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Alternative sigma factors allow bacteria to reprogram global transcription rapidly and to adapt to changes
in the environment. Here we report on growth- and cell division-dependent o> regulon activity in Escherichia
coli in batch culture. By analyzing o> expression in growing cells, an increase in o2 protein levels is observed
during the first round of cell division after exit from stationary phase. Increased o2 protein levels result from
transcriptional activation of the rpoH gene. After the first round of bulk cell division, rpoH transcript levels and
o2 protein levels decrease again. The late-logarithmic phase and the transition to stationary phase are
accompanied by a second increase in ¢>? levels and enhanced stability of o> protein but not by enhanced
transcription of rpoH. Throughout growth, o> target genes show expression patterns consistent with oscil-
lating o2 protein levels. However, during the transition to early-stationary phase, despite high > protein
levels, the transcription of o2 target genes is downregulated, suggesting functional inactivation of ¢ It is
deduced from these data that there may be a link between o2 regulon activity and cell division events. Further
support for this hypothesis is provided by the observation that in cells in which FtsZ is depleted, o> regulon

activation is suppressed.

In Escherichia coli the regulation of the o2 stress regulon,
induced by heat shock or other stress conditions, has been
extensively studied (15, 17, 31, 41). It is commonly accepted
that environmental cues, such as elevated temperature or other
conditions disturbing protein homeostasis, cause the accumu-
lation of misfolded proteins and lead to transcriptional activa-
tion of stress genes encoding heat shock proteins (HSPs).
HSPs are mainly chaperones and proteases that work in con-
cert to maintain the structural and functional integrity of all
living cells. To activate this response pathway, E. coli uses the
alternative sigma factor o2, which binds to core RNA poly-
merase to recognize o>2-specific promoters and initiate the
transcription of about 90 genes, e.g., dnak, groESL, and hslU
(27). Regulation of the heat shock response is accomplished at
different levels, affecting o> transcription, translation, protein
stability, and activity (10, 11, 20, 33, 34). Two major chaper-
ones, DnaK and GroEL, are involved not only in protein re-
folding/degradation but also in the regulation of ¢>2 (15, 34).
In the absence of cellular stress and when cells adapt to stress
conditions, DnaK and GroEL bind to o2 and mediate its rapid
degradation by the protease FtsH, a member of the AAA+
protease family (17, 33). Given the relatively slow degradation
of ¢®* by FtsH in vitro, the involvement of a still unknown
factor in chaperone-mediated o** degradation in vivo has been
postulated (39).

Many HSPs, such as GroEL (Hsp60) and DnaK (Hsp70),
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are essential for cellular survival under all growth conditions,
and it has been shown that o2 is essential for growth and cell
division above 20°C (42). Moreover, a temperature-sensitive
variant of ¢>? (35) displays cell division defects at the nonper-
missive temperature. Deletion of dnaK results in filamentous
growth (5, 19); overexpression of DnaK leads to a cell division
and growth defect (4). It has recently been shown that GroE-
depleted E. coli cells grow in filaments as a consequence of
impaired folding of the cell division protein FtsE (12). It has
also been proposed that GroEL localizes to a midcell position
in an FtsZ-dependent manner and has a role in cell division
(28). All these observations suggest a link between the o2
regulon and cell division.

