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Cell Division and Transcription of ftsZ
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For normal cell division, the fisZ gene must be transcribed from a number of promoters that are located
within the proximal upstream genes (ddIB, fisQ, and fis4). We show that the main promoters have identical
responses to changes in growth rate, i.e., under all conditions, the frequency of transcription per septum
formed is approximately constant and independent of cell size or growth rate per se. We also show that
transcription from these promoters is independent of stationary-phase transcription factor o*.

The Mg?*-dependent GTPase FtsZ (10, 20, 21) is a key
cell division protein in Escherichia coli and probably in all
eubacteria (8). Five thousand to twenty thousand molecules
of FtsZ are distributed throughout the cytoplasm of nondi-
viding cells, but these aggregate into a ring around the center
of the cell when division begins (5). During subsequent
ingrowth of the peptidoglycan septum, this ring decreases in
diameter and finally disappears when the septum is complete
(5). FtsZ is essential for cell division (9), but excess FtsZ can
cause the formation of extra divisions, and at still higher
excess it can inhibit all division (3, 4, 30). Regulation of the
level of FtsZ activity is therefore likely to be important to the
progress of the cell cycle. In this report, we describe the
relationship between growth rate and transcription from two
of the three main sets of promoters (lying within upstream
genes ddIB, ftsQ, and ftsA [Fig. 1]) which are together
required for full expression of the fitsZ gene (9). This
confirms previous reports (2, 12, 15, 16) that, at all growth
rates, transcription from ftsZ promoters is approximately
constant per cell (although cell size itself increases exponen-
tially with growth rate) and shows that each of the three sets
of required promoters shows a similar response. We also
show here that this behavior is independent of the station-
ary-phase sigma factor o* (6, 17, 18).

The procedure of Simons et al. (26) was used to construct
two new M bacteriophages (\RWS100 and ARWS200) in
which lacZYA is transcribed from promoters within the ftsQ
and ftsA genes. Figure 1 shows that ARWS100 has all of
these promoters (ftsZ4p3p2p1p) within ftsA (2, 19, 23, 24, 27,
31) and the very weak promoter within fisQ (11), while
ARWS200 lacks the proximal promoters (ftsZ2p,p). The
promoters cloned into ARWS200 are the same as those in the
AJFL100 phage originally used by us (12), but the new phage
has four transcriptional terminators immediately upstream of
the cloned segment and also lacks all but 70 bp of the #rp
DNA which is located between the promoters and lacZ in
MFL100. Expression of lacZ in the new phages cannot be
due to readthrough from promoters (in the phage or in the
chromosome) upstream of the ftisQ4 DNA (as has been
suggested as a possible criticism of results obtained with
MFL100 [2]); it also does not arise in the residual zrp
fragment, because an otherwise identical phage (\RWS1)
which lacks the ftsQ4' DNA does not express lacZ.
ARWS100 expresses lacZ from all of the ftsZ promoters,
except those within ddIB. A construct similar to ARWS100
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has been briefly described in an earlier report (1) and was
reported to show increased transcription in the stationary
phase.

