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Global Analysis of the Genetic
Network Controlling a Bacterial
Cell Cycle
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This report presents full-genome evidence that bacterial cells use discrete
transcription patterns to control cell cycle progression. Global transcription
analysis of synchronized Caulobacter crescentus cells was used to identify 553
genes (19% of the genome) whose messenger RNA levels varied as a function
of the cell cycle. We conclude that in bacteria, as in yeast, (i) genes involved
in a given cell function are activated at the time of execution of that function,
(ii) genes encoding proteins that function in complexes are coexpressed, and (iii)
temporal cascades of gene expression control multiprotein structure biogenesis.
A single regulatory factor, the CtrA member of the two-component signal
transduction family, is directly or indirectly involved in the control of 26% of

the cell cycle-regulated genes.

In the bacterium Caulobacter crescentus, a
complex genetic network controls essential
cell cycle functions, including the ordered
biogenesis of structures at the cell poles and
division plane (7). Because different func-

"Department of Developmental Biology, Beckman
Center, Stanford University School of Medicine, Stan-
ford, CA 94305, USA. 2The Institute for Genomic
Research, 9712 Medical Center Drive, Rockville, MD
20850, USA.

*To whom correspondence should be addressed. E-
mail: shapiro@cmgm.stanford.edu

tions occur at specific times in the Cau-
lobacter cell cycle (Fig. 1A), regulation of
the cell cycle must be examined as an inte-
grated system. The availability of the full
Caulobacter genome sequence and microar-
ray gene expression assays now allow such
an approach.
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Caulobacter genes exhibited discrete times of
transcriptional activation and repression dur-
ing a normal cell cycle. Prokaryotic biology
has focused on external, environmental cues
as the major mechanism for turning bacterial
genes on and off, rather than internal cues.
Surprisingly, the transcription of genes required
for many cell cycle functions, such as DNA
replication, chromosome segregation, and cell
division, occurred just before or nearly coinci-
dent with the time of execution of that function,
paralleling temporal patterns of gene expression
observed in the yeast cell cycle (3, 4).

Swarmer cells from wild-type C. crescen-
tus were isolated and allowed to proceed
synchronously through their 150-min cell cy-
cle (Fig. 1A). RNA was harvested from cell
samples taken at 15-min intervals. RNA lev-
els for each gene at each time point were
compared to RNA levels in a mixed, unsyn-
chronized reference population by means of
microarrays (5). To determine which RNAs
varied as a function of the cell cycle, we used
a discrete cosine transform algorithm to iden-
tify expression profiles that varied in a cycli-
cal manner (5). This analysis identified 553
genes whose RNA levels changed as a func-
tion of the cell cycle. The 72 genes with
previously characterized cell cycle-regulated
promoters were in this set of temporally reg-
ulated transcripts, and they exhibited peak
times of expression consistent with earlier
data (5).

A self-organizing map clustering tech-
nique was applied to the 553 cell cycle-

15 DECEMBER 2000 VOL 290 SCIENCE www.sciencemag.org


mailto:shapiro@cmgm.stanford.edu

regulated expression profiles to identify
groups of genes with similar expression pat-
terns (5). Temporally regulated genes were
maximally expressed at specific times distrib-
uted throughout the entire cell cycle (Fig.
1B). These genes were distributed along the
single Caulobacter chromosome, with no ev-
ident correlation between time of expression
and chromosomal position (6).

Fifty-five percent of the cell cycle-regu-
lated genes had significant similarity to pre-
viously characterized genes in categories
spanning all known biological processes (3,
7), showing that the Caulobacter genetic cir-
cuitry maintains tight temporal transcription-
al control over a wide range of metabolic and
morphological processes. The function of the
other 45% of the cell cycle-regulated genes is
unknown; 151 had no significant sequence
similarity to other genes in public databases,
whereas 96 had similarity to at least one other
hypothetical protein.

For each cell cycle-regulated event, we
observed a set of associated genes that were
induced immediately before or coincident
with the event (Fig. 2).% Further, genes en-
coding proteins that form multiprotein com-
plexes were coexpressed and, when partici-
pating in the biogenesis of a complex struc-
ture, were expressed in a transcriptional cas-
cade that, at least in two cases, reflected their
order of assembly.

