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INTRODUCTION

Cells respond to a variety of signals, adapting their behavior
and pattern of gene expression as a function of the situation. In
Escherichia coli, the reactions to environmental stresses—heat
shock, starvation, and the like—have been termed global re-
sponses. During gradual changes, such as the transition from
exponential to stationary phase in complex medium, E. coli
gradually adjusts its gene expression and reduces cell size. In
addition to signals from the environment, cells also respond to
internal signals that allow them to evaluate their physiological
state, coordinate their biosynthetic capacities, and determine
their readiness to proceed through the cell cycle. Little is
known about the nature of these internal signals, although they
clearly play a major role in establishing the homeostatic con-
trols and checkpoints that make for balanced growth and a
harmonious cell cycle. Cell division, the most visible outward
sign of equilibrated growth, is tightly regulated. During bal-
anced growth in given culture conditions, E. coli cells all divide
at virtually the same size, but the actual value of this mass is a
strong function of the richness of the medium, larger when
growth is faster, with up to a 10-fold difference in division mass
between very rich and very poor media. In the present review
we examine the evidence that the nucleotide ppGpp (guano-
sine-5',3'-bis-pyrophosphate), first identified as a signal of
amino acid starvation, is also involved in cell division regulation.

When wild-type E. coli cells are starved for an amino acid,
they quickly arrest the synthesis of stable RNA. The effector of
this stringent response is the nucleotide ppGpp, synthesized on
stalled ribosomes by the RelA protein (10). This nucleotide
interacts with RNA polymerase to reduce transcription initia-
tion at the promoters of “stringent” operons, including those
coding for rRNA and tRNA. The nucleotide ppGpp is also
synthesized when the cell is starved for carbon or phosphate. In
these circumstances, the active synthetase is the SpoT protein,
an interesting bifunctional enzyme which has overlapping syn-
thetase and hydrolase domains (23). However, the role of
ppGpp is not limited to stress conditions. It is a positive tran-
scriptional effector of a number of operons, including some
coding for amino acid biosynthetic enzymes. In addition, dur-
ing steady-state growth the ppGpp pool, together with ATP
and GTP (20), may contribute to homeostatic regulation of the
ribosome concentration, adjusting it to the cell’s ability to
produce aminoacyl-tRNA.

It has been suggested that ppGpp might play a role in rep-
lication initiation (10). More recently, several observations
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have hinted at a role for ppGpp in the regulation of cell
division as well. First, cells entirely lacking ppGpp tend to
filament (63), suggesting a division-promoting role for the nu-
cleotide. A second argument has emerged from studies of
penicillin-binding protein 2 (PBP2). E. coli cells, constrained
by their rigid peptidoglycan layer, are rod shaped. PBP2, one of
the enzymes responsible for the polymerization and insertion
of new glycan chains, is required for maintenance of the rod
shape (53). When PBP2 activity is inhibited, either genetically
or by the specific B-lactam mecillinam, cells become spherical.
In rich medium, these spheres stop dividing, increase in diam-
eter, and ultimately die (58). Division in the absence of PBP2
activity can be restored either by increasing the concentration
of the cell division proteins FtsQ, FtsA, and FtsZ (42, 58) or,
surprisingly, by increasing the ppGpp concentration (33, 57).
Since ppGpp is known principally as a transcriptional effector,
a simple hypothesis was that it stimulates the transcription of
the ftsQAZ operon (58). We examine below the complex reg-
ulation of this operon and show that, although ppGpp is clearly
involved in division regulation, this simple hypothesis does not
explain the extant data.

Of all cell division proteins identified to date in bacteria, the
best known is unquestionably FtsZ. This GTP-hydrolyzing tu-
bulin-like protein, found in eubacteria, archeebacteria, and eu-
karyotic organelles, polymerizes in the presence of GTP (or
GDP) to form a ring-like structure at midcell, associated with
the cytoplasmic membrane (17, 35). The ring constricts as the
septum is synthesized, after which it depolymerizes. Several
other division proteins are recruited to the FtsZ ring; these
include FtsA (2, 37), ZipA (28), FtsI (PBP3) (59, 62), FtsN (1),
FtsW (59), and FtsK (60, 65). The FtsZ/FtsA ratio, approxi-
mately 50:1 (36), is important in order for septation to take
place: an excess of either protein results in a division block that
is relieved by simultaneous amplification of the other (12, 13).
In contrast, excess FtsQ, whose function remains to be deter-
mined, does not affect division (9).