We infected a Alac-proB strain (TP8503 [23]) with each of
the ARWS phages and screened for monolysogens (26).
These strains were grown in different media (Vogel-Bonner
[VB] salts-glycerol, VB-glucose, VB-Casamino Acids, L
broth, and L broth-glucose) at 37°C to obtain a range of
growth rates and cell sizes. The cells were maintained in
exponential-phase growth for several generations before and
during the assay period by regular dilution with fresh me-
dium at 37°C. Figure 2 shows the average specific B-galac-
tosidase activities (measured at intervals during exponential-
phase growth, when growth rate and cell size were both
constant) as a function of average cell size (measured in the
same cultures at the same times). Average cell size increases
as an exponential function of growth rate (13, 25), and the
specific activities (B-galactosidase activity per optical den-
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FIG. 1. Organization of the mra gene cluster, location of promot-
ers in the ddIB-ftsZ region, and structures of \RWS100 (fzsQ ftsA
ftsZ'::lacZ) and \RWS200 (ftsQ ftsA'::lacZ). The top line shows the
coding sequences in the mra cluster. The letters refer to the
following known genes: 1, fisl; E, murE; F, murF; Y, mraY; D,
murD; W, ftsW; G, murG; C, murC. The middle line (to larger scale)
shows the ddIB, ftsQ, ftsA, fisZ, and envA genes at the end of the
operon, with the locations and directions of promoters (arrowheads)
and transcription terminator (T) in this region indicated. (The solid
arrowheads are the strong promoters [fisQ2p1p, ftsZ4p3p2plp, and
envAp; 2, 19, 23, 27, 31], and the open arrowhead is the very weak
promoter [ftsAp; 11, 19, 23, 24, 27, 31].) The locations of the EcoRI
(E) and HindIII (H) restriction sites are shown. The E-E segment
was cloned at the site shown in ARS45 (bottom line, same scale) to
give ARWS100, and the E-H segment was cloned at the same site to
give ARWS200. ARS45 (26) (bottom line) contains a fragment of a
B-lactamase gene (bla’), a kanamycin resistance determinant (Kan)
between two 1S903 ends (IS), four copies of a strong transcription
terminator (T1x4), a cloning site, 70 bp of the #rpB gene (too small
to show), and the ribosome-binding site and complete lacZYA
coding sequences.
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FIG. 2. Differential expression of different sets of promoters
(E/OD) as a function of cell size (V; measured as median cell volume
in arbitrary units with a Coulter Particle Analyzer). Estimates of
E/OD were made from the differential rates of B-galactosidase
activity and OD increase during log-phase growth in cultures in
different growth media at 37°C. Symbols: ®, TG8503(ARWS100); O,
TG8503(ARWS200). Also shown (dashed lines and dots) is the
equivalent of the enzyme/cell ratio ([E/OD]x V) for both strains.

sity [OD] unit [E/OD]) of both sets of promoters show a
strong negative dependence on cell size. The amount of
transcription per cell from these promoters, however,
changes much less, as reported previously for AJFL100 and
similar constructions (Fig. 2) (2, 12).

The two constructions used here monitor the activities of
promoters in fzsQ and ftsA, but there are additional promot-
ers, required for full expression of ftsZ, within the ddIB gene
(9). The activities of these have been measured in cells
growing at different growth rates (28). To compare those
results with ours, the published data for one of these
promoters (ftsQ2p) were replotted in Fig. 3, which shows
specific activity (E/OD) against 2% (where R is the growth
rate in doublings per hour), which is proportional to average
cell volume (13, 14). Transcription from the remaining pro-
moter (ftsQIp) within ddIB is stimulated by the product of
the sdi4 gene; however, transcription from this promoter
does not seem to be essential, because the sdid gene can be
deleted without detectable effects on cell division (29).
Therefore, most of the promoters which are required for full
expression of ftsZ show identical responses to changes in
growth rate and cell size.

