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Inactivation or deletion of the RNase E-encoding rne gene of Escherichia coli results in the growth of bacterial
cells as filamentous chains in liquid culture (K. Goldblum and D. Apirion, J. Bacteriol. 146:128-132, 1981) and
the loss of colony-forming ability (CFA) on solid media. RNase E dysfunction is also associated with abnormal
processing of ftsQAZ transcripts (K. Cam, G. Rome, H. M. Krisch, and J.-P. Bouché, Nucleic Acids Res.
24:3065-3070, 1996), which encode proteins having a central role in septum formation during cell division. We
show here that RNase E regulates the relative abundances of FtsZ and FtsA proteins and that RNase E
depletion results in decreased FtsZ, increased FtsA, and consequently an altered FtsZ/FtsA ratio. However,
while restoration of the level of FtsZ to normal in rne null mutant bacteria reverses the filamentation
phenotype, it does not restore CFA. Conversely, overexpression of a related RNase, RNase G, in rne-deleted
bacteria restores CFA, as previously reported, without affecting FtsZ abundance. Our results demonstrate that
RNase E activity is required to maintain a proper cellular ratio of the FtsZ and FtsA proteins in E. coli but that
FtsZ deficiency does not account for the nonviability of cells lacking RNase E.

RNase E was initially discovered in Escherichia coli as a 9S
RNA-processing enzyme (13) and later was shown to have a
key role in the degradation of mRNA (32), the control of
plasmid DNA replication (23), and the maturation/processing
of a variety of small catalytic RNAs, including ssrA RNA (24),
the M1 RNA subunit of RNase P (26), 5S rRNA (13), 16S
rRNA (22, 43), and tRNA (33, 37). The catalytic activity of
RNase E resides in its N-terminal half, while the C-terminal
region serves as a scaffold for interaction with other proteins to
form a multicomponent structure termed the “degradosome”
(30, 35). The actions of RNase E are essential for E. coli cell
viability, and inactivation of this enzyme results in the produc-
tion of elongated filamentous structures consisting of multiple
connected cell bodies (15) and the inability to form colonies on
solid media (1). The loss of colony-forming ability (CFA) in
RNase E deletion mutant strains can be reversed by overpro-
duction of RNase G (9, 18), which was initially discovered
because of its ability to induce cytoplasmic axial-filament for-
mation (31). Subsequently, the RNase G protein was found to
be a structural homologue of the amino-terminal segment of
RNase E (28) and to have ribonucleolytic activity (22, 43).

Cell division in E. coli and other bacteria is affected by a
complex network of regulatory mechanisms. The ftsZ (filamen-
tation temperature-sensitive) gene, which is widely conserved
among prokaryotes and the chloroplasts of plants, has a central

and essential role in the cell division process (14, 27, 39).
During cell division, the FtsZ protein, which is a GTPase and
a structural homologue of tubulin, polymerizes and forms a
scaffold for the assembly of proteins at the division site (3, 4,
10, 38). The shift of ftsZ mutant bacteria to a nonpermissive
temperature results in perturbed cell division, the production
of long filamentous chains of connected cells, and the loss of
colony-forming ability (7). The E. coli FtsZ protein is encoded
by polycistronic transcripts that also produce two other pro-
teins, FtsA and FtsQ, which participate in the FtsZ-based
scaffold at the division site (4, 8, 12). Earlier work has shown
that RNase E cleaves the ftsQAZ transcripts at two sites be-
tween the contiguous ftsA and ftsZ genes and that RNase E
dysfunction decreases the ratio of transcript segments encoded
by the ftsZ and ftsA genes (5). As perturbation of the FtsZ/
FtsA ratio can affect cell division (8), Cam et al. (5) speculated
that the essentiality of RNase E for cell viability might result
from its action on ftsQAZ transcripts. Recently, studies pub-
lished while our investigations into the lethality of RNase E
null mutations were in progress have concluded that a de-
creased level of FtsZ is responsible for the nonviability of
RNase E-deficient cells (40).

Here, we show that cellular depletion of RNase E in E. coli
does—as speculated by Cam et al. (5)—result in a decreased
ratio of FtsZ to FtsA protein and results in the formation of
long filamentous chains of cells but that neither filamentation
nor FtsZ deficiency accounts for the lethality observed in
RNase E-depleted cells. Reversal of filamentation by adventi-
tious overproduction of FtsZ in rne mutant bacteria did not
restore CFA, and conversely, restoration of CFA in rne-
-deleted cells by overexpression of RNase G did not eliminate
the filamentation phenotype caused by decrease of FtsZ. Our
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results indicate that a decreased FtsZ level in cells that lack
RNase E does not account for RNase E essentiality.