However, activation of the heat shock regulon by cell divi-
sion has never been demonstrated in E. coli, in contrast to the
alphaproteobacterium Caulobacter crescentus, where expres-
sion of the groESL operon was found to be cell cycle controlled
(1). During the past few years, major advances in the knowl-
edge of prokaryotic cell division have been achieved (reviewed
in references 6, 30, and 37). A picture emerges that shows that
the process of prokaryotic cytokinesis is highly regulated and
requires the coordinated activity of cytoskeletal proteins that
guide the synthesis and rearrangements of the cell envelope,
including localized peptidoglycan synthesis (6, 30, 37). To shed
some light on a possible growth phase- and cell-cycle-depen-
dent activation of the o2 regulon in E. coli, we monitored the
levels of o** protein, the transcription of several ¢>*-depen-
dent genes, and the activity of the o**-controlled groESL pro-
moter. Our results show that the 02 regulon of E. coli is highly
responsive to growth phases and oscillates during exponential
growth. Our results further indicate that the first round of cell
division after exit from stationary phase triggers a transient
activation of the ¢ regulon by enhanced transcription of
rpoH. This activation occurs during cytokinesis, because we
found that o2 activation is suppressed by depletion of the
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essential tubulin-like cell division protein FtsZ. In late-expo-
nential phase, o2 protein is stabilized compared to its status
during early-logarithmic growth, leading to a second peak of
heat shock gene expression. When cells transit to stationary
phase, o°*-dependent genes are rapidly inactivated despite the
presence of high levels of full-length o protein. At this stage,
a stable degradation product of ¢** becomes apparent. Given
the fact that 0 is essential for the growth of E. coli at tem-
peratures that are physiologically relevant (e.g., 37°C), we pro-
pose that the activation of o> after exit from stationary phase
reactivates bacterial cells for normal progression through the
cell cycle. On the other hand, the transition to stationary phase
involves ¢ inactivation by a mechanism distinct from o>
degradation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The sequenced E. coli K-12 labora-
tory strain MG1655 (F~ N~ ilvG rfb-50 rph-1) (3) was used for quantitative
mRNA measurements and protein level determinations. For B-galactosidase
assays, the MC4100 derivative SR6618 [MC4100 & (groESL::lacZ)], equivalent to
SR4499 (20), generously provided by S. Raina, was used. Stationary-phase cul-
tures (optical density at 600 nm [ODgg], 2.5 to 3.5) of these strains were
obtained after growth for 20 to 24 h at 37°C in M9 minimal medium (26)
supplemented with 3 g/liter Casamino Acids, 5 mM MgSO,, and 0.2% glucose.
For all experiments, 10 ml of stationary-phase cultures in 100-ml Erlenmeyer
flasks was prepared. For all experiments, unless otherwise indicated, 200 ml
fresh, prewarmed M9 medium in a 1-liter Erlenmeyer flask was inoculated 1:30
with stationary-phase cells and incubated at 37°C in a shaking water bath (113
rpm). For B-galactosidase assays, 50-ml cultures were prepared. If appropriate,
10 pg/ml chloramphenicol or 5 wg/ml cefotaxime was added. For B-galactosidase
assays and the corresponding growth curves, 50 ml of M9 medium in a 300-ml
Erlenmeyer flask was inoculated 1:30 with stationary-phase cells.

Cell number determinations. Cells were fixed directly in growth medium with
2.8% formaldehyde and 0.04% glutaraldehyde and were stored at 4°C. Fixed
cells were counted using a CASY cell counter, model TTC (Innovatis AG,
Reutlingen, Germany) with a 45-pum capillary.

Microscopy and cell length analyses. Aliquots of the cultures were harvested
at the given time points by centrifugation. Cells were washed with PBS buffer
(200 mM sodium phosphate buffer [pH 7.2], 150 mM NaCl) and fixed with 2.8%
formaldehyde and 0.04% glutaraldehyde in PBS buffer for 15 min at room
temperature (8). Cells were washed three times with PBS buffer, resuspended in
an appropriate volume of PBS buffer, spotted onto glass slides coated with
poly-L-lysine (Sigma-Aldrich, St. Louis, MO), and incubated for 10 min before
the supernatant was removed. For phase-contrast microscopy, a Zeiss Axioscope
equipped with a 100X oil immersion objective was used. Cell lengths were
determined by analyzing phase-contrast images using the Metamorph (version
5.1) software package (Molecular Devices, Downingtown, PA).

Western blot analysis. Cells were harvested by centrifugation for 5 min at 4°C
and 4,200 X g. Whole-cell lysates were separated on 12.5% sodium dodecyl
sulfate (SDS)-polyacrylamide gels, and proteins were electrotransferred to an
Immobilon P nitrocellulose membrane (Millipore, Bedford, MA). Primary anti-
bodies against RNA polymerase subunits 62, ¢’%, and o were purchased from
Neoclone (Madison, WI) and used at a 1:2,000 dilution in 1X TST (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% Tween 20) containing 1% dry milk
powder. The FtsZ antibody was a kind gift from Tanneke Den Blaauwen. As a
secondary antibody, a peroxidase-conjugated antibody against mouse immuno-
globulin G (GE Healthcare, Little Chalfont, England) or against rabbit immu-
noglobulin G (Sigma-Aldrich, St. Louis, MO) was used at a 1:15,000 dilution, and
the Amersham ECL system (GE Healthcare, Little Chalfont, England) was used
for detection. Chemiluminescence signals were detected with AGFA Curix Ultra
UV-G X-ray film (Agfa-Gevaert, Mortsel, Belgium) and were quantitated using
a Molecular Dynamics densitometer and ImageQuant (version 5.1) software
(Molecular Dynamics, Sunnyvale, CA).