The expression profiles of genes associat-
ed with DNA replication and cell division are
shown in Fig. 2A. Three genes encoding
proteins that function in replication initiation
were maximally expressed in swarmer cells,
just preceding and overlapping replication
initiation, and 13 genes encoding components
of the replication machinery significantly in-
creased transcription at the start of S phase. In
addition, we found that homologs of genes
required for the synthesis of nucleotides were
induced at the G,-S transition, perhaps ensur-
ing sufficient nucleotide pools during S phase
in part by transcriptional regulation of nucle-
otide synthesis genes. Additional genes with
peak expression in early S phase included
homologs of genes that participate in recom-
bination and DNA repair. Temporal control
of DNA methylation in Caulobacter appears
to be executed by staged transcription of
S-adenosylmethionine (SAM) metabolism
genes and the SAM-dependent DNA methyl-
transferase ccrM gene. Four genes implicated
in chromosome segregation were strongly in-
duced during the interval after chromosome
replication (8, 9). Three genes of the ruv4BC
operon that we predict to encode the resolva-
some, an assemblage of enzymes that re-
solves Holliday junctions, were also ex-
pressed at this time. Given their well-charac-
terized roles in resolving DNA structure in
Escherichia coli and their expression in late
predivisional cells in Caulobacter, we predict
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that the ruvABC genes play a role in the late
stages of chromosome duplication in Cau-
lobacter. Homologs of the E. coli cell divi-
sion genes fisZ, fisl, fisW, fisQ, and fisA were
all expressed in a cell cycle—dependent fash-
ion, with peak expression of these genes
widely distributed in time. The distribution of
transcription peaks of cell division genes sug-
gests that assembly of the cell division ma-
chinery, which includes the tubulin-like FtsZ,
is temporally ordered by regulation at the
transcriptional level.

As swarmer cells differentiate into stalked
cells, membrane synthesis rates (/0) and
overall translation rates (//) increase, sug-
gesting that cell growth is regulated during
the cell cycle. The S phase—specific induction
of genes encoding ribosomes, RNA polymer-
ase, and the NADH (reduced form of nico-

tinamide adenine dinucleotide) dehydroge-
nase complex of oxidative respiration (Fig.
2B) suggests transcriptional regulation of the
general increase in metabolism observed in
stalked cells relative to swarmer cells. Two
sets of genes encoding enzymes that synthe-
size membranes and peptidoglycan were
identified, one set with peak expression in
swarmer cells and one with maximal expres-
sion in early stalked cells (Fig. 2B). These
genes may play a role in cell envelope growth
during the ensuing S and G, phases. Un-
doubtedly, some of these genes also partici-
pate in the synthesis of Caulobacter’s polar
stalk, which occurs at the G,-S transition.
Previous rifampicin studies have shown that
stalk biogenesis requires transcription during
the first 45 min of the cell cycle (/2), pre-
cisely the time of peak expression of the
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Fig. 1. (A) Temporally coordinated events of
the Caulobacter cell cycle. Motile, piliated
swarmer cells differentiate into stalked cells
at the G,-S transition by shedding their polar
flagellum, growing a stalk at that site, losing
the polar pili, and initiating DNA replication.
Circles and "theta" structures in the cells
represent quiescent and replicating chromo-
somes, respectively. CtrA is present in the
shaded cells, where it represses DNA replica-
tion initiation and is cleared by proteolysis
during the swarmer cell-stalked cell (G,-S)
transition. Cell division yields distinct proge-
ny, a swarmer cell and a stalked cell. Bars
below indicate timing of cell cycle functions
(gray indicates a function controlled by
CtrA). (B) Clustered expression profiles for
the 553 identified cell cycle-regulated tran-
scripts are organized by time of peak expres-
sion. Expression profiles for genes are in rows
with temporal progression from left to right,
as indicated at the top. Ratios are represent-
ed using the color scale at the bottom. Ex-
pression profiles were clustered using the
self-organizing map analysis of the Gene-
Cluster software and plotted using TreeView
software. Each cluster is numbered; for an
expanded, annotated view of these clusters,
see (5).
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membrane and peptidoglycan enzyme genes
found in our expression assays (Fig. 2B).
Polar differentiation in Caulobacter in-
cludes construction of the polar flagellum and
chemotaxis complex in predivisional cells
and pili formation at the flagellated pole of
swarmer cells. Cell cycle-dependent tran-
scription is required for each of these events
(12). At least 41 genes responsible for flagel-
lar biogenesis are organized in a four-level
transcriptional hierarchy in which the expres-
sion of each class of genes is required for
expression of all subsequent classes (/3).
This temporal cascade is evident in our
flagellar gene expression profiles (Fig. 2C).
The flagellum, under the control of the che-
motaxis machinery, moves the cell toward an
attractant or away from a repellent. The ma-
jority of the 18 chemotaxis genes (Fig. 2C)
were expressed in parallel with the construc-
tion of the flagellum so that the chemotaxis
machinery is available when needed. Six
genes constituting two adjacent operons en-
coding the membrane-embedded pilin secre-
tory apparatus and the prepilin peptidase
were expressed in late predivisional cells
(Fig. 2C). The cpaBCDF genes, predicted to
encode the secretion apparatus for pilin (/4),
were expressed first, followed immediately
by expression of the prepilin peptidase gene
cpad. Finally, the pilin subunit, encoded by
pilA, reached maximal expression 30 min
later in early swarmer cells, coincident with