In a previous report (12), we showed that the rate of
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transcription from ftsZ4pp (in NJFL100) reflected the fre-
quency of cell division rather than the overall rate of mass
and protein synthesis during the transition period between
one growth rate and another. In consequence, the amount of
B-galactosidase per cell did not change during the transition
from one growth rate to the next. Figure 4 shows that
transcription from ARWS100 in TP8503 mirrors the increase
in cell numbers during the transition from slow to fast
growth, so that as in our previous study of AJFL100,
B-galactosidase per cell remains nearly constant. We ob-
tained similar results with ARWS200 (data not shown).
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FIG. 3. Differential expression of different sets of promoters
(E/OD) as a function of estimated average cell size (V), calculated
from the growth rate (R, doublings per hour) by assuming that V' =
k- 2R (13, 14). Data for TG8503(ARWS100) (®; left scale) and
TG8503(ARWS200) (O; right scale) are the same as in Fig. 2, except
that V" was calculated from the growth rate rather than measured
directly, to allow comparison of our data with those reported for
other promoters (28). Data for the ftsQ2p,p promoters [A, A] were
obtained from reference 28 and replotted against V' = k- 2% on a
vertical scale chosen to superimpose these points on those of the
two TG8503 strains (representing the behavior of ftsZ4p3p and
ftsZ4p3p2plp). The relationship between transcription and cell size
(or growth rate) is closely similar for all three sets of promoters.
Also shown are datum points for the boldlp promoter (M, O]
replotted from reference 28 as before. The relationship between
transcription and growth rate appears to be different from that of the
ftsZ promoters.
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FIG. 4. Effects of a shift-up from poor medium to rich medium
on cell growth and division and transcription from the ftsZ4p3p2pIlp
set of promoters. Cells of TG8503(ARWS100) were maintained in the
log phase by periodic dilution with fresh medium (minimal medium-
glycerol) and then shifted to L broth-glucose (dashed line at 375 min)
and maintained thereafter below an OD of 0.2 by periodic dilution
with fresh broth. (The datum points have been corrected for these
dilutions.) The primary measurements (upper three curves) are OD
(x), cells per milliliter (O), and enzyme activity per milliliter (O).
Calculated from these were OD per 107 cells (A), enzyme activity
per OD unit (A), and enzyme activity per 10 cells (@®). Although
growth rate, cell size, and enzyme activity per OD unit all changed
after the shift, enzyme activity per cell remained almost constant
throughout.

In contrast, another report (22), on transcription of lacZ
from ftsZ4p3p in NJFL100 in a different strain of cells
(GC3439), suggested that B-galactosidase per cell increases
after a similar medium shift (at least initially). The difference
between our results and these appears to be that strain
GC3439 shows prolonged inhibition of cell division (i.c.,
constant cell numbers) after a shift up in growth rate, in
contrast to the behavior of most E. coli strains (25). Perhaps
cell separation is delayed after a medium change in strain
GC3439, while chromosome replication and septum initia-
tion proceed normally; despite this, the change in E/OD after
the shift appears to be very similar to that seen in our strains.

Our results can be summarized by saying that the fre-
quency of transcription of ftsZ seems to be closely tied to the
frequency of cell division (or septum initiation) under most
growth conditions, but we still do not know how this is
achieved. An extreme condition in which this behavior is
seen is during entry into the stationary phase; as the rate of
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FIG. 5. Relative increase in B-galactosidase activity per milliliter
and OD units per milliliter of batch cultures of TG8503(ARWS100)
(m), TG8503(ARWS100)rpoS (O0), TG8503(ARWS200) (®), and
TG8503 rpoS(ARWS200) (O) in VB salts-glucose-Casamino Acids.
The right-hand scale shows activities for \RWS200 strains, and the
left-hand scale shows activities for ARWS100 strains. Enzyme
activities are in standard Miller units per milliliter, and ODs were
measured at 600 nm in a 1-cm light path. (ODs were measured with
appropriately diluted samples to obtain values in the range in which
cell mass and OD are proportional, and these values were corrected
for dilution.) The rate of enzyme activity was approximately pro-
portional to the rate of cell mass increase at low OD values
(balanced growth in the log phase) but increased at higher OD values
(entry into the stationary phase).