In vivo stability of o*2 The degradation of o in E. coli cultures was moni-
tored by Western blot analysis essentially as described previously (36). E. coli
MG1655 was grown at 37°C as described above for growth experiments, and at
the indicated time points (90, 180, and 210 min after inoculation), 200 pg/ml
chloramphenicol was added to aliquots (50 ml) of the culture to stop protein
synthesis. Cells were further incubated at 37°C, and 1.35-ml samples were taken
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TABLE 1. Oligonucleotides

Oligonucleotide Sequence

q-RT-PCR
groESL_fw.... CGATGGCTACGGTGTGAAAT
groESL _rev... AGTGTCGTGCGCGGATTA
rpoA_fw ... CCGAGGTTGAGATTGATGGT
IPOA_rev... CCTTTCAGGTTGAGCAGGAT
HEX_groESL.......cccccovviiiiinnnns 5'-HEX-TCCGAAAGCGACATT

CTGGCAATT-3'-BHQ-1

FAM_IpoA. ... 5'-FAM-ACAGCACCAAAGAA

GGCGTTCAGG-3'-BHO-1

Northern blotting
groEL_probe_fw ..o CCATCTCCGCTAACTCCGAC
groEL_probe_rev GCAACCACGCCTTCTTCTAC
dnaK_probe_fw GACGAACCCGCAAAACAC
dnaK_probe_rev TGACCACCAACGAGGATAAC

hslU_probe_fw AACAGTGTGTAAACGA
CGAG

hslU_probe_rev GGAAGAGATGACCAGCCAG

rpoH_probe_fw ...CCCAGTTATCATCTTCAA
TGCC

rpoH_probe_rev........cceeiienne GCAGCTAAAACGCTGATCC

Cloning

dicF_ecorl_fw.....cccoooveivivcnicnnes TAGAATTCGCCTGTCGTTAA
ATTTTCGTC

dicF_hind3_rev......ccccocovvvrrvnucnnes TAAAGCTTACACCAATTTCA
AAACAACCTTC

at 10- or 30-s intervals and immediately precipitated with 10% trichloroacetic
acid on ice for 30 min. After centrifugation for 15 min at 4°C and 14,000 X g, the
pellets were washed with acetone and resuspended in 1X FSB (0.12 M dithio-
threitol, 2% [wt/vol] SDS, 0.06 M Tris-HCI [pH 6.8], 8.7% [vol/vol] glycerol,
0.004% [wt/vol] bromophenol blue), and aliquots corresponding to 0.3 OD unit
were subjected to Western blot analysis with anti-o>2 as described above.

RNA isolation. At the given time points after inoculation, cells were harvested
by centrifugation at 4°C for 4 min and 4,200 X g, quickly frozen in liquid nitrogen,
and subsequently stored at —70°C. Total RNA was isolated with the RNeasy
minikit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol.
RNA concentrations were determined photometrically.

Northern blot analyses. Northern blot analysis was performed as described
previously (40). In brief, 5 ug total RNA was denatured at 65°C in loading buffer
containing formaldehyde and ethidium bromide, separated on a 1.2% agarose
gel, and transferred to an Amersham Hybond-N membrane (GE Healthcare,
Little Chalfont, England). Hybridization was performed with alkali-labile digoxi-
genin-11-dUTP-labeled probes diluted in DIG Easy Hyb (Roche Applied Sci-
ence, Penzberg, Germany) according to the manufacturer’s protocol. The oligo-
nucleotides for PCR synthesis of the probes are listed in Table 1. After
hybridization at 50°C, detection was performed using an alkaline phosphatase-
conjugated anti-digoxigenin Fab fragment and ready-to-use CSPD (Roche Ap-
plied Science, Penzberg, Germany) as a substrate for the alkaline phosphatase.
Chemiluminescence signals were detected with AGFA Curix Ultra UV-G X-ray
film (Agfa-Gevaert, Mortsel, Belgium) and quantitated using a Molecular Dy-
namics densitometer and ImageQuant (version 5.1) software (Molecular Dynam-
ics, Sunnyvale, CA).

g-RT-PCR. Quantitative reverse transcription real-time PCR (q-RT-PCR)
analysis of total RNA was performed in a RotorGene 6000 machine (Corbett
Life Science, Sydney, Australia) using the SensiMix one-step kit (Quantace,
London, United Kingdom) in combination with the dually labeled oligonucleo-
tide probes (with 6-carboxyfluorescein [FAM] or 6-carboxy-1,4-dichloro-
2'.4',5",7'-tetra-chlorofluorescein (HEX) at the 5’ end and black hole quencher
1 (BHQ-1) at the 3’ end) listed in Table 1. For primer and probe design, Primer3
software, which is available online (http:/frodo.wi.mit.edu/cgi-bin/primer3
/primer3_www.cgi) (29), was used. Two sets of primers/probes were used in one
reaction, with one probe labeled with FAM and the other with HEX. Total RNA
was isolated as described for Northern blot analyses. To remove traces of DNA,
DNase I digestion was performed. One microgram of total RNA was incubated
for 30 min at 37°C with 1 U DNase I (Fermentas, Burlington, Canada) in the
appropriate buffer with MgCl,. The incubation was stopped by the addition of
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FIG. 1. Growth characteristics of a batch culture of E. coli
MG1655. Late-stationary-phase cells grown in M9 minimal medium at
37°C for at least 20 h were taken and inoculated into fresh, prewarmed
M9 medium. (A) Growth curves showing increases in cell mass
(ODyg) and in cell numbers (cells/ml) as determined by counting cells
in a cell counter. Data shown are averages for at least three indepen-
dent experiments. (B) Box-and-whisker plot representing cell length
distributions. Cell lengths were determined by morphometric analyses
of phase-contrast microscopic images. At least 150 cells were measured
per time point. Boxes represent the cell length distribution of 50% of
all measured cells; horizontal lines within boxes represent median cell
lengths. After a short lag phase of approximately 15 min, cells start to
grow and elongate. Cell lengths reach a maximum at 90 min, reflecting
the time point before the majority of the cells divide for the first time
(between 90 and 105 min). The 165-min time point marks the end of
exponential growth and the beginning of the transition to stationary
phase. S, stationary phase.