MATERIALS AND METHODS

Strains and plasmids. The strains and plasmids used in this study are listed in
Table 1. The construction of E. coli strains with rne deleted that express full-
length RNase E or its N-terminal fragment under the control of an arabinose-
regulated promoter (KSL2000 and KSL2009, respectively) has been described pre-
viously (18, 21). pBAD-NRNE was constructed from pBAD-RNE and pNRNE4
as described previously (21). pBAD-RNE and pNRNE4 were constructed as
follows (18).

pKAN7 was created by ligating the HincII fragment containing the replication
origin from pSC101 and the larger Eco47III-FspI fragment from pKAN5 (J.-H.
Yeom and K. Lee, in press). To construct pBAD-RNE, the EcoRI-XbaI frag-
ment containing the coding region of rne plus 21 additional N-terminal amino
acids, including the 10-His tag from pFUS1500 (29), was cloned into the same
sites in pKAN7, which resulted in pBAD-N-His-RNE. Then, the original 5�
untranslated region of rne and the 5� rne coding region encompassing the unique
HindIII site were PCR amplified by using primers 5� WT-RNE (5�-CAAGCTT
GCGGCCGCAGGAGGTTACGATGAAAAGAATG) and RNE-1568R (5�-
CGCTTACGTTCAGCGAACTC) with pFUS1500 as the DNA template. The
PCR product was digested with HindIII and NotI and cloned into the same sites
in pBAD-N-His-RNE, resulting in pBAD-RNE.

Plasmid pNRNE4 was constructed in three steps. (i) pNRNE1 was constructed
by ligating EcoRI-StyI-digested pBR322 containing the replication origin and a
�-lactamase gene with two DNA fragments: (a) a NotI-StyI-digested PCR DNA
fragment containing the N-terminal 499 amino acids of the rne coding region
(N-rne) plus a C-terminal hexahistidine tag using two primers, 5� WT-RNE and
C-RNE-HIS (5�-TCACCAAGGGCATGCTCTAGACTAGTGGTGGTGGTGG
TGGTGGCTTAAGGTTGGGGGTTTC), and pFUS1500 as the template DNA
and (b) an EagI-EcoRI-digested PCR DNA fragment containing lacIq and a
lacUV5 promoter PCR amplified using two primers, lacI-5� (5�-ATGAATTCC
GACACCATCGAATGGTG) and lacI-3� (5�-TAGCGGCCGCCAGGCATCC
ACACATTATACG), and plasmid p16ST (20) as the template DNA. (ii) To add
the rrnB T1T2 transcriptional terminator (3a) at the 3� end of the N-rne coding
region, an SphI-XbaI fragment from p16ST was cloned into the same sites in
pNRNE1 and resulted in pNRNE2. (iii) pNRNE4 was constructed by ligating
two DNA fragments, a BamHI-NotI fragment containing lacIq and a lacUV5
promoter from p16ST and an EagI-MscI fragment containing sequences encod-
ing C-terminally hexahistidine-tagged N-rne and an rrnB T1T2 transcriptional
terminator from pNRNE2, with a BamHI- and StuI-digested pACYC177 (6)
fragment containing the replication origin.

KSL2010 expresses RNase G from the arabinose-regulated BAD promoter
(PBAD) on pBAD-RNG. Plasmid pBAD-RNG was constructed by replacing the
NotI-NheI fragment of pBAD-NRNE containing the N-RNase E coding region
plus a T1T2 transcriptional terminator with the NotI-NheI fragment containing

the rng coding region plus a T1T2 transcriptional terminator from pRNG2.
pRNG2 shares the same features as pRNG3 (18) but contains a P15A replication
origin derived from pACYC177, whereas pRNG3 contains the replication origin
of pSC101 (18). KSL2010 was obtained by a plasmid displacement procedure.
Briefly, introduction of a kanamycin resistance plasmid (pBAD-RNG) express-
ing RNase G with a hexahistidine tag at the C terminus under the control of the
BAD promoter into KSL2004 (18) and selection for the incoming plasmid by
growing transformants containing both plasmids (pBAD-RNG and pRNG3) for
60 generations in the presence of kanamycin and 0.2% arabinose without IPTG
(isopropyl-�-D-thiogalactopyranoside) resulted in displacement of the resident
ampicillin resistance (Apr) plasmid by the kanamycin resistance (Kmr) RNase
G-expressing plasmid.