DNA replication and cell division

gm‘e DNA replication
himA Initiation

DNA replication

nucleotide
synthesis

L e
%3 EESE

DNA repair

chromosome
segregation

arA
ga:B L

] mntEI -
mat .
metX |DNA methylation
matF

- i

. sZ ]
el RS:N
5!
. fisQ  |cell division
4 fisA

Fig. 2. (A to C) Expression profiles of function-
ally related sets of genes. The flagellar biogen-
esis genes in (C) are organized in classes | to IV,
reflecting the temporal hierarchy of their tran-
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the time in the cell cycle when pili are first
observed by electron microscopy (/4). Thus,
pili biogenesis is apparently organized as a
temporal transcriptional cascade, similar to
the flagellar cascade.

The CtrA response regulator, a member of
the two-component signal transduction fami-
ly, controls several cell cycle functions (Fig.
1A). This critical regulator is periodically
activated by phosphorylation and is cleared
from stalked cells by temporally regulated
proteolysis. A complex spatially and tempo-
rally regulated network of two-component
signal transduction proteins (histidine kinases
and response regulators) is thought to control
the phosphorylation of CtrA (I, 15).

To identify all cell cycle—dependent genes
that are directly or indirectly regulated by
CtrA, we used microarrays to analyze gene
expression levels in a mutant strain bearing a
loss-of-function allele of ctrA, ctrA401" (16).
Genes previously known to be activated by
CtrA showed decreased expression levels in
the ctrA401 strain. In all, we found 84 genes
whose expression level (i) decreased in the
ctrA401* strain, and (ii) increased in wild-
type cells after the transcriptional activation
of ctr4. Conversely, 60 genes negatively reg-
ulated by CtrA were identified on the basis of
expression levels that were (i) increased upon
loss of CtrA function, and (ii) maximally
expressed in wild-type cells at the time when
CtrA is proteolytically cleared from the cell

w
o
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cell envelope
metabolism

ribosomal
proteins

NADH

dehydrogenase

(during the G,-S transition) (Fig. 1A). Thus,
26% (144 of 553) of all cell cycle—dependent
transcripts are significantly affected by the
loss of functional CtrA (Fig. 2) (2). The ctrd
loss-of-function mutant is known to accumu-
late cell mass, maintain viability, and regu-
larly replicate the chromosome until at least 4
hours after the shift to the restrictive temper-
ature (16, 17). The changes in expression
levels in this strain can therefore be attributed
to loss of CtrA activity, and not simply to a
block of cell cycle progression.

We searched for CtrA binding sites in the
promoter regions of all predicted genes (5).
Of 1784 genes whose mRNA was determined
not to vary as a function of the cell cycle,
only two had an upstream consensus CtrA
binding site. In contrast, of 553 genes with
cell cycle—dependent mRNAs, 38 had con-
sensus CtrA binding sites. Those genes with
sites closely matching the consensus T TAA-
n7-TTAAC (n = any nucleotide) are candi-
dates for direct regulation by CtrA, whereas
those without it are likely to be downstream,
indirect targets of CtrA. Our criteria for iden-
tifying a gene as directly regulated by CtrA
include (i) a predicted CtrA binding site in
the regulatory region, (ii) altered expression
in the ctrd loss-of-function mutant, and (iii)
timing of the gene’s expression pattern con-
sistent with the time of CtrA availability dur-
ing the cell cycle (Fig. 3).! These criteria
correctly identified genes previously shown