EDTA to a final concentration of 2.5 mM and further incubation at 65°C for 10
min. q-RT PCR was performed in a total volume of 10 pl containing 4 ng of
DNase I-treated RNA, the 2X SensiMix one-step mix, 5 mM MgCl,, 200 nM
each primer, 100 nM each probe, and 2 U of RNase inhibitor. Relative mRNA
concentrations, representing the change in gene expression compared to expres-
sion at a selected time point, were determined using the 2727 method as
described elsewhere (23). In short, the threshold cycle (C;) of stationary-phase
samples was subtracted from the C; of each time point, resulting in —AC.
Relative concentrations were calculated as 2747,

B-Galactosidase assays. The B-galactosidase activity of strain SR6618 was
determined by the method in reference 26, with the modifications described in
reference 40. Kinetic measurements to determine the change in optical density at
420 nm multiplied by 1,000 per min per ODgyo unit (AmOD,,,/min/ODg)
during the linear increase in absorption were taken in 96-well microtiter plates
using a Bio-Rad microplate reader, model 550 (Bio-Rad Laboratories, Hercules,
CA).

Cloning of dicF. The DNA sequence encoding the DicF antisense RNA was
PCR amplified from the MG1655 genome (GenBank accession no. U00096;
region 1647239 to 1647689) using oligonucleotides dicF_ecorl_fw and
dicF_hind3_rev, listed in Table 1. The dicF sequence was ligated into plasmid
pGZ119EH (22) at the EcoRI and HindIII restriction sites, resulting in plasmid
pGZdicF. Transcription of DicF antisense RNA was induced from the tac pro-
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FIG. 2. ¢*%, ¢’ and o protein levels during a growth cycle of E.

coli MG1655 in M9 medium. (A) Cells were harvested at the indicated
time points, and whole-cell lysates corresponding to 0.2 ODg, unit

(~3 X 10® cells) were subjected to SDS-polyacrylamide gel electro-

phoresis and Western blotting with antibodies specific for o2, ¢”°, or

¢°. Increased amounts of o are detectable at 60 to 90 min and again
at 165 min and later. o’° protein levels show a distinctly different
pattern, remaining similar throughout the growth cycle. The appear-
ance of ¢ correlates with the transition to stationary phase and
reaches a maximum at 195 min. (B) For quantification, Western blot
signals were normalized to the amount of protein loaded. Bars repre-
sent the relative abundances of ¢** and ¢’°. S, stationary phase.

moter by the addition of 70 pM isopropyl-B-p-thiogalactopyranoside (IPTG) to
the growth medium.

RESULTS

o2 protein levels during the growth cycle of E. coli. To gain
insight into the role of the alternative sigma factor ¢ in cells
grown in batch cultures under nonstress conditions, we asked if

2 responds to changes in the physiological status of the cells
and if its level varies during the growth cycle. The growth
characteristics and cell lengths of E. coli MG1655 grown in
minimal medium at 37°C were determined (Fig. 1). During a
relatively short period, the number of cells doubled from 1 X
10® per ml to 2 X 10% per ml (Fig. 1 A, 75 min and 105 min,
respectively), suggesting that at 105 min, most cells had com-
pleted the first round of cell division after exit from stationary
phase. This conclusion is corroborated by the fact that cell
lengths increased only until 90 min and then decreased sharply
by 105 min (Fig. 1B). A logarithmic increase in the cell mass,
with a doubling time of 50 min, was observed until 165 min.
The transition to stationary phase began after 165 min and was
accompanied by a decline in the growth rate, the appearance of
o° (Fig. 2), longer generation times, and continuous shortening
of cells (Fig. 1; see also Fig. S1 in the supplemental material).