Plasmid pZAQ, which contains ftsQ, ftsA, and ftsZ, was kindly provided by Joe
Lutkenhaus (45). To construct pACYC177�kan, an NsiI fragment within the
kanamycin resistance gene on pACYC177 was removed and the plasmid was
self-ligated. To construct pMT177Z (Fig. 1), a pZAQ-derived BglII-ClaI frag-
ment that contained the 3� portion of ftsA and the full-length ftsZ region was
introduced between the BamHI and ClaI sites of pACYC177.

Media and culture conditions. Luria-Bertani (LB) medium was used for bac-
terial growth at 37°C. To express genes under the control of the BAD promoter,
L-(�)-arabinose (Sigma) was added to the cultures to a final concentration of
0.1% to produce RNase E (strain KSL2000) or N-RNase E (strain KSL2009) as
described previously (18, 21), and 0.2% to produce RNase G (strain KSL2010)
at a cellular level that was approximately 5.3 times higher than that of the
parental N3433 strain, as quantified by immunoblotting. In every experiment,
appropriate antibiotics were used at the following concentrations: ampicillin, 50
�g/ml; chloramphenicol, 10 �g/ml; kanamycin, 20 �g/ml; and tetracycline, 5
�g/ml.

Immunoblotting procedures. For analysis of E. coli proteins (0.1 optical den-
sity at 600 nm [OD600] unit per lane), lysates containing total cellular proteins
were electrophoresed on a 7% Tris-acetate sodium dodecyl sulfate-polyacryl-
amide gel (Bio-Rad) and electrophoretically transferred (0.5 A; 40 min) to
nitrocellulose membranes (NitroPure, Supported, Pure Nitrocellulose 0.1 Mi-
cron; GE Osmonics) as described previously (41). FtsZ and FtsA were detected
by using rabbit polyclonal antiserum against FtsZ (1:10,000 dilution), FtsA (1:
10,000 dilution), or ribosomal protein S1 (1:20,000 dilution). Polyclonal anti-
FtsZ antiserum and anti-FtsA antiserum were gifts from Cynthia A. Hale and
Piet A. J. de Boer (16). Polyclonal anti-S1 was obtained as described previously
(11). Anti-rabbit immunoglobulin G-horseradish peroxidase conjugate (1 mg/ml;
Promega) was used as the secondary antibody (1:5,000 dilution in phosphate-
buffered saline containing 0.1% bovine serum albumin and 0.1% Tween 20).
Proteins were visualized by using Western Lightning Chemiluminescence Re-
agent Plus (Perkin-Elmer) and were exposed to 8- by 10-in. BioMax MR Film
(Kodak) or a Versa Doc imaging system (Bio-Rad) and Quantity One software
(version 4.5.1; Bio-Rad) to quantify the relative abundances of protein bands.

Microscopic observation of E. coli. The procedures followed were as described
previously (17) with slight modifications. A 30-�l sample from an E. coli culture

FIG. 1. Scheme for construction of the pMT177Z plasmid. A BglII-
ClaI fragment from the pZAQ plasmid was ligated to the larger frag-
ment of BamHI- and ClaI-cleaved pACYC177 DNA, as described in
Materials and Methods.

TABLE 1. Bacterial strains and plasmidsa

Strain
or plasmid Description Reference

or source

Strains
N3433 lacZ43(Fs) LAM� relA1 spoT1 thi-1 36
MT2000 Same as N3433 but rne::cat �pBAD-RNE� 18
KSL2000 Same as N3433 but rne::cat recA::Tn10