C Polar morphogenesis

flagellar
biogenesis

chemotaxis

pili
blogenesis

scription. The column labeled ctrA® shows the change in expression level for each gene in response to loss of CtrA. Expression levels are color-coded
as in Fig. 1. For expanded, annotated profiles of each set of genes, see (5).
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by in vitro footprinting and site-directed mu-
tagenesis to be directly regulated by CtrA.
Among the genes meeting these criteria
are three genes encoding regulatory factors
that were expressed at the G,-S transition: a
histidine kinase (HK4) and two RNA poly-
merase sigma factors (sig7 and sigU) (Fig.
4). These newly identified genes are likely
candidates for regulation of early S-phase
gene expression. The two sigma factors are
members of the extracytoplasmic function
(ECF) family (/8). Changes in expression
levels of sigT and sigU lead to aberrant cells
(19). The sigT and HK4 genes are in one
operon and sigU in another. Expression of
both the sigT and sigU operons was signifi-
cantly enhanced in the ctr4 loss-of-function
experiment, and a consensus CtrA binding
site was found in the predicted promoter re-
gions of both operons (5), suggesting that
CtrA normally acts to repress expression of
these potential G,-S regulators (5).
Expression of most of the chemotaxis
genes was also significantly lower in the

Direct regulation
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Fig. 3. The CtrA regulatory network governing
Caulobacter cell cycle progression. Phosphoryl-
ated CtrA autoregulates its own transcription
(23) and activates or represses the transcription
of multiple sets of genes. CtrA bound to sites in
the origin of replication inhibits replication ini-
tiation (77). In addition, there are at least 113
genes in several functional categories that ap-
pear to be indirectly regulated by CtrA. Green,
previously known pathways; red, newly identi-
fied pathways. For an expanded network with
added details, see (5).
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ctrA401* strain (Fig. 2C). The promoter re-
gion of the multigene mcpA operon was
found to have a highly conserved half CtrA
binding site (TTAAC) (5), suggesting that
CtrA might directly activate this operon of
chemotaxis genes. Transcription of the pilin
subunit pil4 was strongly reduced in the
ctrA401* strain, consistent with a previous
report (14). We also found that expression of
the prepilin peptidase gene cpad was mark-
edly reduced in the ctr4401* strain and that
cpaA has a CtrA-binding motif in its promot-
er region (5), expanding the potential role of
CtrA in controlling pilus assembly.

Expression levels of genes encoding the
RNA polymerase alpha subunit (rpo4) and
major sigma subunit (rpoD), most ribosomal
subunits, and NADH dehydrogenase subunits
were reduced by a factor of more than 2 in the
ctrA401* strain (Fig. 2B). However, none of
these genes had upstream CtrA binding sites
(5); this finding suggests indirect regulation
by CtrA.

Changes in global transcription patterns
were also assayed in a strain containing
the inducible gain-of-function ctrd allele
ctrAD51EA3(), which encodes a constitu-
tively active, proteolysis-resistant form of
CtrA (3). Induction of this allele blocks rep-
lication initiation, causing a strong G, arrest
of Caulobacter cells (20). Normally, CtrA
proteolysis at the G,-S transition relieves the
repression of replication initiation, but induc-
tion of the gain-of-function allele leads to
continued binding of CtrA—P at the origin of
replication, thereby blocking the formation of
the replisome (17, 20).

Transcript levels of 125 genes increased sig-
nificantly after induction of the ctrdD51EA3€)
gain-of-function allele (2). In wild-type cells,
nearly 85% of these genes were expressed

during the swarmer (G, ) phase when CtrA was
present; expression levels of these genes nor-
mally decrease at the G,-S transition when
CtrA is cleared from the differentiating
swarmer cell. Conversely, of the 153 genes that
showed a significant decrease in expression in
this gain-of-function strain, 80% were normally
expressed in predivisional or late S and G, cells
(2). Thus, blocking replication initiation
through a ctr4 gain-of-function allele reduced
the expression of a wide range of genes nor-
mally induced during S and G,, including 70%
of those identified in the ctr4401* experiment
as dependent on CtrA for expression. Persis-
tence of active CtrA alone was thus not suffi-
cient to induce expression of these CtrA-depen-
dent genes after a block in the initiation of
replication; this suggests a role for factors nor-
mally expressed later in the cell cycle.

The global analysis of bacterial cell cycle
regulation initiated here has established the
outline of the complex genetic circuitry that
controls bacterial cell cycle progression and
identified candidate genetic pathways for fur-
ther exploration (Fig. 3). We found that the
master regulator CtrA directly or indirectly
controls at least 26% of cell cycle-regulated
genes. Other currently unidentified factors
must regulate the periodic expression of the
409 cell cycle-dependent genes that did not
respond to loss of CtrA function. We predict
that the regulation of cell cycle—dependent
genes not controlled by CtrA will involve a
hierarchical architecture with two or three
additional master regulatory proteins acting
in a coordinated fashion. Twenty-seven new-
ly identified temporally controlled genes en-
coding two-component signal transduction
proteins and sigma factors are candidates for
these master regulatory roles (Fig. 4). Sixteen
histidine kinases were found to be expressed
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Fig. 4. Regulatory genes expressed in a cell cycle-dependent pattern. Genes encoding histidine
kinases, response regulators, and sigma factors that are transcribed as a function of the cell cycle
are shown at the time of their peak expression levels during the cell cycle. Newly identified
regulatory genes are denoted by their predicted type and are numbered according to order of
expression. Black, response regulators with an identifiable output domain; green, single-domain
response regulators; red, histidine kinases; blue, histidine kinases with a fused response regulator
domain; orange, sigma factors. Underlines indicate previously identified regulatory genes. Black
boxes indicate genes encoding proteins known to be dynamically localized during the cell cycle. For

