JOURNAL OF BACTERIOLOGY, Feb. 2004, p. 880-884
0021-9193/04/$08.00+0 DOI: 10.1128/JB.186.3.880-884.2004

Vol. 186, No. 3

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Inhibiting Cell Division in Escherichia coli Has Little If Any Effect on
Gene Expression

S. J. Ryan Arends and David S. Weiss*
Department of Microbiology, University of lowa, Iowa City, lowa 52242

Received 19 August 2003/Accepted 28 October 2003

DNA microarrays were used to compare gene expression in dividing and nondividing (filamentous) cultures
of Escherichia coli. Although cells from these cultures differed profoundly in morphology, their gene expression
profiles were nearly identical. These results extend previous evidence that there is no division checkpoint in E.
coli, and progression through the cell cycle is not regulated by the transcription of different genes during

different parts of the cell cycle.

Cell division in Escherichia coli requires about a dozen pro-
teins, all of which localize to the midcell, where they direct
assembly of the division septum (Fig. 1) (for recent reviews, see
references 12, 24, and 30). Most of these proteins are named
Fts, for filamentation temperature sensitive. If any of these
proteins is rendered nonfunctional, as occurs when an ap-
propriate temperature-sensitive mutant is shifted to the non-
permissive temperature, the cells grow into long, aseptate
filaments with regularly spaced nucleoids. The filaments ul-
timately lyse, so blocking cell division is lethal. Nevertheless,
for several generations after the inhibition of cell division,
the only obvious effects are morphological-growth rate (as
assessed by mass increase), DNA replication, and chromo-
some segregation all appear to continue as if nothing has
happened.

Studies of protein localization in filaments formed after the
inactivation of the various division proteins indicate that these
proteins localize to the midcell in a defined order (Fig. 1). The
first is FtsZ, an abundant tubulin-like GTPase that forms a
contractile ring at the inner face of the cytoplasmic membrane.
FtsA, ZipA, and ZapA (14) bind directly to the Z ring and
probably localize as the ring is assembling. Subsequently,
FtsEX (3la), FtsK, FtsQ, FtsL/YbgQ (a probable het-
erodimer), FtsW, Ftsl, FtsN, and AmiC (3) join the septal ring
in that order.

The objectives of the studies described in this report were (i)
to determine whether E. coli can sense a failure to divide and
respond to the problem by changing gene expression, (ii) to
identify new division genes, and (iii) to identify cell cycle-
regulated genes, if any. We approached these objectives by
blocking cell division at an early (FtsZ) and a late (FtsI) step
in septal ring assembly. DNA microarrays were then used to
obtain transcriptional profiles of the resulting nondividing (fil-
amentous) populations and of control populations that were
dividing normally. Interestingly, only a few changes in gene
expression were observed. These changes were small and af-
fected characterized genes, none of which are related to cell
division. These findings argue against the existence of a divi-
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sion checkpoint or the cell cycle regulation of gene expression
in E. coli.

Transcriptional response to inhibition of septal ring con-
striction. In our initial experiments, we blocked cell division by
inhibiting FtsI (also called penicillin-binding protein 3, or
PBP3), a transpeptidase required for cross-linking of the pep-
tidoglycan cell wall during division (see reference 1 and refer-
ences therein). We inhibited Ftsl by treating growing cells with
aztreonam, an Ftsl-selective B-lactam antibiotic. Aztreonam
forms a covalent adduct with a serine residue in the transpep-
tidase catalytic site and thus prevents synthesis of septal pep-
tidoglycan (20, 28). Aztreonam does not prevent localization of
FtsI to the septal ring (37), nor does it prevent subsequent
recruitment of FtsN (M. Wissel and D. Weiss, unpublished
data). Thus, so far as is known, filamentous cells obtained by
aztreonam treatment contain assembled septal rings that are
unable to constrict, owing to the inactivation of FtsI. Whether
AmiC localizes under these conditions is not known and prob-
ably does not matter in the context of our experiment because
AmiC is not needed for constriction. Rather, AmiC is a pep-
tidoglycan hydrolase needed for the separation of daughter
cells after the division septum has formed (16).