To determine o2 protein levels, cells were harvested at
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different time points during the growth cycle and whole-cell
lysates were subjected to Western blot analysis (Fig. 2A). In
the stationary and early-logarithmic phases, no o> protein, or
very little, could be detected. At 90 min, ¢>* abundance had
increased at least fourfold over that at 30 min. Note that at 90
min, average cell lengths reached a maximum, suggesting that
most cells were in a stage just prior to cell separation. This
observation suggested that cell division after exit from station-
ary phase has an impact on the o>? stress response pathway.
After the first 02 peak, the o2 protein level decreased during
continuing logarithmic growth (and following cell divisions). A
second peak in ¢>? abundance was reached at 165 min, corre-
sponding to the end of logarithmic phase. During the transition
to stationary phase, cell growth slowed down, but cell numbers
still increased (Fig. 1A). o>2 protein levels gradually increased
during further progression into stationary phase. Interestingly,
a degradation intermediate of o** appeared. We termed this
stable degradation intermediate RpoH™* (Fig. 2A). In addition
to the examination of o2 levels, we monitored ¢’°, the house-
keeping sigma factor in E. coli, to rule out any general effect of
growth phases on protein levels. In contrast to those of o>,
levels of o7 did not oscillate during logarithmic growth (Fig.
2A). Quantification of the signals obtained by Western blotting
demonstrated that ¢’° protein levels increased by a factor of 2
to 3 after the first round of cell division and then diminished
when the cells entered stationary phase (Fig. 2B). As expected,
and as shown by others (21, 38), the stationary-phase-specific
sigma factor o° appeared only during the transition to station-
ary phase or in stationary phase (Fig. 2A). To show that the
observed activation-and-inactivation pattern of o>* was depen-
dent on growth phases, but not on the growth rate, a time
course experiment similar to that described above was per-
formed in M9 minimal medium at 30°C (see Fig. S2 in the
supplemental material). Despite a much longer doubling time
(~100 min), o> was barely detectable in freshly inoculated
cells that were growing but not yet dividing. o2 abundance
increased at the time when the first round of cell division was
proceeding. Again, the transition to stationary phase was ac-
companied by increased o°* levels and the appearance of a
stable degradation intermediate of ¢>%. From the results de-
scribed above, we conclude that ¢** not only responds to stress
stimuli, such as heat, but is subjected to growth phase- and cell
division-dependent regulation.

The transcription of rpoH is upregulated during the first
round of cell division. To elucidate if the increased steady-state
level of o2 during the first round of cell division after exit from
stationary phase is a result of increased transcription of rpoH
or enhanced stability of 02, we measured the abundance of
rpoH transcripts and the stability of the o2 protein (Fig. 3).
Northern blot analysis with rpoH-specific probes revealed a
three- to fivefold increase in the rpoH mRNA level during cell
division (90 min) over that in predivisional cells (30 min) (Fig.
3A). Since during heat shock, transcriptional activation of the
rpoH promoters plays a minor role but ¢** activation is
achieved mainly through increased o> stability (31), we also
investigated whether o> protein stability was enhanced. This
was done by measuring > protein half-lives after inhibition of
protein synthesis (Fig. 3B and C). Surprisingly, calculated half-
lives were extremely short (15 s for 90-min cultures). Thus, our
results indicate that the increase in o levels observed during
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FIG. 3. (A) rpoH mRNA levels. Total RNA was isolated from E.
coli MG1655 at the indicated time points (in minutes) during a growth
cycle, and Northern blot analysis was performed. Analysis of 23S
rRNA, used as a loading control, is shown in the lower panel. For
quantification, rpoH signals were normalized to the amount of RNA
loaded. Numbers at the bottom represent the rpoH mRNA level at
each time point relative to the level at 120 min. S, stationary phase. (B
and C) ¢* protein stability. (B) ¢°* degradation after inhibition of
protein synthesis. Aliquots from 90- and 180-min cultures were taken
at the indicated time points (seconds) after inhibition of protein syn-
thesis. 0> was detected by Western blotting. A star (%) marks the
stable degradation product of 2. (C) Amounts of ¢ plotted versus
time. Values were used to determine the half-lives (¢;,,) of o™ in cells
from 90-min and 180-min cultures.