The FtsZ protein acts early in septation and is required
throughout the process. In its absence, no midcell ring is
formed; although another protein may be required to trigger
FtsZ polymerization and ring formation, it has not been iden-
tified. E. coli itself seems to consider the FtsZ step the com-
mitment to division, since FtsZ activity or synthesis is the target
of seven endogenous division inhibitors (SulA, SfiC, MinC-
MinD, DicB-MinD, Kil"*“, DicF, and StfZ).

TRANSCRIPTION OF THE ftsQAZ OPERON

The ftsZ gene lies just downstream of ftsQ and fts4 in a
complex operon with a number of promoters (Fig. 1), located
at 2 min on the E. coli map. Two promoters upstream of ftsQ
(pQ2 and pQ1) transcribe the entire operon, and three within
ftsA (pZA4, pZ3, and pZ2) transcribe only ftsZ (4). A promoter



10 MINIREVIEW

mrall rtsi murF. murl murG ddiB rtsfA envA
mraZ ftsL murkE mra¥ resiy murC  ftsQ ftsZ
A AL A A Iy Iy I\ Y I\ | EY
L4 L4 r r L4 L4 r L4 L 4 |4 T
Skb I;Eﬂ
a1
p?

pmra Lpa2 L.penuR

FIG. 1. The 2-min cluster of cell division and cell wall genes. Transcription is
from left to right; T represents the only transcriptional terminator acting in this
direction. The putative promoter in ftsW is deduced as explained in the text. The
envA gene, whose product is involved in lipid A synthesis, is also called /pxC; the
fisI gene, whose product is PBP3, is also called pbpB.

within ftsQ, called pA and potentially governing ftsA and fisZ,
has been reported in gene fusion studies (15, 18, 48), although
the corresponding mRNA species has not been detected (4).
An RNA species whose 5’ end is downstream of pZ2, once
attributed to a promoter, “pZ1,” has been shown to result from
RNase E processing (8).

Are there additional promoters required for full ftsQAZ
expression? The question is pertinent since there are no tran-
scriptional terminators in this 16-gene cluster of cell division
and cell wall genes, all of which are transcribed in the same
direction (Fig. 1). Dai and Lutkenhaus (11) reported that the
presence at att\ of a N16-2 prophage, which carries a 10-kb
DNA fragment going from the middle of ftsW to beyond envA
and thus includes the ftsQAZ region with all neighboring pro-
moters, did not allow them to delete the ftsZ locus at 2 min;
they concluded that one or more promoters upstream of the
middle of ftsW are required to obtain ftsZ expression sufficient
for cell viability. More recently, Hara et al. (30) replaced the
pmra promoter, at the very beginning of this cluster, with plac.
The resulting strain required isopropyl-B-p-thiogalactopyrano-
side (IPTG) for growth unless it carried in trans, on a plasmid,
the genes from pmra through ftsW. This implies that genes
downstream of ftsW have expression sufficient for cell viability
without any contribution from promoters upstream of fsWv.
Nevertheless, in the plasmid-bearing strain in the absence of
IPTG, MurC activity is reduced sixfold and MurG activity is
reduced threefold while the amount of FtsZ protein is reduced
by 30% (38), strongly suggesting that pmraA does indeed con-
tribute to ftsZ transcription. A similar conclusion was reached
very recently by Fliardh et al. (19). These authors show that the
activity of an ftsZ::lacZ fusion in situ on the chromosome, with
all upstream promoters intact, is reduced threefold when a
polar ) element is inserted within the ddIB gene upstream of
pQ2, suggesting that up to two-thirds of ftsQAZ transcription
may depend on upstream promoters or activating elements.
These upstream transcriptional signals require confirmation
and precise mapping; their regulation is for the moment en-
tirely unknown.

