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The periodic and sequential expression of flagellar (fla) genes in the Caulobacter crescentus cell cycle depends
on their organization into levels I to IV of a regulatory hierarchy in which genes at the top of the hierarchy are
expressed early in the cell cycle and are required for the later expression of genes below them. In these studies,
we have examined the regulatory role of level IIfliF operon, which is located near the top of the hierarchy. The
last gene in the fliF operon, flbD, encodes a transcriptional factor required for activation of j54-dependent
promoters at levels III and IV and negative autoregulation of the level II fliF promoter. We have physically
mapped the fliF operon, identified four new genes in the transcription unit, and determined that the
organization of these genes is 5'-fliF-fliG-flbE-fliN-flbD-3'. Three of the genes encode homologs of the MS ring
protein (FliF) and two switch proteins (FliG and FliN) of enteric bacteria, and the fourth encodes a predicted
protein (FlbE) without obvious similarities to known bacterial proteins. We have introduced nonpolar
mutations in each of the open reading frames and shown that all of the newly identified genes (fliFfliG,flbE,
andfliN) are required in addition toflbD for activation of the u54-dependentflgK andflbG promoters at level
III. In contrast,fliFfliG, andflbE, but notfliN, are required in addition toflbD for negative autoregulation of
the level II fliF promoter. The simplest interpretation of these results is that the requirements of FlbD in
transcriptional activation and repression are not identical, and we speculate that FlbD function is subject to
dual or overlapping controls. We also discuss the requirement of multiple structural genes for regulation of
levels II and III genes and suggest thatfla gene expression in C. crescentus may be coupled to two checkpoints
in flagellum assembly.

The procaryotic flagellum is a complex organelle composed
of three structural elements: the basal body or motor, which is
embedded in the membrane and peptidoglycan layers of the
cell envelope; the external hook, which attaches the basal body
to the flagellar filament; and the filament itself, which rotates
to move the cell (35, 62). In the dimorphic bacterium Cau-
lobacter crescentus, the flagellum is assembled at one pole of
the dividing cell late in the cell cycle and then segregates with
the motile swarmer cell at division. Its biosynthesis requires the
activity of 40 to 50 flagellar (fla) genes (15), and, as in the
enteric bacteria, expression of these genes is regulated by their
organization in a regulatory hierarchy in which expression of
genes at the top of the hierarchy is required for expression of
genes lower in the hierarchy (reviewed in references 7 and 44).
In the C. crescentus hierarchy, there is also evidence that fla
gene interactions mediate the negative, as well as the positive,
transcriptional control of gene expression (45, 49, 70).
A unique feature of flagellum biosynthesis in C. crescentus is

the cell cycle regulation of fla gene expression; the genes are
expressed periodically in a sequence that corresponds to the
order in which the gene products are assembled. The time of
expression depends in part on the relative position of these
genes in the hierarchy (48), with genes at the top of the
hierarchy expressed earliest in the cell cycle and those at the
bottom expressed late. These results and those from epistasis
experiments (45, 70) suggest that the genes required for
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flagellum biosynthesis are organized into four levels, I to IV
(see Fig. 1 below and references 45 and 66). Many C. crescentus
fla genes have been recently renamed to correspond with the
names of their homologs in Escherichia coli and Salmonella
typhimurium (see references 23 and 25), as summarized in
Table 1.
The level IV genes at the bottom of the hierarchy are the 25-

and 27-kDa flagellin genes, and just above them are the level
III genes that encode the hook, ring, and axial proteins. Both
level III and level IV genes are transcribed from specialized
54 promoters (40, 42, 46). The level II genes are near the top

of the hierarchy. They include the level IIB genes of the fliL
operon (63, 73) and fliQ operon (13) and genes at the flaO
locus, which we show in this paper are contained within thefliF
operon. These transcription units have a common consensus
promoter, and we have grouped them together at level IIB.
The level IIB promoters are unlike others described in bacteria
and are recognized by a specialized sigma factor designated as
cy (see Table 1 and reference 5) or csR (8). rpoN, which
encodes ur54 (3, 8), appears to have a similar promoter, and we
have placed it at the same level (3). The flhA gene has been
assigned to level IIA because its 5' sequence is not similar to
the fliF, fliL, and fliQ promoter consensus (54, 56). Level I
genes at the top of the hierarchy have not been identified, and
this level has been reserved for genes that couple expression of
level II genes to cell cycle events (Fig. 1).