The procedure for obtaining and analyzing “aztreonam fil-
aments” (i.e., filamentous cells obtained by aztreonam treat-
ment) was as follows. Our laboratory strain of E. coli MG1655,
called strain EC251, was inoculated into Luria-Bertani me-
dium and grown for about 6 h. This culture was then diluted
serially into culture tubes containing 5 ml of N™C™ minimal
medium (21) with 0.4% glucose as a carbon source and 10 mM
NH,CI as a nitrogen source and grown overnight at 37°C. The
next morning, a culture in exponential growth (optical density
at 600 nm [ODy,], ~0.5) was used to inoculate two 250-ml
baffle flasks, each containing 30 ml of prewarmed N C™ me-
dium, to an initial ODy, of 0.02. Cultures were grown at 37°C
and 210 rpm to an ODy, of 0.13, at which time aztreonam was
added to one of the flasks to a final concentration of 1 pg/ml.
To maintain the cells in exponential growth, cultures were
diluted 1:6 into 60 ml of prewarmed medium when the ODyy,
reached 0.4, and growth was continued until the ODg, re-
turned to 0.3. This density level corresponds to three to four
mass doublings after the addition of the aztreonam and was as
long as we could grow cells without observing lysis, which
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FIG. 1. Recruitment of proteins to the septal ring of E. coli. As-
sembly of the septal ring starts with formation of the FtsZ ring at the
midcell. The remaining proteins are then recruited in the order indi-
cated, with AmiC being the last. Proteins targeted for inhibition in this
study are boxed.

occurred after four to five mass doublings in the aztreonam-
treated culture (Fig. 2A). The inhibition of cell division had no
effect on the growth rate during the course of the experiment
(doubling time, approximately 60 min), but it had a profound
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FIG. 2. Effect of aztreonam (A) and sulA induction (B) on growth
and division. Insets show phase contrast micrographs of untreated and
treated cells. Cultures were maintained in exponential growth by dilu-
tion at the time indicated. ODj, values were adjusted to account for
this dilution and are therefore plotted as a continuous growth curve.
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effect on cell morphology. The length of the aztreonam-treated
cells was 43 = 4 pm (mean * standard deviation; n = 145),
compared to 2.7 = 0.1 pm (n = 150) for cells from the control
culture.

Cells were harvested and RNA was extracted as described
previously (42). Transcription profiles were obtained by using
the GeneChip E. coli Antisense Genome Array (Affymetrix,
Santa Clara, Calif.). The synthesis of cDNA, fragmentation,
labeling, and hybridization were done according to the Gene-
Chip expression analysis protocol from Affymetrix, except that
the amount of input RNA was increased to 15 pg. Hybridiza-
tions were performed overnight at 45°C with an Affymetrix
fluidic station. Arrays were scanned on a GeneArray Scanner
(Affymetrix) at 570 nm and a resolution of 3 pum.

We performed three biological replicates of this experiment.
Comprehensive transcript profiles are available at http://www
.medicine.uiowa.edu/WeissLab. We used software from Af-
fymetrix (Microarray Suite 5.0) to scale and normalize the
signal intensities and to calculate a signal log ratio for each
gene. This ratio is the increase (or decrease) in amount of
transcript relative to a baseline value, expressed as the log,
ratio. The baseline value in this case is the signal intensity for
each gene in untreated cells. The software also calculates
change calls and change P values (statistical significance for
change calls). Change calls indicate whether a gene exhibits
increased, decreased, or unchanged expression. They are based
on statistical criteria (17, 22). We used default parameters for
these calculations. To keep the list of genes whose expression
responds to blocking division with aztreonam from being arti-
ficially long, we considered only genes that had a statistically
significant change call in at least two of the three replicates.
These genes were then subjected to a Student’s ¢ test (Af-
fymetrix Data Mining Tools, version 3.0; default parameters)
to identify those with a statistically significant difference (P =
0.05) for dividing versus filamentous cells over all the three
replicates. Table 1 lists the genes that passed these statistical
tests and had an average log, ratio greater than 1.32 or less
than —1.32 (i.e.,, = 2.5-fold change). Genes that passed the
statistical tests but whose change in expression was <2.5-fold
are listed in the supplemental table at http://www.medicine
.uiowa.edu/WeissLab.