The relative contribution of each of the mapped promoters
has been measured by a number of groups, using either tran-
scriptional fusions or direct mRNA measurements. Results
with lacZ fusions suggest that the upstream promoters, pQ2
plus pQ1, contribute about 40% of the total (18, 61, 64) and
that pZ2 is about sixfold stronger than pZ4 plus pZ3 (52).
Direct mRNA measurements, in contrast, suggested that only
8% of the total is from pQ2 plus pQ1 (22, 27, 42) and that pZ2
is some 30-fold weaker than pZ4 plus pZ3 (42). Such discrep-
ancies may in part reflect the fact that these promoters are all
regulated, and different groups work with different physiolog-
ical conditions. We therefore turn to the regulation of these
promoters.
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INVERSE GROWTH RATE REGULATION OF fitsQAZ
TRANSCRIPTION

Using a pQ2-pQl-lacZ transcriptional fusion, Aldea et al.
(4) showed that in exponential growth in different media these
promoters are more strongly expressed when the growth rate is
slower, covering a fivefold range of expression. They further
showed that expression of these promoters in complex medium
increases five- to sixfold in stationary phase. By S1 mapping
they identified the six mRNA species and compared their rel-
ative abundance during the transition from exponential to sta-
tionary phase; pQ1 showed a strong increase as the growth rate
decreased, whereas the other mRNA species did not seem to
vary significantly. The increase in expression of pQ1 during the
transition from exponential to stationary phase has been con-
firmed with a pQ1-lacZ fusion lacking pQ2 (21, 51). By calcu-
lating at each point the instantaneous growth rate and the
theoretical cell volume, which decreases with decreasing
growth rate, Aldea et al. (4) concluded that pQl activity is
adjusted so as to provide a constant number of FtsQAZ mol-
ecules per cell at all growth rates. This is intellectually satisfy-
ing, since cells, over a nearly 10-fold natural volume range,
must make exactly one septum per cell per generation. To
indicate this type of regulation, pQ1 was called a “gear box”
promoter; similar regulation was found for several other pro-
moters in E. coli, and a possible gear box consensus sequence
was proposed (55).

In fact, inverse growth rate regulation has also been ob-
served for the other promoters of the ftsQAZ operon. For
pQ2—which has its own regulator, SdiA (see below)—a pQ2-
lacZ fusion, cloned on a mini-F plasmid and lacking pQ1, still
exhibits increased expression during the transition to station-
ary phase (21, 51), although less strongly than pQ1 (4). Inverse
growth rate regulation was first observed for this operon with
pZA-pZ3-lacZ transcriptional fusions cloned on a A phage and
integrated in the chromosome: B-galactosidase specific activity
is higher at lower growth rates, it increases during the transi-
tion from exponential to stationary phase (16, 18, 52), and it
drops after a nutritional shift-up (16, 47, 52). Larger fusions,
including pZ2 and the RNase E processing site “pZ1” (pZ4-
pZ3-pZ2-“pZ1”-lacZ), also show increased expression at lower
growth rates, during the transition to stationary phase, and
after shift-up (3, 21, 52). The B-galactosidase levels with this
fusion were about sevenfold higher than those with pZ4-pZ3-
lacZ, suggesting that most of the transcription originated at
pZ2 and implying that this promoter, like pZ4 and/or pZ3,
exhibits inverse growth rate regulation (52). Indeed, the ex-
pression of a fusion with just pZ2-“pZ1”-lacZ on a \ phage
increases fourfold during the transition from exponential to
stationary phase (18).

The above results show clearly that inverse growth rate reg-
ulation governs pQ2, pQ1, pZ4 and/or pZ3, and pZ2. Further-
more, it was calculated that the expression from pZ4-pZ3-lacZ
and pZ4-pZ3-pZ2-lacZ fusions, like that from pQl, should
provide a constant amount of gene product per cell at all
growth rates (15, 52).

POSSIBLE MECHANISMS OF INVERSE GROWTH RATE
REGULATION OF THE ftsQAZ OPERON

Several groups have tried to identify the mechanisms re-
sponsible for the inverse growth rate regulation and growth
phase regulation of the ftsQAZ operon. Two potential tran-
scriptional regulators were the “stationary-phase” sigma factor
o®, product of the rpoS gene and the nucleotide ppGpp. The
concentrations of both of these elements increase during the
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transition to stationary phase, and that of ppGpp also increases
with decreasing growth rate in exponential growth (10, 31).
These candidates are not independent, since high ppGpp levels
stimulate transcription of the rpoS gene (24).