�pBAD-RNE�
18

KSL2009 Same as N3433 but rne::cat recA::Tn10
�pBAD-NRNE�

21

KSL2010 Same as N3433 but rne::cat recA::Tn10
�pBAD-RNG�

This study

Plasmids
pKAN7 pSC101 ori Kmr This study
pBAD-RNE pSC101 ori Kmr, rne under PBAD 18
pBAD-NRNE pSC101 ori Kmr, N-rne under PBAD 21
pBAD-RNG pSC101 ori Kmr, rng under PBAD This study
pACYC177 P15A ori Kmr Apr 6
pACYC177�kan P15A ori Apr This study
pMT177Z P15A ori Apr, ftsZ under natural

promoter
This study

a See Materials and Methods for a detailed description of strains and plasmids.
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was spread on a clean glass slide and dried at room temperature for 12 h. The
sample was then fixed by immersion in methanol for 15 min and dried at room
temperature for 2 h. The slides were washed several times with tap water (not
distilled or deionized water) in a beaker and dried at room temperature for 2 h.
One drop (approximately 20 �l) of poly-L-lysine (0.1% [wt/vol] in water; Sigma)
was spread over the dried sample using a plastic tip, and the slide was dried again
at room temperature for 1 h to fix all cells tightly to it. Sodium chloride (0.01 M
in water) was dropped on the sample, and a glass coverslip was placed on the
drop. After immersion oil was put between the coverslip and the objective lens,
the cells were observed by light microscopy (Axiovert 100; Zeiss).

RESULTS

RNase E depletion alters the steady-state levels of FtsA and
FtsZ proteins. Earlier work showed that RNase E cleaves
ftsQAZ transcripts and that such cleavage affects the absolute
and relative abundances of mRNA segments encoding the
FtsA and FtsZ open reading frames (ORFs) (5). DNA mi-
croarray analysis from our laboratory also demonstrated that
the abundances of mRNA segments encoding the FtsA and
FtsZ ORFs were increased in the absence of RNase E and
were restored to normal by expression of full-length RNase E or
N-RNase E, but not by RNase G (http://sncohenlab.stanford
.edu/ecoli/info.html; 18). To learn the consequences of these
alterations for fts gene-encoded protein levels and for cellular
physiology, we used a strain with rne deleted complemented by
a plasmid expressing rne under the control of an arabinose-
inducible promoter (18). Transfer of these cells to media
lacking arabinose resulted in the loss of CFA but a continued
increase in the OD600 of liquid cultures, as previously described
(18). Consistent with the effects of RNase E depletion on the
decay of ftsQAZ transcripts reported by Cam et al. (5), we found
that the cellular abundances of the FtsA and FtsZ proteins
were altered when the PBAD-controlled plasmid-borne rne
gene was turned off in rne null mutant bacteria by transfer to
media lacking arabinose. However, the alterations were in
opposite directions for the two Fts proteins: the steady-state
level of FtsA was increased approximately 1.5-fold (1.51 in
KSL2000, 1.45 in KSL2009, and 1.51 in KSL2010) (Fig. 2, IC,
IIC, and IIIC) relative to both a parental rne� strain (N3433)
and a strain (KSL2000) complemented by arabinose-induced
expression of RNase E. Additionally, FtsZ was decreased to
0.65 of normal in KSL2000, 0.66 of normal in KSL2009, and
0.48 of normal in KSL2010. Consequently, the FtsZ/FtsA
protein ratio was reduced in these strains to less than half of
what was observed in the parental rne� strain, N3433.

CFA was restored (Table 2) and the observed alteration in
the abundance of the FtsZ protein relative to that of the FtsA
protein under RNase E depletion conditions was reversed by
expression of a plasmid-borne gene encoding either the full-
length RNase E protein (Fig. 2, IB) or a truncated N-terminal
RNase E fragment (Fig. 2, IIB) that carried the catalytic site of
the enzyme (N-RNase E) (28) but lacked the necessary scaffold
domain for degradosome formation (25, 34, 42). These obser-
vations indicate that degradosome formation is not required
for restoration of either CFA or normal levels of the FtsZ and
FtsA proteins. In contrast, RNase G overexpression in RNase
E-depleted cells restored CFA without restoring a normal
growth rate, as previously reported (19). While RNase G over-
production had no detectable effect on FtsZ abundance, it
decreased FtsA abundance to a normal level (from 1.51 to

0.95) (Fig. 2, IIIB) and resulted in an increase in the FtsZ/FtsA
ratio (from 0.32 to 0.58) (Fig. 2, IIIB).