Only one gene was induced when cell division was blocked
with aztreonam: the gene wcaE was induced about 10-fold.
This gene is involved in capsule synthesis and resides in an
operon with several other capsule synthesis genes. Inspection
of the primary data revealed that expression of the other genes
in this operon also increased, although none achieved the
2.5-fold cutoff, implying that the induction observed for wcaE
is not an artifact. Because capsule synthesis is not required for
cell division, we doubt that induction of the wca operon is a
response to the failure to divide per se. Rather, capsule syn-
thesis is induced in response to desiccation, osmotic shock, and
a variety of lesions in the cell envelope (8, 9, 32). Since the
aztreonam filaments started to lyse shortly after they were
harvested (Fig. 2A), it seems likely that they already had en-
velope defects at the time of harvest.

Four genes were repressed by aztreonam treatment: gadA,
gadB, yhiE, and yhiD. All of these genes are associated with the
acid response (36). The gadA and gadB genes encode gluta-
mate decarboxylases (33), yhiE encodes a transcriptional acti-
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TABLE 1. Genes induced or repressed in filamentous cells

b no. Gene Description® Log, ratio”

Induced upon inhibition of FtsI function with aztreonam: b2005 weakl Colanic acid biosynthesis 3.43 +2.02
Repressed upon inhibition of FtsI function with aztreonam

b3517 gadA°© Glutamate decarboxylase isozyme —2.47%+0.29

b1493 gadB* Glutamate decarboxylase isozyme —-213£0.23

b3512 YhiE Transcriptional activator —2.13 = 0.64

b3508 yhid Putative transport ATPase —1.43 = 0.40
Induced upon inhibition of FtsZ function via expression of sul4: b3561 yiaH Putative membrane protein 1.77 = 0.81
Repressed upon inhibition of FtsZ function via expression of sulA4

b3512 YhiE Transcriptional activator —2.23 = 0.81

b3511 hdeD Putative membrane protein —2.23 038

b3506 slp Outer membrane protein —1.87 = 0.49

b3508 yhiD Putative transport ATPase —1.50 = 0.66

“ Gene descriptions are from the Affymetrix sequence information database and were updated with information from the Colibri and EcoGene databases (as of 15

August 2003).
® Mean * standard deviation for three independent experiments.

¢ Although gadA and gadB are 97% identical at the DNA level, Affymetrix asserts that their probe pairs distinguish between these genes.

vator that responds to low pH (26, 36), and yhiD encodes a
membrane protein of unknown function whose expression is
activated by yhiE. Inspection of the primary data revealed that
numerous other acid response genes were also down-regulated
but not sufficiently or consistently enough to satisfy all the
criteria for inclusion in Table 1. Why acid response genes were
slightly repressed in filamentous cells is a matter of conjecture.
We doubt that it has anything to do with pH, since the medium
was pH 7.1 at the time of harvest with and without aztreonam
treatment. A direct involvement in cell division seems unlikely
because null mutants have been characterized for each of these
genes (7, 25, 36), and none has been reported to be essential
for viability or to have a division phenotype. Curiously, changes
in expression (mostly induction) for these genes have been
observed in a bewildering array of transcriptional profiling
experiments, including studies of the responses to pH, acetate,
oxidative stress, nitrogen starvation, an antibiotic, trimethyl-
amine N-oxide, and growth as a biofilm (2, 4, 25, 26, 29, 39, 42).
Moreover, the acid response genes reside at the bottom of a
complex regulatory hierarchy that places them under the direct
or indirect control of HN-S, CAP, RpoS, EvgA, YdeO, YhiE,
and GadX (6, 26). We infer that expression of the acid re-
sponse genes is exquisitely sensitive to changes in cell physiol-
ogy, but these genes are not involved in cell division.
Transcriptional response to inhibition of septal ring assem-
bly. The first step in assembly of the septal ring is formation of
the FtsZ ring at the midcell. FtsZ ring assembly is highly
regulated. The MinCDE proteins along with nucleoid occlu-
sion direct the FtsZ ring to the midcell and control the timing
of FtsZ ring assembly (recently reviewed in reference 12). The
SulA protein also regulates FtsZ ring assembly. Ordinarily,
sulA is under lexA control and is induced in response to DNA
damage as part of the SOS response (18, 19). SulA binds to
FtsZ and prevents FtsZ ring assembly (10, 27, 35), thus stalling
division until DNA has been repaired. We used induction of
sulA to study the transcriptional response to an early defect in
assembly of the septal ring. To avoid complications associated
with the SOS response, we placed sul4 under the control of an
arabinose-inducible promoter, Py, (15). This procedure was
accomplished in the following steps. First, we deleted the ar-
aBAD operon from strain EC251 so that arabinose would be-