The increase in o concentration eatly during the transition
from exponential to stationary phase involves regulation at the
levels of transcription, translation, and protein stability (31).
Among the 30 or more genes under ¢° control, several code for
additional transcriptional regulators, making for a cascade of
induction. It should be pointed out, however, that some genes
whose expression is induced during the transition to stationary
phase are not under ¢ control, and conversely, o> may also
play a role in gene expression during exponential phase, par-
ticularly at low growth rates (31).

The housekeeping sigma factor o is active on all promoters
of the ftsQAZ operon. By use of operon fusions, however, o°
has been shown to be responsible for the increase in pQl
expression during the transition to stationary phase (4a, 51). In
contrast, the expression of pQ2-lacZ (51) and pZ4-pZ3-lacZ
and pZ4-pZ3-pZ2-lacZ (52) fusions still increases during the
transition to stationary phase, even in the absence of o°. A role
for o° in the response of these promoters to growth rate during
exponential growth in different media has not, to our knowl-
edge, been tested.

The nucleotide ppGpp, in addition to stimulating 7poS tran-
scription, could conceivably activate one (or several) of the
ftsQAZ promoters directly. This hypothesis was reinforced by
the observation by Powell and Court (46) that an increased
ppGpp pool can suppress the temperature sensitivity of
ftsZ84(Ts) strains, given that overproduction of the mutant
FtsZ84 protein can restore division in nonpermissive condi-
tions (45, 61). Indeed, under suppressing conditions (high
ppGpp levels), the concentration of mutant FtsZ84 protein was
found to increase fourfold (46). However, in the same exper-
iment, expression of a pQ2-pQl-lacZ operon fusion actually
decreased two- to threefold when the ppGpp pool increased
while a pZ4-pZ3-pZ2-lacZ fusion showed no change (46). Di-
rect quantification of these five ftsZ mRNA species by Navarro
et al. (42) showed no effect of ppGpp, either during the strin-
gent response, when ppGpp levels increase 10-fold, or during
steady-state growth of mutants with twofold-higher ppGpp lev-
els. It is unlikely that ppGpp stimulates promoters upstream of
pQ2, since no increase in the concentration of FtsZ protein
was observed in strains with a permanent twofold-higher
ppGpp concentration, although these strains were able to di-
vide in the absence of PBP2 (42). The discrepancy between
these two reports may reflect a difference in growth phase in
the experiments, exponential for Navarro et al. and early sta-
tionary for Powell and Court, or it may be related to the fact
that the latter study involved a mutant form of FtsZ.

The results quoted above include an apparent contradiction:
increasing the ppGpp level increases the transcription of 7poS,
and o stimulates pQ1 expression, yet increasing the ppGpp
level does not increase pQ1 activity. Assuming that the various
reports are all correct, we can only surmise that the answer is
quantitative: the increase in ppGpp that was studied, twofold
in the case of Navarro et al. (42), although sufficient to permit
division in the absence of PBP2, may simply be too little to
cause a detectable increase in pQl mRNA (and FtsZ concen-
tration) via oS. This is compatible with the observation that this
PBP2-independent division does not require ¢ (55a). Other
than this, the results are all consistent in finding no effect of
ppGpp or RpoS on promoter pQ2, pZ4, pZ3, or pZ2. Further-
more, the fact that the concentration of FtsZ protein did not
vary when the ppGpp concentration doubled (42) strongly
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suggests that ppGpp is not a major transcriptional regulator of
ftsZ.