additional details, see (5).
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in a cell cycle—dependent manner. Only four
of these (DivJ, CckA, PleC, and CheA) have
been characterized, and three of the four
(boxed in Fig. 4) are known to be dynami-
cally localized to the cell poles at different
times in the cell cycle (27, 22). The spatial
distribution of CtrA also varies during the
cell cycle (Fig. 1A) (20); together, these ob-
servations add another regulatory dimension.
The operation of Caulobacter’s genetic cir-
cuitry controlling cell cycle progression and
asymmetric cell division must ultimately be
analyzed and modeled as an integrated, three-
dimensional system of coupled chemical re-
actions incorporating genome-scale informa-
tion on mRNA and protein levels, posttrans-
lation modifications, and spatial distributions.
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The Bacterial Flagellar Cap as
the Rotary Promoter of
Flagellin Self-Assembly

Koji Yonekura,* Saori Maki,'* David Gene Morgan,?
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The growth of the bacterial flagellar filament occurs at its distal end by
self-assembly of flagellin transported from the cytoplasm through the narrow
central channel. The cap at the growing end is essential for its growth, remaining
stably attached while permitting the flagellin insertion. In order to understand
the assembly mechanism, we used electron microscopy to study the structures
of the cap-filament complex and isolated cap dimer. Five leg-like anchor do-
mains of the pentameric cap flexibly adjusted their conformations to keep just
one flagellin binding site open, indicating a cap rotation mechanism to promote
the flagellin self-assembly. This represents one of the most dynamic move-

ments in protein structures.

Self-assembly is used in biological systems to
construct large molecular complexes and cel-
lular organelles. In most cases, the assembly
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processes are regulated by conformational
adaptability between the assembled proteins
and those that form the site of assembly. The
assembly mechanism is not based on simple
lock-and-key interactions of compactly fold-
ed molecules but involves dynamic confor-
mational changes and partial folding. Tobac-
co mosaic virus (/, 2) and the bacterial fla-
gellum (3, 4) are classical examples of such
mechanisms. These two systems vividly il-
lustrate how the conformational flexibility
and adaptability of biological macromole-
cules regulate the assembly processes. How-
ever, the structures of the assembly sites have
never been visualized, even for these well-
defined structures. In order to study the as-
sembly process of the bacterial flagellar fila-
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ment, we have used electron microscopy and
single particle image analysis.

In many bacteria, swimming results from
rotation of helical flagella driven by rotary
motors at their bases (5-7). In Escherichia
coli and Salmonella, the motor structure
called the flagellar basal body crosses both
cytoplasmic and outer membrane and contin-
ues as an extracellular structure called the
hook and the filament. The assembly process
starts with FliF ring formation in the cyto-
plasmic membrane (8) (Fig. 1A). A dedicated
export apparatus, homologous to the type 11
protein export system (9), is believed to be
integrated at the cytoplasmic opening of the
FIiF ring channel and to export selectively a
set of flagellar proteins into the channel in the
flagellum by using the energy of ATP hydrol-
ysis (10, 11). The flagellar proteins travel
through the channel of the growing structure
to the distal end, where the assembly occurs
(12, 13). The filament is only about 200 A
in diameter but grows to a length of up to
15 wm by polymerization of as many as
30,000 flagellin subunits. The central channel
through which those flagellin subunits are
transported is only 30 A wide. The entire
flagellum is built by self-assembly of the
component proteins.

Just before the filament elongation starts
in the growth process of the bacterial flagel-
lum, HAP2 (hook-associated protein 2, also
called FliD) forms a cap on top of the hook-
HAP1-HAP3 complex (/4). Then, flagellin
subunits passing through the channel poly-
merize just below the cap one after another to
form the long helical filament (/5) (Fig. 1A).
The cap stays attached at the distal end during
the filament growth, and the simplest role of
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