the first round of cell division after the exit from stationary
phase results not from protein stabilization but from transcrip-
tional activation of rpoH. Elevated o> levels during the tran-
sition to stationary phase most likely are due to increased o>*
protein stability. The half-life of ¢>* at 180 min (30 s) was
found to be double that at 90 min (Fig. 3B and C).
Transcription of ¢>?-dependent stress genes during the
growth cycle of E. coli. Increased levels of 32 protein in E. coli
cells should lead to increased transcription from ¢>-depen-
dent promoters. To investigate the activity of o2 during the
growth cycle, we monitored the transcription of representative
members of the o2 regulon. Total RNA was isolated from E.
coli MG1655 cells, grown as described above, at different time
points, and Northern blot analyses with specific probes were
performed to detect o>*-dependent mRNAs. As can be seen in
Fig. 4, the levels of groESL, dnaK, and hs/lU mRNAs mirror the
levels of o2 during growth except when the cells transit to
stationary phase (see below). During late-stationary phase and
up to 30 min after inoculation, the tested mRNAs were not
detectable except for a faint signal corresponding to dnakK
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FIG. 4. Growth cycle-dependent oscillation of mRNA levels of o>-
controlled genes in E. coli MG1655. (A) Total RNA was isolated at the
given time points and analyzed by Northern blotting. groESL, dnaKk,
and hs/lU mRNAs show similar fluctuation patterns during the course
of the growth experiment. Transcript levels are low or below the
detection limit in stationary phase, and an increase in the abundance of
each transcript can be observed at 45 min, with a first peak at 75 to 90
min. After a decline with a minimum at 120 min, concomitant with the
completion of the first round of cell division by most cells in the
culture, a second peak appears at 150 min. The transition to stationary
phase and the following reduction in cell division activity are accom-
panied by a marked reduction in transcript levels. 23S rRNA from the
ethidium bromide-stained agarose gel is shown as a loading control.
(B) Graphical representation of quantitated mRNA levels, showing
the oscillation of the levels of o*>-dependent transcripts. The level of
each mRNA at 120 min was set to 1. Experiments performed at least
in triplicate produced similar results; one representative result is
shown. S, stationary phase.

mRNA in stationary phase. The first signals corresponding to
groESL, dnaK, and hslU mRNAs could be seen from 45 to 60
min, followed by pronounced increases at 75 min, correspond-
ing to the onset of cell division after exit from stationary phase
(Fig. 4A). Quantification of Northern blots revealed a three- to
fourfold increase in the level of groESL mRNA in cells that
had started to divide (75 min and 90 min) over that in cells
prior to cell division (Fig. 4B). This burst in o>*-dependent
mRNA levels occurred simultaneously with the three- to four-
fold increase in the level of o protein (Fig. 2), indicating that
the increased transcription of the o> regulon is a direct con-
sequence of increased o>2 levels. At 120 min, the time when
most cells had completed the first round of cell division,
mRNA dropped to levels comparable to those observed in
predivisional cells. Again, this decrease corresponds well to the
observed low level of % at 120 min. A second maximum was
reached at 150 min and continued until 180 min, when cells
transited to stationary phase. All mRNA levels measured de-
creased at 195 min and became undetectable at 360 min. Until
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FIG. 5. g-RT-PCR analysis of mRNA levels of - and o>*-regu-
lated genes in E. coli MG1655 shows that the observed oscillation
pattern is specific for o>*regulated genes. Total RNA was isolated at
the time points shown. q-RT-PCR was performed, and the change in
gene expression relative to that in stationary phase was calculated. The
expression levels of rpoA (¢7° dependent) and groESL (o> dependent)
mRNAs were distinctly different. A nutritional upshift caused an up-
regulation of rpoA expression (30 min, compared to stationary phase)
whereas groESL expression was not affected by a nutritional upshift
but oscillated in a pattern that correlated with cell division events. S,
stationary phase.

180 min, a good correlation exists between o>2 protein levels
and o>2-dependent mRNA levels. However, beginning with
195 min, mRNA levels of o**-dependent genes and o2 protein
levels diverged (compare Fig. 2 and 4). Whereas the transcrip-
tion of o*-dependent genes dropped markedly, o2 protein
levels remained high. These findings suggest that during early-
stationary phase, o> protein is present as a more stable yet
functionally inactive form. There are several possibilities for
how o2 may become inactivated in early-stationary phase (see
Discussion).

