1 protein
using an arabinose-inducible promoter from the pBAD plasmid in
the MG1655 Rne-Bs1 strain under anaerobic conditions and found
that, upon low (namely, without ectopic expression) or increased
(namely, after ectopic expression by arabinose) levels, RNase E
has a similar diffused subcellular distribution (Fig. S6A). Thus, the
decrease in RNase E amounts does not affect the localization
pattern.
Collectively, our data demonstrate that under oxygen-limited

conditions, enolase (in bound form to RNase E in the degrado-
some) is required for the filamentous transition of E. coli through
its regulation of the subcellular localization, protein stability, and
activity of RNase E.

Discussion
RNase E Enzymatic Activity and E. coli Cell Morphology. A previous
study (28) showed that strains carrying the rne-3071mutation, which
renders activity of RNase E thermolabile, fail to divide and grow as
filaments at the nonpermissive temperature of 43 °C. Some fila-
ments grew as big as 12 μm and contained up to four constriction

Fig. 6. The diffuse localization pattern of RNase E and enolase is specific to anaerobic conditions. (A) Endogenous expression levels of RNase E and its
variants in the E. coli MG1655, Rned823–850, and Rned984–1011 strains under aerobic and anaerobic conditions. Whole-cell extracts were analyzed by SDS/
PAGE and immunoblotted with the indicated antibodies. (B and C) Subcellular localization of RNase E and its variants (B) and enolase (C) under aerobic
and anaerobic conditions in the E. coli MG1655, Rned823–850, and Rned984–1011 strains. (Scale bars, 5 μm.) (D) Subcellular localization of RNase E and its
variant lacking the enolase-binding microdomain and enolase upon potassium dichromate (D, a–d) and cephalexin (D, e–h) treatments in the E. coli MG1655 and
Rned823–850 strains under aerobic conditions. (Scale bars, 5 μm.)
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sites. Over 75% of the filaments appeared to have at least one in-
complete septum. Thus, it appears that the loss of RNase E activity
is responsible for an early loss of the cell’s capacity to divide. In that
study, the E. coli cells stopped cell growth/division nearly 3 h after
being shifted to the nonpermissive temperature, but growth re-
sumed when the culture was shifted back to 37 °C. In contrast, the
anaerobically induced filamentous cells in our study are viable and
continue to grow under anaerobic conditions. These cells have the
ability to accumulate cell biomass under anaerobic conditions.
Anaerobically induced cell filamentation was reversible, and the
MG1655 strain reverted to a rod-shape morphology within ∼3 h
after being returned to aerobic conditions (Fig. 1 D, b).
Although the absence of RNase E is lethal, the rne-deletion

strain can be made viable by RNase G overexpression. Fila-
mentous morphology was observed during culture in liquid me-
dium under normal growth conditions in the KSL2000 strain, in
which a chromosomal deletion in rne was complemented by a
plasmid-borne rng gene under the control of an arabinose gene
promoter (30). This filamentous morphology was completely
reversed by complementation with full-length RNase E (30). We
found that ectopic expression of RNase E also induced reversion
to a rod-shaped morphology under anaerobic conditions (Fig. 1
E, a and b). Thus, RNase E enzymatic activity clearly has a role
in determining E. coli cell morphology under both conditions.
However, in the rne temperature-sensitive strain N3431 the levels
of 53-nt DicF are very low (almost undetectable) under both
permissive and nonpermissive temperatures (Fig. S5F), and the
functional role of such a low level of sRNA under these conditions
is therefore probably negligible.

Regulation of RNase E Activity.Activity of RNase E can be regulated
by inhibitors such as RraA, RraB (10), and ribosomal protein L4
(11). Previously, we found that RNase E associated with a mem-
brane has increased enzymatic activity and substrate affinity (6),
suggesting that compartmentation of RNase E plays a role in reg-
ulating its enzymatic activity in vivo. Moreover, here we have shown
that RNase E has different subcellular distributions in the MG1655
and Rned984–1011 derivative strains. RNase E distribution de-
pends on the presence or absence of oxygen, with the enzyme being
tethered to the cytoplasmic membrane under aerobic conditions or
being distributed in the cytoplasm under anaerobic conditions. We
also found that RNA turnover and cleavage of the DicF precursor
were faster under aerobic conditions than under anaerobic con-
ditions in the MG1655 and Rned984–1011 strains. This result is
consistent with the idea that RNase E substrate specificity/activity
is differentially regulated by its subcellular distribution in the cell.