The decrease in the FtsZ/FtsA ratio observed during RNase
E depletion (Fig. 2, IC, IIC, and IIIC) was reversed by adven-
titious expression of FtsZ from the ftsZ gene carried by plas-
mid pMT177Z (Fig. 1), which contains the 3� half of the ftsA
encoding region plus the full-length FtsZ ORF and produces
only the intact FtsZ protein from transcripts initiated at the
promoter located in its ftsA region (12). pMT177Z not only
restored FtsZ abundance to the normal level (from 0.65 to 1.08
in KSL2000, from 0.66 to 0.92 in KSL2009, and from 0.48 to
0.94 in KSL2010) (Fig. 2, IE, IIE, and IIIE), but also partially
decreased FtsA abundance (from 1.51 to 1.26 in KSL2000,
from 1.45 to 1.14 in KSL2009, and from 1.51 to 1.24 in
KSL2010) (Fig. 2, IE, IIE, and IIIE). Reduced FtsZ abundance
in the KSL2010 strain (0.55) (Fig. 2, IIIB), even in the presence
of 0.2% arabinose, was also restored to a normal level by the
introduction of pMT177Z (0.98) (Fig. 2, IIID).

Effects of RNase E, N-RNase E, RNase G, and FtsZ on the
filamentation phenotype in cells with rne deleted. Consistent
with previously reported results (15, 44), long filamentous
chains of bacterial cells (	50 �m) were observed during cul-
ture in liquid media of bacteria with rne deleted (Fig. 3A, E,
and I). As expected, this long-filamentation phenotype was
completely reversed by complementation with full-length
RNase E or N-RNase E (Fig. 3B and F and Table 2). Elevated
RNase G expression, which mitigated the increase in FtsA
protein observed in rne null mutant bacteria but did not affect
FtsZ protein abundance, reduced filamentation (to 4.09 �m on
average) (Fig. 3J and Table 2). However, elevated RNase G
expression caused reversion of only about 20% of the cell
population to normal size, and in the RNase G-complemented
strain, approximately 1% of the population formed very long
filaments (longer than 40 �m) (Fig. 3J). The persistence of
filamentation in RNase G-complemented cells that had a re-
duced FtsZ protein is consistent with earlier evidence that a
subnormal level of FtsZ in E. coli leads to the filamentous
morphology (7).

Earlier work showed that adventitious expression of FtsZ in
cells having a decreased FtsZ level reverses the cell filamen-
tation phenotype and restores a normal rate of growth (7, 8).
However, while introduction of the FtsZ-expressing plasmid
pMT177Z into otherwise-uncomplemented cells with rne de-
leted resulted in replacement of long filaments (	50 �m) (Fig.
3A, E, and I) by short filaments (
10 �m) (Fig. 3C, G, and K),
normal cell morphology was not restored. Further experiments
indicated that the observed residual filamentation was attrib-
utable to the recA deletion we had introduced into our test
strains to avoid homologous recombination between the chro-
mosome and the plasmid carrying the complementing genes
(18). In a corresponding recA� RNase E-depleted strain, fila-
mentation was much reduced (to approximately 5 to 10 �m
[Fig. 3M] versus 	50 �m [Fig. 3A, E, and I]) and was fully
reversed by adventitious FtsZ expression (Fig. 3O). Addition-
ally, the short filaments observed in cultures of the RNase
G-complemented strain (KSL2010) were absent after the in-
troduction of pMT177Z (Fig. 3L and Table 2), resulting in a
phenotype that was indistinguishable from the wild type. How-
ever, notwithstanding the absence of filamentation in the rne
deletion strain complemented by adventitious expression of

VOL. 188, 2006 RNASE E MAINTENANCE OF PROPER FtsZ/FtsA RATIO IN E. COLI 5147

 on S
eptem

ber 3, 2019 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/


FtsZ from pMT177Z, these cells did not acquire CFA in either
recA mutant or recA� bacteria in the absence of further
complementation by plasmid-encoded RNase E, N-RNase E,
or RNase G (Fig. 4A).

Effects of RNase E, N-RNase E, RNase G, and FtsZ expres-
sion on cell growth rate and colony formation. The effects of
FtsZ expression on growth of cells with rne deleted comple-
mented by full-length RNase E, N-RNase E, or RNase G, on
the growth rate in LB liquid cultures, and on the ability to form
colonies on LB plates were examined (Fig. 4 and Table 2).
Expression of full-length RNase E (strain KSL2000) restored
growth to the rate seen for the parental strain, N3433. Al-
though N-RNase E and RNase G complementation also re-
stored CFA to rne null mutant bacteria (Table 2), the rate of
growth was reduced (Fig. 4B). Expression of FtsZ from
pMT177Z had no significant effect on the rates of growth of
these complemented strains. Occasional colonies were ob-
served when strain KSL2000 was plated at high concentration