OTHER TRANSCRIPTIONAL REGULATORS OF THE
fisQAZ OPERON

In a selection for multicopy suppression of the division in-
hibition caused by MinC-MinD, a new gene was picked up,
sdiA, amplification of which causes overexpression of FtsZ
(61). The target of SdiA action was shown to be pQ2: with 15
copies of an sdiA-bearing plasmid, expression of a pQ2-lacZ
plasmid was stimulated 10-fold, resulting in an overall doubling
of the FtsZ concentration (61). The sequence of SdiA shows
similarity to LuxR-type transcriptional regulators, many of
which respond to extracellular signal molecules derived from
homoserine lactone; when these substances are secreted into
the medium by the cells themselves (autoinducers), they act as
quorum-sensing signals, allowing the bacteria to adjust their
pattern of gene expression as a function of cell density. To see
whether in fact SdiA responds to something excreted into the
medium, conditioned medium, in which E. coli had already
grown, was tested for an effect on pQ2-lacZ expression. One
group reported a four- to fivefold stimulation early in the
growth curve (51), whereas another found a slight inhibition
(21). The same groups reported, respectively, slight or no stim-
ulation of pQ2-lacZ by addition to the medium of the Vibrio
fischeri autoinducer, a homoserine lactone derivative. Thus,
although SdiA clearly stimulates pQ2 expression, its precise
physiological role remains to be determined. It should be
noted that under laboratory conditions, a mutant completely
lacking SdiA grows and divides normally (61). This is consis-
tent with the idea that SdiA intervenes primarily at high cell
density, possibly regulating the cell division known to occur in
stationary phase, even though there is no net increase in cell
number (32).

In a selection for genes which, when overexpressed, permit
an ftsZ84 mutant to grow in nonpermissive conditions (on
Luria-Bertani plates lacking NaCl at 30°C), the rcsB gene was
picked up (26). RcsB is the regulator element of a two-com-
ponent system, RcsB-ResC, that activates the transcription of a
set of genes involved in the synthesis of capsular polysaccha-
ride (colanic acid) (54). Increasing the amount of RcsB in cells
causes an increase both in colanic acid production and in the
expression of an ftsAZ-lacZ fusion lacking pQ2 and pQl1 but
carrying all downstream promoters (26). More recently, RcsB
has been shown to stimulate expression from the weak pro-
moter pA located within the ftsQ gene (7a). It is not known at
present what stimuli the RcsB-RcesC system responds to. A
possible connection between this regulon and cell division reg-
ulation remains to be unravelled.

The same selection for multicopy suppressors of ftsZ84 on
salt-free Luria-Bertani plates at 30°C picked up several other
suppressor genes. These include the rel4 gene (mentioned in
reference 26); assuming that increased RelA increases the
ppGpp pool, this is consistent with the observation discussed
above that increased ppGpp can suppress the temperature
sensitivity of an ftsZ84(Ts) strain (46), although the latter effect
was not via ftsZ transcription. Overexpression of the rcsF gene
also suppresses ftsZ84, although this seems to be indirect, via
ResB (25). There may also be a multicopy suppressor next to
the mutT gene, just beyond the envA end of the cell division
cluster (45).

A pA-pZA4-pZ3-lacZ transcriptional fusion on a \ phage was
reported to be induced when FtsA protein is depleted in an
ftsA(Am) mutant of a strain with a temperature-sensitive am-
ber suppressor, suggesting that FtsA represses one or more of
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these promoters (16). In other experiments, however, the same
fusion was not induced in temperature-sensitive ftsA, ftsZ, or
ftsQ mutants at a temperature nonpermissive for cell division
(47). Similarly, the FtsZ protein, over a 20-fold concentration
range, does not affect its own transcription, as judged from
results obtained with an in situ chromosomal transcriptional
fusion including all promoters (19).

CELL CYCLE-DEPENDENT REGULATION OF THE
JtsQAZ OPERON

Since FtsQ, FtsA, and FtsZ have cell division functions, it
seemed possible that they might be synthesized at a specific
time during the cell cycle. In a synchronized population ob-
tained by the membrane elution technique, Garrido et al. (22)
monitored the ftsZ mRNA level through the cell cycle, using
quantitative reverse transcriptase-PCR amplification. Indeed,
the total ftsZ mRNA level was found to oscillate over a twofold
range. The transcription peak coincided with the calculated
time of both initiation and termination of replication. The
oscillation was shown to reflect modulation of pZ2 activity
(22). Using the same synchronization technique and quantita-
tive S1 mapping, Zhou and Helmstetter (66) obtained similar
results. When DNA replication was synchronized by use of a
dnaC(Ts) initiation mutant, again oscillation in total fisZ
mRNA levels was observed. The authors conclude that the
minimum level of ftsZ expression occurs near the time at which
the operon is replicated. This fluctuation did not depend on
pZ2 but rather on one or more promoters upstream of pZ3
(66).