Enolasic RNA Degradosomes Are Necessary for Anaerobic-Responsive
DicF RNA Degradation. We have shown that enolase alters the
subcellular localization of RNase E from the cytoplasmic mem-
brane to diffuse patterns when it binds to the RNase E scaffolding
region (Fig. 6B) and that cells became filamentous under anaer-
obic conditions (Fig. 1 B, a and b). Our findings also suggest that
degradation of certain RNA species, such as sRNA DicF, takes
place near the membrane and depends on high RNase E activity.
Other RNAs found in the cytoplasm do not require high RNase E
activity for their degradation. Although the deletion of the
enolase-binding site on RNase E does not affect the association of
Hfq with RNase E (Fig. S6B), we cannot exclude other possibili-
ties, such as a mechanism by which Hfq protects sRNA from
degradation that is differentially regulated by some unknown mech-
anism(s) related to RNase E or sRNA subcellular distributions.
RNase E degradosomes have been shown to be tethered to the

cytoplasmic membrane by the N-terminal region of RNase E
(amino acids 1–602) (5). Subsequently, an RNase E region (seg-
ment A; amino acids 562–587) that was proposed to have the
propensity to form an amphipathic α-helix was found to be required
for RNase E binding to cytoplasmic membranes (31). Recently, it

was found that the N-terminal 499-aa residues of RNase E (NRne)
interact with the cytoplasmic membrane through electrostatic in-
teractions (6). NRne membrane-binding induces a structural change
in NRne that may lead to a flexible protein conformation (6). In
this study, we show that the subcellular membrane distribution of
RNase E is the same in the MG1655 Rne-Bs1, Rned823–850-Bs1,
and Rned984–1011-Bs1 variants under aerobic conditions, which
indicates that the conformation of these RNase E derivatives is not
altered. In contrast, the subcellular RNase E distribution is altered
(to a diffuse pattern) under anaerobic conditions in the MG1655
Rne-Bs1 and Rned984–1011-Bs1 strains but not in Rned823–850,
suggesting that the physical interaction of RNase E with enolase
changes the protein conformation under those conditions, leading
to an altered subcellular distribution of RNase E.
Enolase from the anaerobic Gram-negative bacterium Bac-

teroides fragilis, frequently found in intestines and known to cause
intraabdominal infections, was found to be a heme-binding pro-
tein (32). It has been speculated that the original evolutionary
function of hemoproteins was electron transfer in ancestral

Fig. 7. RNase E, enolasic degradosomes, and sRNA mediate the regulation
of cell shape and division. Growth conditions, the components of degrado-
somes, and what happens when the bacteria are under aerobic or anaerobic
conditions are shown.

E8032 | www.pnas.org/cgi/doi/10.1073/pnas.1703731114 Murashko and Lin-Chao

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
15

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703731114/-/DCSupplemental/pnas.201703731SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703731114/-/DCSupplemental/pnas.201703731SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1703731114


www.manaraa.com

cyanobacteria-like organisms before the appearance of molecu-
lar oxygen (33). Upon binding of a diatomic gas, such as O2, CO,
or NO, heme undergoes conformational changes (34) that can
induce conformational changes in its interacting partner protein
(s). We hypothesize that enolase in the E. coli enolasic degrado-
some is a heme-binding protein and that the binding of the di-
atomic gas to the heme protein induces conformational changes in
RNase E/degradosomes. As a result, RNase E/degradosome at-
tachment or detachment from the membrane can be regulated in
response to oxygen levels. Whether the RNase E inhibitors RraA,
RraB, or L4 can change the subcellular localization of RNase
E is unknown.
Enolase in the RNA degradosome has been reported to be

involved in the rapid decay of glucose transporter ptsG mRNA
under aerobic growth conditions (35). Bacteria should have
different strategies to regulate RNA levels to adapt their me-
tabolism and thereby survive in different conditions. We suggest
that alteration of RNase E cleavage by enolase in the degrado-
some may depend on factors such as environmental growth
conditions, substrate specificity, and substrate availability, which
allow the degradosome to quickly target specific RNA species
for degradation.