To confirm that the observed expression pattern of ¢>2-
dependent genes was specific, we determined the expression of
a o’%-dependent gene. For that purpose, we chose the ¢’°-
controlled gene rpoA, which encodes the RNA polymerase o
subunit. By using q-RT-PCR, the relative expression of rpoA
mRNA was determined and compared to the o**-dependent
expression of groESL mRNA. As can be seen in Fig. 5, rpoA
and groESL showed completely different expression patterns.
rpoA mRNA was highly induced as early as 30 min after inoc-
ulation into fresh medium (about 40-fold compared to station-
ary phase). We interpreted this as a response to the nutritional
upshift and the concomitant burst of metabolic activity. Most
notably, at that time point, o°>-dependent groESL mRNA lev-
els were still very low, close to the levels observed during
stationary phase. At later time points, the rpo4A mRNA level
decreased gradually during growth, in sharp contrast to the
oscillating pattern determined for groESL mRNA. During the
transition to stationary phase (180 min), mRNA levels dimin-
ished further and finally reached stationary-phase levels (Fig.
5). This result shows that the observed growth phase-depen-
dent expression pattern of o** regulon members is specific
and—during exponential phase—completely different from the
expression pattern of a typical o’°-dependent gene. Activation
of the o2 regulon occurs at the time when cells start to divide
after recovery from stationary phase, followed by reduced o2
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FIG. 6. Transcriptional activation of the o*?-controlled groESL
promoter. Expression from the groESL promoter was determined us-
ing the E. coli groESL::lacZ reporter strain SR6618 and B-galactosi-
dase assays. A significant increase in -galactosidase levels (A) (P <
0.05) was observed between 60 and 90 min. Cell division was moni-
tored by determination of cell counts (x) (cells/ml). Promoter activity
is given as AmOD,/min/ODy,,. Means and standard deviations for
three independent experiments, with each sample measured in dupli-
cate, are plotted.

activity after the first round of cell division and a second acti-
vation during late-exponential phase.

Activation of the o**-dependent groESL promoter. To di-
rectly monitor the activation of a well-characterized o>2-de-
pendent promoter, we used E. coli SR6618, a strain with a
chromosomally integrated groESL::lacZ-fusion (20). groESL
promoter activity was found to be very low from 15 to 60 min
after cells were inoculated into fresh medium (Fig. 6). Ninety
minutes after inoculation, groESL promoter activity increased
two- to threefold, corresponding to the initiation of cell divi-
sion in these cultures. This finding further confirmed our con-
clusions that the high mRNA levels of groESL (and of the
other heat shock gene mRNAs investigated) that we observed
during the first round of cell division after exit from stationary
phase resulted from increased transcription from ¢-depen-
dent promoters. B-Galactosidase activity increased further un-
til the transition into stationary phase. Consistent with reduced
o> levels and reduced mRNA levels of o>*-controlled genes, a
reduction in B-galactosidase activity was observed during early
stationary phase. In contrast to the dynamic changes in
groESL, dnaK, and hsiU mRNA levels, the comparatively long
half-life of the reporter enzyme B-galactosidase did not allow
oscillations in promoter activity to be detected. Nevertheless, a
first burst of promoter activity during the first round of cell
division after exit from stationary phase and a second burst at
the end of exponential growth can be clearly seen.

Depletion of FtsZ completely abolishes the activation of the
o> regulon. Since the activation of the o> regulon coincided
with the start of cell division, we reasoned that cell division
itself is the “stress signal” for the o> stress response. We
predicted that inhibition of cell division would reduce or even
abolish this cytoplasmic stress response. To test this hypothe-
sis, we inhibited cell division at an early stage. This was ac-
complished through depletion of FtsZ, a tubulin-like cytoskel-
etal protein that is essential for the formation of the divisome
(14, 24). FtsZ was depleted using the antisense RNA DicF,
which inhibits the translation of ftsZ mRNA (32). As expected,
expression of dicF from a plasmid with an inducible promoter
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FIG. 7. Inhibition of an early step in cell division abolishes the

o2-dependent stress response in E. coli. (A) Steady-state levels of

0%, FtsZ, and o’® proteins in cells expressing DicF antisense

RNA (+) and in control cells with the vector (c) or the uninduced
plasmid (=) were compared by Western blotting. As a loading
control, a section of the Coomassie-stained gel (Co) is shown.
(B) The activities of the o**-dependent groESL promoter in SR6618
expressing DicF from plasmid pGZdicF to deplete FtsZ, compared
to those in controls, are shown. A, pGZdicF induced with 70 pM
IPTG; A, pGZdicF without IPTG; [, pGZ119EH (vector control)
with 70 uM IPTG. (C) Inhibition of o*? by DicF expression in
asynchronously growing cells. MG1665 harboring pGZdicF or
pGZ119EH (control) was inoculated to an ODy, of 0.01 and grown
to early-logarithmic phase (ODgqy, ~0.1). IPTG was added to in-
duce DicF expression, and samples taken before (0) and after the
addition of IPTG were analyzed by Western blotting.