FIG. 2. Immunoblot comparison of FtsA and FtsZ protein abundances in complemented and uncomplemented rne null mutant bacteria.
Bacteria were grown overnight on LB plates containing arabinose (0.1% for KSL2000 and KSL2009; 0.2% for KSL2010) and the following day were
inoculated into LB media in the presence or absence of arabinose, cultured at 37°C, and harvested in mid-log phase after 10 to 12 h; during this
period, the cultures were diluted several times to maintain them in mid-log phase (OD600 � 0.5 to 1.0). Immunoblotting was performed as
described in Materials and Methods. The same membranes probed with anti-FtsA antibody were stripped and reprobed with anti-FtsZ antibody.
Analysis of bands was carried out as described in Materials and Methods. The ratios of protein abundance relative to the N3433 strain are shown
below the lanes; standard deviations (in parentheses) were calculated from two bands derived from different cultures and normalized according
to the abundance of ribosomal protein S1. Note that under the experimental conditions employed, RNase E was not detected by immunoblotting
2 to 3 h after the transfer of cells to medium lacking arabinose (data not shown), whereas increase in OD600 continued for 13 to 14 h after the
transfer of cells to arabinose-deficient liquid LB media.

TABLE 2. Cell lengths and CFU numbers of different strains
with rne deleted

Strain Cell length
(�m)a

No. of CFU/ml/
OD600 unitb

N3433 � pKAN7 � pACYC177�kan 1.80 � 0.47 (610 � 33) 
 106

N3433 � pKAN7 � pMT177Z 1.65 � 0.56 (794 � 23) 
 106

KSL2000 � pACYC177 1.61 � 0.42 (379 � 28) 
 106

KSL2000 � pMT177Z 1.35 � 0.22 (655 � 40) 
 106

KSL2009 � pACYC177 1.86 � 0.42 (52 � 3) 
 106

KSL2009 � pMT177Z 1.50 � 0.44 (318 � 43) 
 106

KSL2010 � pACYC177 4.09 � 2.34 (33 � 15) 
 106

KSL2010 � pMT177Z 1.80 � 0.46 (131 � 21) 
 106

a Cells were grown in LB medium at 37°C in the presence of arabinose (0.1%
for N3433, KSL2000, and KSL2009; 0.2% for KSL2010) and harvested in mid-log
phase. Slides were prepared as described in Materials and Methods. After pho-
tographs were taken under a microscope, the average (� standard deviation) of
a random 50 cells chosen was calculated.

b Cells were grown to mid-log phase in LB medium at 37°C in the presence of
arabinose (0.1% for N3433, KSL2000, and KSL2009; 0.2% for KSL2010). The
cells were diluted 10�4 to 10�6 and plated on LB plates containing arabinose.
The average of colonies from three LB plates was calculated. The values shown
indicate CFU per ml of culture (� standard deviation) adjusted for OD600 units.
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(	104 CFU/plate) even in the absence of arabinose, whether
the FtsZ-expressing plasmid was present or absent. Further
analysis of several randomly selected colonies indicated that all
of them had acquired arabinose-independent induction of the

BAD promoter and were expressing RNase E in the absence of
arabinose (data not shown).

DISCUSSION

RNase E has long been known to be essential for the prop-
agation of E. coli cells in liquid cultures and for colony forma-
tion on solid media (1, 15). Because RNase E carries out the
processing of 9S rRNA (13), tRNA (33, 37), and the precursor
of M1 RNA (26), defective processing and decay of these
various RNAs have been investigated as potential causes of the
loss of CFA in cells lacking RNase E activity. The evidence
accumulated from such studies argues that RNase E actions on
these RNAs are not the basis for the essentiality of the RNase
(9, 18, 34). As RNase E also affects the decay of bulk mRNA
(32) and the degradation of a large number of individual RNAs
(2, 18), it has been speculated that RNase E essentiality may be
the consequence of its activity on one or more mRNA species.

Alteration of the ratio of the FtsZ and FtsA proteins has
been known for more than a decade to lead to the growth of E.
coli cells in long filamentous chains (8). The filamentation
phenotype observed in cells lacking RNase E function (15, 44)
and the observation that RNase E is involved in the processing
and degradation of transcripts of the polycistronic ftsQAZ
operon (5, 12), which includes genes required for the physical
separation of cells at the time of division, together have raised
the possibility that abnormal cell division resulting from fts
operon dysfunction may account for the essentiality of RNase
E in E. coli. These considerations, plus earlier results from our
laboratory indicating that complementation of an rne deletion
mutant by overproduced RNase G restores CFA (18) but not
a normal growth rate (19), prompted the investigations re-
ported here.