mass increase slows down, the rate of cell division remains
unchanged for a period, so that cell size progressively
diminishes (25). Under these conditions, the rate of tran-
scription from the set of ftsZ promoters remains linked to the
rate of division, so that the rate of transcription of ftsZ
increases relative to the rate of overall protein synthesis (2,
28; Fig. 5). The rpoS gene, which codes for a novel sigma
factor (0®), is required for transcription of some genes (e.g.,
bolA [1]) which are preferentially expressed during entry
into the stationary phase (18). Moreover, the rpoS gene itself
appears to be expressed at a rate which is inversely propor-
tional to growth rate, in a way similar to that of ftsZ (18). We
therefore examined the effect of inactivation of rpoS on
transcription of ftsZ. The rpoS* allele was replaced by P1
transduction of rpoS::Tnl0 (18) into our lysogenic strains.
Inactivation of the rpoS gene had no detectable effect on
growth rates during the log phase. Figure 5 shows the
increase in B-galactosidase activity versus the increase in
cell mass (OD) in rpoS* and rpoS::Tnl0 cultures of
ARWS100 and ARWS200 lysogens in minimal medium-
Casamino Acids. In all four cultures, the ratio of enzyme to
cell mass remained constant during log-phase growth and
increased on entry into the stationary phase (OD greater
than about 1.8). Inactivation of 7poS had no effect on the
E/OD ratio in either lysogen and no effect on the culture OD
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at which the increased relative rate of transcription com-
menced. The only detectable effect of 7poS inactivation is
that the E/OD ratio may reach a higher level during the
stationary phase. This effect, which is not large, may be
correlated with the prolonged division of 7poS::Tnl0 cells
during entry into the stationary phase (18). No effects of
rpoS inactivation on transcription were seen in any of the
other growth media (data not shown).

1.

N W A~ W

10.

11.

12.

13.

14.

15.

16.

REFERENCES
Aldea, M., T. Garrido, C. Herndndez-Chico, M. Vicente, and
S. R. Kushner. 1989. Induction of a growth-phase-dependent

promoter triggers transcription of bold, an Escherichia coli
morphogene. EMBO J. 8:3923-3931.

. Aldea, M., T. Garrido, J. Pla, and M. Vicente. 1990. Division

genes in E. coli are expressed coordinately to cell septum
requirements by gearbox promoters. EMBO J. 9:3787-3794.

. Bi, E., and J. Lutkenhaus. 1990. FtsZ regulates the frequency of

cell division in Escherichia coli. J. Bacteriol. 172:2765-2768.

. Bi, E., and J. Lutkenhaus. 1990. Interaction between the min

locus and FtsZ. J. Bacteriol. 172:5610-5616.

. Bi, E., and J. Lutkenhaus. 1991. FtsZ structure associated with

cell division in Escherichia coli. Nature (London) 354:161-164.

. Bohannon, D. E., N. Connell, J. Keener, A. Tormo, M. Espinosa-

Urgel, M. M. Zambrano, and R. Kolter. 1991. Stationary-phase-
inducible ‘‘gearbox’ promoters: differential effects of katF
mutations and role of o7°. J. Bacteriol. 173:4482-4492.

. Cooper, S., and C. E. Helmstetter. 1968. Chromosome replica-

tion and the division cycle of Escherichia coli B/r. J. Mol. Biol.
31:519-540.

. Corton, J. C., J. E. Ward, Jr., and J. Lutkenhaus. 1987.

Analysis of cell division gene ftsZ (sulB) from gram-negative
and gram-positive bacteria. J. Bacteriol. 169:1-7.

. Dai, K., and J. Lutkenhaus. 1991. ftsZ is an essential cell

division gene in Escherichia coli. J. Bacteriol. 173:3500-3506.
de Boer, P. A. J., R. E. Crossley, and L. 1. Rothfield. 1992. The
essential bacterial cell division protein FtsZ is a GTPase. Nature
(London) 359:254-256.

Dewar, S. J., and W. D. Donachie. 1990. Regulation of expres-
sion of the ftsA4 cell division gene by sequences in upstream
genes. J. Bacteriol. 172:6611-6614.

Dewar, S. J., V. Kagan-Zur, K. J. Begg, and W. D. Donachie.
1989. Transcriptional regulation of cell division genes in Es-
cherichia coli. Mol. Microbiol. 3:1371-1377.

Donachie, W. D. 1968. Relationship between cell size and time
of initiation of DNA replication. Nature (London) 219:1077-
1079.

Donachie, W. D. 1981. The cell cycle of E. coli, p. 63-84. In
P. C. L. John (ed.), The cell cycle. Cambridge University Press,
Cambridge.