led to cell division inhibition and filamentous growth. The
filaments contained multiple clearly separated nucleoids (see
Fig. S3 in the supplemental material), showing that neither
DNA replication nor chromosome segregation nor elongation
of cells was blocked in cells depleted of FtsZ. As expected,
Western blot analysis demonstrated a specific reduction in
FtsZ protein levels in cells expressing DicF antisense RNA
(Fig. 7A). Concomitant with reduced FtsZ levels and a block in
cell division, we observed that o2 protein was not detectable at
90 min or at 120 min (Fig. 7A). Due to low basal expression of
DicF, which is in good agreement with the lower FtsZ levels in
the uninduced control (Fig. 7A), the ¢ response was not
completely suppressed but delayed. The unchanged o’ levels
show that the observed effect was specific for o2 In accor-
dance with the absence of 02, no increase in promoter activity
in the groESL::lacZ fusion strain SR6618 was detectable when
dicF expression was induced (Fig. 7B). Basal expression led to
a delay in groESL promoter activation, confirming the Western
blot data. In contrast, transcription of a ¢’°-controlled gene
(rpoA) was not affected by the expression of DicF antisense
RNA (data not shown). Our results indicate that FtsZ accu-
mulation, subsequent FtsZ ring formation, or FtsZ ring con-
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striction triggers o2 activation. To corroborate the effect of
FtsZ depletion, we carried out an experiment in which we
induced the expression of DicF during exponential growth.
Figure 7C shows that ¢*? levels after induction of DicF in
asynchronously growing cells gradually decrease with time. Fi-
nally, after 120 min, o> is not detectable. Inhibition of cell
division in these cultures was confirmed by light microscopy.
Cells did not divide but formed filaments after the addition of
the inducer (data not shown). This result shows that inhibition
of cell division during exponential growth by FtsZ depletion
also leads to a specific reduction in o levels.

DISCUSSION

The o2 response described here—-a transient activation of
the o** regulon during cell division after exit from stationary
phase in the bacterium E. coli—is reminiscent of cell cycle-
dependent oscillations of regulators and stress proteins in Cau-
lobacter crescentus (18, 25). Hence, HSP activation during cell
division may be a common theme among prokaryotic and eu-
karyotic organisms. In gram-negative bacteria, heat shock
regulon activation during cell division after exit from stationary
phase may ensure that the cellular supply of chaperones and
other HSPs is sufficient to sustain the necessary rearrange-
ments, which occur mainly in the bacterial cell envelope. The
reported cell division defects caused by o2 and HSP mutations
support the idea that HSPs are important factors for progres-
sion through certain steps of cell division in E. coli. A direct
involvement of GroEL in the folding of the cell division pro-
tein FtsE has been reported recently (12). In addition, it was
shown in early investigations on o** that an rpoH deletion
strain develops filaments at normal growth temperatures (42),
indicating a requirement for the heat shock sigma factor during
cell division. GroEL, which is essential under all growth con-
ditions, also confers a filamentous phenotype when depleted
(12) or mutated (7). In addition, FtsZ-dependent localization
of GroEL at the division site (28) may suggest that chaperones
of the ¢ regulon are involved in the assembly of the cyto-
plasmic part of the divisome. We show here that FtsZ deple-
tion suppresses the activation of the o°2 regulon. This finding
again points to cell division as a key in triggering the ¢*
regulon. FtsZ is an essential tubulin-like cell division protein
that is found in almost all bacterial species. In rod-shaped cells,
FtsZ polymerizes after chromosome replication and segrega-
tion at the cytoplasmic membrane at midcell and forms a ring
structure, the Z-ring (2). The E. coli Z-ring acts as a scaffold
for at least 10 additional proteins that assemble into a cytoki-
netic machinery, the divisome (13). Our observations suggest
that the divisome at some stage generates a signal that is
transmitted to the o> regulon. Since our analyses of the half-
life of 02 during the first round of cell division at 90 min did
not reveal increased stability compared to that of heat-shocked
cells or to that at later time points, we concluded that the
observed increased transcription of rpoH is mainly responsible
for increased o levels during cell division after exit from
stationary phase. Since transcription from the rpoH P1 pro-
moter is positively affected by phosphorylated CpxR (40) and
transcription from the P3 promoter is strictly o& dependent
(9), transcriptional activation of both promoters elicited by
cytokinetically induced envelope stress could account for the
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increased rpoH mRNA levels during cell division. This hypoth-
esis, however, remains to be tested.

A second important observation is the functional inactiva-
tion of o2 when cells in the batch culture transit to stationary
phase. Despite high o> levels, transcription of o°*-dependent
genes rapidly diminishes to low levels. Functional inactivation
of ¢ can be achieved by sequestration by the chaperonin
DnaK, which binds with high affinity to ¢>2, or by phosphory-
lation of 032 (20, 34). Alternatively, the observed stable trun-
cated fragment of o2, which lacks approximately 60 N-termi-
nal amino acids (unpublished observations), may interfere with
the function of full-length ¢*2. Functional inactivation of o>
coincides with the appearance of ¢, the sigma factor that
governs the transcription of genes during stationary phase (16).
Further investigations in our laboratory are aimed at under-
standing how ¢ is functionally inactivated during this transi-
tion phase from growing and dividing to nongrowing and non-
dividing cells.
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