Using a completely different synchronization technique, in-
fection with the mutant phage Mugem,,,, Ghelardini et al. (27)
observed that ftsZ mRNA doubled at the time of division. In a
culture synchronized by repeated phosphate starvation, Robin
et al. (47) monitored the expression of a pZ4-pZ3-lacZ tran-
scriptional fusion on an integrated A phage through two cycles.
Accumulation of B-galactosidase was found to be linear, with
an abrupt doubling in rate shortly after division.

The regulators responsible for cell cycle fluctuation in
ftsOQAZ transcription have not been identified. It is striking,
however, that a harmonious cycle can be obtained in rapid
growth when the ftsZ gene is cut off from its natural promoters
and placed under control of ptac. With a 40% higher FtsZ
concentration than the average in wild-type cells, morphology
is normal (44). Cell cycle regulation of ftsZ may provide fine
tuning, or it may be more important at slow growth rates.

POSTTRANSCRIPTIONAL REGULATION OF THE fisQAZ
OPERON

The three proteins FtsQ, FtsA, and FtsZ are expressed at
very different levels, with about 20, 200, and 10,000 molecules
per cell, respectively (36). In addition to different transcription
rates for the three genes, there is also a difference in the
intrinsic translation efficiency: ftsQ is translated less well than
ftsA, which is translated less well than ftsZ (40).

Translation can be modified by antisense RNA. Two such
species have been reported, specifically inhibiting the transla-
tion of ftsZ mRNA. One is DicF RNA, a 53-nucleotide species
complementary to the beginning of the ftsZ mRNA and coded
for by a cryptic prophage (6). The second is a sequence span-
ning the ftsA-ftsZ junction, the stfZ gene, apparently endowed
with a promoter and translational stop in the direction oppo-
site to that of ftsQAZ transcription (14). At present, no natural
induction conditions have been found for either of these anti-
sense RNAs. When expressed from artificial constructions,
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however, they are both effective division inhibitors, at least at
high temperatures, where they reduce the amount of FtsZ.

A further posttranscriptional level of regulation is mRNA
processing, and ftssQAZ mRNA has a double RNase E cleavage
site within the fts4 gene, originally mistaken for a proximal
promoter (“pZ1”; see Fig. 1). Cleavage at this site would alter
the ratio of the protein products and could alter the stability of
the resulting mRNA. It is not known whether cleavage is reg-
ulated or represents a constant (small) fraction of total fisZ
mRNA. The mRNA studies reported to date have not revealed
conditions in which levels of this fraction vary significantly (4,
42), but the question remains open. Growing evidence for
control of RNase E activity by medium composition (5) and
possibly by growth rate makes controlled cleavage at “pZ1” an
attractive possibility for varying the ratio of these division pro-
teins in response to physiological signals.

PROTEIN STABILITY

The FtsZ protein of Caulobacter crescentus is degraded after
cell division in the swarmer cell, which does not start its new
cycle for some time, but not in the stalk cell, which enters its
new cycle immediately after division (34). In E. coli, the FtsZ
protein has not been reported to be unstable, although rapid
proteolysis at a specific cell age, as in Caulobacter, could escape
detection in exponential cultures if special precautions are not
taken. A hint of possible instability comes from studies on the
interaction of FtsZ with the molecular chaperone DnaK.
DnaK was found to copurify with oligomerized FtsZ, suggest-
ing a direct protein-protein interaction (39). Furthermore, the
cell division defect of AdnaK strains is suppressed by overpro-
duction of FtsZ (7). One interpretation of these observations is
that DnaK protects FtsZ from proteolysis in vivo.