Donachie, W. D., K. J. Begg, and N. F. Sullivan. 1984. The
morphogenes of E. coli, p. 27-62. In R. Losick and L. Shapiro
(ed.), Microbial development. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Donachie, W. D., N. F. Sullivan, D. J. Kenan, S. V. Derbyshire,
K. J. Begg, and V. Kagan-Zur. 1983. Genes and cell division in

17.

18.

19.

21.

22.

23.

24.

26.

27.

29.

30.

31.

NOTES 2791

E. coli, p. 28-33. In J. Chaloupka, A. Kotyk, and E. Streiblova
(ed.), Progress in cell cycle controls. Czechoslovak Acad. Sci.,
Prague.

Lange, R., and R. Hengge-Aronis. 1991. Identification of a
central regulator of stationary-phase gene expression in Esch-
erichia coli. Mol. Microbiol. 5:49-59.

Lange, R., and R. Hengge-Aronis. 1991. Growth phase-regulated
expression of bol4 and morphology of stationary-phase Esch-
erichia coli cells are controlled by the novel sigma factor, o*. J.
Bacteriol. 173:4474-4481.

Lutkenhaus, J., and H. C. Wu. 1980. Determination of transcrip-
tional units and gene products from the fts4 region of Esch-
erichia coli. J. Bacteriol. 143:1281-1288.

. Mukherjee, A., K. Dai, and J. Lutkenhaus. 1993. E. coli cell

division protein FtsZ is a guanine nucleotide binding protein.
Proc. Natl. Acad. Sci. USA 90:1053-1057.

RayChaudhuri, D., and J. T. Park. 1992. Escherichia coli cell
division gene ftsZ encodes a novel GTP-binding protein. Nature
(London) 359:251-254.

Robin, A., D. Joseleau-Petit, and R. D’Ari. 1990. Transcription
of the ftsZ gene and cell division in Escherichia coli. J. Bacte-
riol. 172:1392-1399.

Robinson, A. C., D. J. Kenan, G. F. Hatfull, N. F. Sullivan, R.
Spiegelberg, and W. D. Donachie. 1984. DNA sequence and
transcriptional organization of essential cell division genes ftsQ
and ftsA of Escherichia coli: evidence for overlapping transcrip-
tional units. J. Bacteriol. 160:546-555.

Robinson, A. C., D. J. Kenan, J. Sweeney, and W. D. Donachie.
1986. Further evidence for overlapping transcriptional units in
an Escherichia coli cell envelope-cell division gene cluster:
DNA sequence and transcriptional organization of the ddl ftsQ
region. J. Bacteriol. 167:809-817.

. Schaechter, M., O. Maalge, and N. O. Kjeldgaard. 1958. Depen-

dency on medium and temperature of cell size and chemical
composition during balanced growth in Salmonella typhimu-
rium. J. Gen. Microbiol. 19:592-606.

Simons, R. W., F. Houman, and N. Kleckner. 1987. Improved
single and multicopy lac-based cloning vectors for protein and
operon fusions. Gene 53:85-96.

Sullivan, N. F., and W. D. Donachie. 1984. Transcriptional
organization within an Escherichia coli cell division gene clus-
ter: direction of transcription of the cell separation gene envA. J.
Bacteriol. 160:724-732.

. Vicente, M., S. R. Kushner, T. Garrido, and M. Aldea. 1991.

The role of the ‘‘gearbox’ in the transcription of essential
genes. Mol. Microbiol. 5:2085-2091.

Wang, X., P. A. J. de Boer, and L. 1. Rothfield. 1991. A factor
that positively regulates cell division by activating transcription
of the major cluster of essential cell division genes of Esch-
erichia coli. EMBO J. 10:3363-3372.

Ward, J. E., Jr., and J. Lutkenhaus. 1985. Overproduction of
FtsZ induces minicell formation in Escherichia coli. Cell 42:
941-949.

Yi, Q.-M., S. Rockenbach, J. E. Ward, Jr., and J. Lutkenhaus.
1985. Structure and expression of the cell division genes fitsQ,
ftsA, and ftsZ. J. Mol. Biol. 184:399-412.