Functions of Enolase Outside Glycolytic Metabolism and Its Role in
Anaerobically Induced Cell Filamentation. Enolase is primarily
known for its role in glycolysis, a metabolic pathway involved in
ATP and NADH production. It also plays a central role in me-
tabolism by providing its intermediates to several other pathway
processes (36). This metabolic pathway is particularly essential un-
der anaerobic conditions. Enolase is essential for sustaining bacte-
rial growth, with E. coli mutants with a disrupted eno gene being
unable to grow without additional medium supplements such as
pyruvate, glycerate, or succinate. It is known that other glycolytic
enzymes, such as phosphoglucose isomerase and glyceraldehyde-3-
phosphate dehydrogenase, exhibit other functions in addition to
their major enzymatic activities in various organisms (37). We have
shown that enolase has a degradosome-specific function and plays a
role in altering RNase E cellular distribution/activity, resulting in
cells having a filamentous shape under oxygen-limited conditions.
The role of enolase in regulating sRNA degradation is another
example of one of its multiple, so-called “moonlighting,” functions.
In addition, our data suggest that binding of enolase to the cyto-
plasmic membrane is independent of RNase E, and thus it probably
has multiprotein partners on the membrane, such as the glycolytic
complex (38).
Oxygen sensing is a fundamental biological process necessary

for the adaptation of living organisms to variable habitats and
physiological situations. One current model of oxygen sensing is
based on a heme protein capable of reversibly binding oxygen
(39). Since enolase from another anaerobic Gram-negative bac-
terium, B. fragilis, is a heme-binding protein (32), we hypothesize
that E. coli enolase may be an oxygen-level sensor (see above).
Furthermore, structural analysis of enolase from the anaerobic

protozoan Entamoeba histolytica indicates that it contains 2-PGA
in the active site and exists in the open conformation; the Mg2+(II)
ion is absent from the active site (40). These studies also suggest
that anaerobic conditions might change the conformation and
oligomerization of E. coli enolase, as well as its ion-binding affinity,

thereby altering the activity and function of the enzyme. Anaerobic
conditions may also change the conformation of RNase E and
major components of the degradosome such as RhlB helicase and
PNPase and their enzymatic activities as well as the composition of
the degradosome. These topics would be interesting avenues for
future research.

Role of Cell Filamentation. Bacteria are the oldest organisms known,
and, interestingly, the first bacteria had a filamentous morphology
(41). At that time the Earth’s atmosphere was almost without
oxygen (42). Thus, a filamentous morphology was likely the first
organismal form.
For many years, filamentous bacteria have been considered to

be the overstressed, sick, and dying members of the population
(43). More in-depth analyses have revealed that filamentous
members of some communities have vital roles in the bacterial
population’s continued existence. Recently, filamentation has been
implicated in bacterial survival during exposure to environmental
stresses, which include host effectors, protist predators, and anti-
microbial therapies (43). Differentiation into the filamentous form
is also important for the survival of pathogenic bacteria (44–46). It
remains unclear whether the molecular mechanisms that lead to
filamentation are shared by these scenarios. In fact, there is evi-
dence to suggest that multiple mechanisms are involved in the
inhibition of septation that leads to filamentation. Our data pro-
vide a mechanism (Fig. 7) by which E. coli and perhaps other
pathogenic bacteria can switch from a rod-shaped to the fila-
mentous morphology that might be necessary for survival within
host tissues and for virulence. The working model shows how
RNase E, enolasic degradosomes, and sRNA regulate cell shape
and division (limited septum formation) (Fig. 7). Authentic ho-
mologs of RNase E are found in many γ-proteobacteria such as
Yersinia pseudotuberculosis (47) and Vibrio angustum (48), and
their RNase E interacts with RhlB, enolase, and PNPase to form
an RNA degradosome homologous (49) to the multienzyme
complex in E. coli. We postulate that other facultative anaerobic
and anaerobic bacteria possessing enolasic RNA degradosomes
exhibit similar regulation of cell filamentation.

Materials and Methods
Bacterial Strains, Plasmids, and Growth Conditions. Strains, plasmids, and
oligonucleotide sequences are in Tables S2–S4. Construction details and
growth conditions are provided in SI Materials and Methods.

Additional materials and procedures are provided in SI Materials
and Methods.
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