PROTEIN MODIFICATIONS

Two division proteins are known to be modified posttrans-
lationally. FtsA is phosphorylated (50), and PBP3 (product of
the ftsI gene) loses its 11 C-terminal amino acids (41) through
hydrolysis by the periplasmic protease Prc (or Tsp) (29). Re-
cent evidence suggests that there may also be a methylation
event required for division, although the target has not been
identified (43). It seems likely that FtsZ and other division
proteins are modified as well. Surprisingly, there is a dearth of
information concerning other modifications of division pro-
teins. Modifications could affect protein localization, as may be
the case for FtsA, which is phosphorylated when in the cyto-
plasm but unphosphorylated in the membrane (50). In the case
of FtsZ, a modification at a specific age could permit it to find
the nucleation site or trigger polymerization. It is possible that
some component of the replication machinery remains associ-
ated with the site after cell separation; modification of this
protein would then distinguish old (polar) sites from new (mid-
cell) sites, which could be the signal for the Min system to
block division preferentially at old sites (49). It will be inter-
esting to establish the complete catalogue of modifications of
division proteins: which are modified, in what way, by which
enzymes, and whether these modifications take place at a pre-
cise cell age.

CELL DIVISION AND ppGpp

Several observations suggested that the nucleotide ppGpp
might be a positive regulator of ftssQAZ expression. First of all,
ppGpp stimulates the transcription of the rpoS gene, whose
product, ¢° activates pQ1. As we have seen, this pathway of
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transcriptional stimulation of the ftsQAZ operon does not
seem to be operative in exponential growth. Second, in the
absence of PBP2, cell division can be restored either by am-
plifying FtsQAZ or by increasing the ppGpp concentration.
Third, the activities of at least four ftsQAZ promoters increase
at low growth rates, when the ppGpp concentration increases.
And finally, mutants completely lacking ppGpp tend to form
filaments, indicative of a division-promoting role for this nu-
cleotide (63).

Despite these suggestive indices, ppGpp does not activate
the five well-characterized promoters of the ftsQAZ operon. It
might be thought that ppGpp stimulates another promoter,
perhaps upstream of pQ2. However, a doubling of the ppGpp
concentration, which is sufficient to restore division in the
absence of PBP2, does not increase the concentration of FtsZ
protein (42). We are thus led to conclude that ppGpp does not
stimulate the synthesis of FtsZ or, presumably, of FtsQ or
FtsA.

How then does an increased ppGpp concentration restore
division in the absence of PBP2? Several possibilities can be
envisaged. The simplest is that ppGpp activates the expression
of another gene whose product, at high concentration, allows
FtsQAZ to function more efficiently. This putative target could
be, for example, another cell division protein or an enzyme
catalyzing the formation of a substrate or effector of some
division protein.

A second possible mode of action of ppGpp in cell division
is not at the transcriptional level but as an effector of one or
more division proteins. Vinella et al. (58) tried to test whether
ppGpp (or pppGpp) might be an in vivo activator of cell
division. They showed that to reestablish division after a period
of arrest due to PBP2 inactivation, it is not enough to build up
the ppGpp pool; protein synthesis is needed as well. Since the
FtsZ concentration was not determined, this leaves open the
question as to whether (p)ppGpp activates FtsZ. It should be
noted, however, that even if (p)ppGpp activates FtsZ, this is
unlikely to be sufficient in itself to restore cell division in the
absence of PBP2, since amplification of just FtsZ is insufficient
(42).

In fact, additional observations suggest that ppGpp regulates
cell division at the transcriptional level. First, the rpoB369
mutant, with an RNA polymerase apparently less sensitive to
ppGpp, has a block of cell division at nonpermissive temper-
atures (Fts~ phenotype), and this block is relieved by overpro-
duction of FtsQAZ, by an increase of the ppGpp concentra-
tion, or by entry to stationary phase (56). Conversely, there
exist mutant RNA polymerases able, in the absence of ppGpp,
to transcribe all operons involved in amino acid biosynthesis,
including those that normally require ppGpp (10). These are
selected as prototrophic derivates of a strain lacking ppGpp
(ArelA AspoT), and certain alleles restore cell division in the
absence of PBP2 (55a). Our prediction is therefore that future
work will reveal one or more target operons, positively regu-
lated by ppGpp, whose products participate in the cell division
process, probably by interacting with FtsZ, FtsA, and FtsQ to
make the basal quantity more effective. If this model is correct,
it would establish ppGpp as an internal signal involved in cell
cycle regulation.
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