have as a gratuitous inducer rather than as a carbon and energy
source. The araBAD deletion was constructed by allele re-
placement with a Kan® cassette from plasmid pKD11 (11) that
had been amplified by PCR with primers P498 (5'-ATTGGC
TGTGGTTTTATACAGTCATTACTGCCCGTAATATGC
CTTCGCGtgtgtaggctggagetgette-3') and P499 (5'-TACCCGT
TTTTTTGGATGGAGTGAAACGATGGCGATTGCAATT
GGCCTCGCATATGAATATCCTCCTTAG). In the primer
sequences, uppercase letters denote homology to araB and
araD, respectively. Kan® derivatives of MG1655 were con-
firmed by PCR. The Kan" cassette was then excised as previ-
ously described (11) to create a markerless deletion. An isolate
was designated strain EC1097, which was confirmed by PCR
and by a failure to grow on minimal medium with arabinose as
a carbon and energy source. Separately, sul4 was cloned into
plasmid pBAD18-Kan (15) and integrated into the chromo-
some of strain EC251 at the A\ att site by NInCh (5). This
arabinose-inducible sul4 allele was moved into EC1097 by
P1-mediated transduction to create strain EC1098.

To obtain SulA filaments for DNA microarray studies, strain
EC1098 was grown in parallel in two flasks in N™C™ minimal
medium as described above except that the carbon source was
0.4% glycerol. Expression of sul4 was induced by the addition
of arabinose (0.2% final concentration), and growth was con-
tinued for three to four mass doublings (Fig. 2B), at which time
the cells were harvested and processed for DNA microarray
analysis. Induction of sul4 had no discernible effect on the
growth rate (doubling time, approximately 90 min), but at the
time of harvest, the arabinose-treated cells were 40 = 6 wm
long (n = 152), while the untreated cells were 2.7 = 0.1 pm
long (n = 186).

Blocking cell division by using arabinose to induce sulA
appeared to result in the induction of about 15 genes, most of
which clearly have nothing to do with cell division. For in-
stance, the most highly induced genes are known to be involved
in arabinose metabolism, as follows (fold inductions in paren-
theses): araE (60-fold), araF (50-fold), araHI (27-fold), and
araH2 (25-fold). In addition, sul4 was induced 30-fold. These
inductions make sense and validate our experimental proce-
dures. Some of the induced genes, such as ylcC (now cusC),
which was induced about 13-fold and is a component of a
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copper and silver ion efflux system (13), could not be dismissed
so easily. To distinguish between genes that responded to arab-
inose (or contaminants in the arabinose) and those that re-
sponded to the division block imposed by SulA, we performed
an arabinose-induction experiment with strain EC1097. This
strain is the parent of EC1098; it has the same araBAD dele-
tion but not a chromosomal copy of sul4 under Py, control.
Genes that responded to SulA were defined by the same cri-
teria used for the aztreonam-responsive genes above and, in
addition, had to show no response to arabinose alone (i.e., no
change in EC1097). Table 1 summarizes these genes. Genes
that did not pass all of the tests, including genes that appeared
to be induced or repressed by arabinose, are listed in the
supplemental table (http:/www.medicine.uiowa.edu/WeissLab).

Only one gene was induced upon inhibition of FtsZ ring
assembly by SulA: yiaH was induced threefold (Table 1). Even
this induction is somewhat suspect because yiaH was induced
1.6-fold in strain EC1097. The yiaH gene appears to encode a
331-amino-acid membrane protein of unknown function, al-
though amino-acids 1 to 167 of YiaH show 26% identity and
48% similarity to the VanT amino acid racemase from several
Enterococcus species.