Our findings indicate that RNase E depletion results in an
increase of FtsA protein and a decrease of FtsZ protein. As
earlier work has shown that alteration in the FtsZ/FtsA ratio is
associated with cell filamentation (8), we suggest that the fila-
mentation phenotype observed during RNase E deficiency may
be mediated through this changed ratio. However, while the
imbalance of FtsZ/FtsA and the filamentation phenotype were
reversed by adventitious FtsZ expression, as expected, CFA
was not restored, indicating that the actions of RNase E in
maintaining a proper relative abundance of the FtsZ and FtsA
proteins is not the basis of RNase E essentiality. Additionally,
the observed ability of RNase G to confer CFA on an rne
deletion mutant without altering the cellular level of FtsZ or
eliminating FtsZ-induced filamentation further supports the
conclusion that FtsZ deficiency and the filamentation associ-
ated with it do not account for the nonviability of RNase
E-depleted E. coli. Immunoblot analysis showed that RNase
E-depleted bacteria carrying pMT177Z had a FtsZ/FtsA ratio
that resembled that of the parental rne� strain and that was
higher than the ratio observed in the RNase G-complemented
KSL2010 strain.

Takada et al. recently reported that artificial expression of
the FtsZ protein from a plasmid-borne ftsZ gene partially
suppressed the temperature sensitivity of an rne(Ts) mutant
strain and consequently concluded that a decreased cellular
level of FtsZ is responsible for the nonviability of RNase E-

FIG. 4. Effects of adventitious expression of ftsZ carried by the
pMT177Z plasmid on the bacterial growth rate in liquid culture and on
the CFA of rne deletion mutant strains. (A) Effects of ftsZ comple-
mentation on colony formation. KSL2000(pBAD-RNE) or MT2000
(recA� strain; pBAD-RNE) containing the pMT177Z plasmid were
grown to mid-log phase at 37°C in LB medium supplemented with
0.1% arabinose and antibiotics. After being washed with LB, the cells
were diluted (approximately 10�5) and the same volume of culture was
spread on LB plates containing or lacking 0.1% arabinose. The plates
were incubated at 37°C for 72 h. Colonies were seen on the plate con-
taining 0.1% arabinose after 12 h. (B) Effects of pMT177Z on cell growth
in strains also complemented by expression of full-length RNase E,
N-RNase E, or RNase G. N3433(pKAN7), KSL2000(pBAD-RNE),
KSL2009(pBAD-NRNE), and KSL2010(pBAD-RNG) containing either
the pACYC177 (pACYC177�kan for N3433) plasmid or the pMT177Z
plasmid were grown at 37°C in LB medium supplemented with arabinose
and antibiotics as indicated in Materials and Methods. Increases in cell
density were monitored by measuring the OD600. At time zero, the OD600
values of all cultures were adjusted to 0.1.
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deficient cells (40). Our results, which were obtained using an
rne deletion mutant, do not support this conclusion.

Whereas the growth rate of KSL2009 (N-RNase E) was
much higher than that of KSL2010 (RNase G), the CFU per
ml per OD600 unit of KSL2009 interestingly was similar to that
of KSL2010, indicating that the growth rate in liquid culture
does not necessarily quantitatively parallel the CFA. Addition-
ally, whereas concurrent overproduction of FtsZ and RNase G
in rne null mutant bacteria (KSL2010) reversed filamentation,
the lowered growth rate was unaffected and the observed CFU
per ml per OD600 was only 20% of the level seen for the
parental N3433 strain. Together, these data suggest that the
loss of CFA associated with rne deletion is not per se a con-
sequence of altered cell morphology.

Our results indicate that RNase E activity, as was speculated
by Cam et al. (5), is required to maintain a proper cellular ratio
of the FtsZ and FtsA proteins and further suggest that pertur-
bation of this ratio is a cause of the filamentation observed in
rne null mutant bacteria. While we additionally found that
adventitious production of FtsZ in RNase E-depleted cells
reverses the filamentation phenotype, restoration of a normal
cellular level of FtsZ and a proper FtsZ/FtsA ratio were not
sufficient to confer CFA on cells lacking RNase E.
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