Only four genes appeared to be specifically repressed by
SulA: yhiE, hdeD, slp, and yhiD. All of these genes are associ-
ated with the acid response, and two made the list of aztreo-
nam-repressed genes, yhiE and yhiD. Many other acid response
genes were also repressed but failed to meet all the criteria for
inclusion in Table 1. Several of these genes (e.g., gadB, xasA,
and hdeA) appeared to respond to arabinose rather than SulA,
because they were repressed more than twofold in strain
EC1097. Null mutants of yhiE, hdeD, slp, and yhiD have been
studied in two laboratories, neither of which reported a divi-
sion phenotype (25, 36). As discussed above in connection with
the aztreonam experiment, repression of the acid response
genes more likely reflects their extreme sensitivity to physio-
logical perturbations than their having a heretofore-unappre-
ciated role in cell division.

Conclusions. We have used DNA microarrays to compare
the gene expression profiles of dividing and nondividing (fila-
mentous) E. coli cells. Despite a profound difference in mor-
phology (~3 versus ~40 pm long), gene expression was nearly
identical in these two cell types; only eight genes exhibited
changes that were =2.5-fold and that met statistical criteria for
reproducibility. We doubt that any of these genes are truly
connected to cell division. The reasons differ from gene to gene
and are discussed in detail above but reflect the following
considerations: mutants are available and do not have a divi-
sion phenotype (wcaE and the acid response genes), the
change in expression was seen with only one method of inhib-
iting division (wcaE and yiaH), plausible alternative explana-
tions can account for the change in expression (wcaE and the
acid response genes), and similar changes were observed with
a treatment that did not inhibit division (arabinose induction
of yiaH and repression of several acid response genes in strain
EC1097). We did not attempt to confirm any of the observed
changes by an independent method such as real-time PCR,
because none of the changes in expression are likely to be
relevant to cell division.

What is the likelihood that we have overlooked important
changes in gene expression? In this context it is worth noting
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that we readily detected the induction of genes in the araC
regulon when we used arabinose induction of sul4 to prevent
cell division. We also consistently detected all of the known
division genes in these experiments, even though their expres-
sion did not change when cell division was inhibited. All of the
experiments were also performed with glass slide microarrays
(42), with essentially the same results, although the fold induc-
tion obtained from glass slides was about half that observed
with the Affymetrix chip. The Affymetrix software consistently
scored about 25% of the genes on the DNA chip as not
present, meaning the fluorescence signal was not above back-
ground. Presumably, these genes were not expressed in either
dividing or filamentous cells and, thus, had no change in ex-
pression, but we cannot exclude the possibility of changes from
one low level of expression to another. Finally, changes in
protein levels due to translational regulation or differential
proteolysis would not have been detected by DNA microar-
rays.

It has long been apparent that E. coli does not have a
division checkpoint that prevents the initiation of a new round
of chromosome replication until cytokinesis has occurred. In-
deed, the absence of such a checkpoint explains why inhibiting
division leads to the formation of long filaments with regularly
spaced nucleoids. Our study extends these observations by
showing that such filamentous cells fail to mount a subtler
response when division is blocked; E. coli neither elevates the
expression of genes that are needed for cell division nor lowers
the expression of genes needed for a subsequent cell cycle
event.

Our results also imply that no E. coli genes are expressed in
a division cycle-dependent manner. Otherwise, blocking cell
division should have trapped the population in a physiological
state where these genes were over- or underexpressed relative
to a population of cells that are cycling normally. Because the
cells employed in our studies were not synchronized for DNA
replication, the results say nothing about whether any genes
are transcribed periodically with respect to chromosome rep-
lication. Nevertheless, our findings are consistent with previous
evidence that orderly progression through the cell cycle ap-
pears to be achieved primarily by governing the activity rather
than the abundance of the relevant proteins (23, 34, 38, 40, 41).
In this regard, cell cycle regulation is strikingly different in E.
coli than in model eukaryotes and bacteria such as Caulobacter
crescentus (31), which not only regulate the activity of key
proteins but also have cell cycle-regulated gene expression and
checkpoint controls. These differences enable E. coli to engage
in multiple rounds of DNA replication simultaneously in the
same cell, which in turn confers a competitive advantage by
allowing for a faster growth rate.
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and the DNA core facility at the University of Iowa for help with
analysis of the Affymetrix chips.
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