Several findings indicate that genes in the fliF operon play a
pivotal role in regulating the transcriptional cascade. The last
gene of this operon encodes the FlbD protein (53), which
belongs to a family of specific activators of (T54 promoters that
includes the E. coli NtrC protein (33). Genetic analysis has
shown that activation by the flbD gene product requires ftr
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TABLE 1. Nomenclature of C. crescentus fla genes

C. crescentus gene E. coli or
C.-crescentus gene E.c:i or Function or structure Promotera Reference(s)

Old Revised S. typhurium gene

Level IfAb
flbF flhA flhA Export (?) 54, 56

Level IIB
flaO fliF fliF MS ring oy 66 and this report

fliG fliGm Switch This report
fQbE None Unknown This report
fliN fliN Switch This report

flbD flbD None Transcription 53
Regulation

flbO fliL fliL Unknown 0y 73
fliM fliM Switch

flaS fliQ fliQ Unknown cy 13
fliR fliR Unknown

Level III
flbGC Hook initiation (?) cr54 41
(flaJ)C (fliK) Hook length 59, 60
flbH flgD flgD Hook initiation (?) 41
flaK flgE flgE Hook 49
flaN flgK flgK HAP1 54 41
flaQ ?
flaC flgF flgF Proximal rod Cr54 11
flaB flgG flgG Distal rod
flaD None E ring (?) 21
flbN flgH flgH L ring 12
flaP figl fIgl P ring 54 29

Level IV
flgJ fljJ hag 29-kDa flagellin or? 18
flaL fjL 27-kDa flagellin "54 38
flgK fljK 25-kDa flagellin a54 38

aThe promoter type is listed for the first gene in an operon. Level ILA and Level IIB promoters are presumed to be recognized by different sigma factors, provisionally
designated orx and ory, on the basis of sequence comparisons.

b Level designations apply only to C. crescentus genes.
CflaJ, which is homologous with fliK, may be part of the flbG ORF (41).

(flagellar transcription regulation) sequence elements located
approximately 100 bp from the level III flbG (4, 42, 43) and
flgK (20, 42, 43) promoters. Pairs offtr sequence elements have
now been identified in the promoters of all published U54 fla
genes, and FlbD has been proposed as a global regulator of
these level III and IV genes (69). Anftr sequence element,ftr4,
also overlaps the fliF promoter and has been implicated in the
negative autoregulation and the correct cell cycle timing of this
level II transcription unit (45, 66). Results of in vitro assays
with highly purified components have now demonstrated that
FlbD activates the au4flbG promoter by its interaction with the
upstream ftr sequences and represses the a'-dependent fliF
promoter by binding to ftr4 (5, 6). Genetic results suggest,
however, that theflbD gene alone is not sufficient for activation
of transcription from level III promoters in vivo (9, 45, 70). The
experiments described here were undertaken to determine the
role of other genes in the fliF operon in the regulation of FlbD
activity.
We report below an analysis of the fliF transcription unit

that has identified four new open reading frames (ORFs)
upstream from flbD and shown that the organization of the
genes in the operon is 5'-fliF-fliG-flbE-fliN-flbD-3'. The genes
identified encode predicted homologs of the MS ring protein
FliF and the two switch proteins FliG and FliN of enteric
bacteria, plus a protein, FlbE, without obvious similarity to
known bacterial proteins. To examine the role of these pro-

teins in fla regulation, we have introduced nonpolar mutations
in each of the newly identified ORFs and tested their effects on
transcriptional regulation in vivo. Our results show that all of
these genes are required in addition to flbD for activation of
the a" flbG andflgK promoters at level III of the hierarchy but
that onlyfliF-fliG-flbE are required in addition toflbD for the
negative autoregulation of fliF. These results indicate that
multiple structural genes in the fliF operon are required for
transcriptional regulation by FlbD. We discuss the possibility
that the two functions of FlbD as a transcription activator and
repressor may be subject to dual or overlapping controls.

MATERUILS AND METHODS

Strains and media. C. crescentus strains were all derived
from strain CB15 (ATCC 19089), and they are listed in Table
2. Plasmids were introduced into C. crescentus by triparental
matings or electroporation and selected on minimal M2 me-
dium supplemented with 0.2% glucose or on peptone-yeast
extract (PYE) supplemented with spectinomycin as described
previously (51). Following electroporation, the integration of
pUC-based plasmids in C. crescentus was selected for on PYE
medium containing spectinomycin and streptomycin. Motility
was assayed in swarm plates containing 0.5X PYE plus 0.35%
agar. E. coli cells were routinely grown in ML (51). Drugs were
included at the following concentrations (micrograms per

J. BACTERIOL.
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TABLE 2. C. crescentus strains and genotypes

Strain Genotype Source or reference

CB15 Wild type ATCC 19089
SC290 fliG138 25
PC7070 rec-526 Smr zbe::Tn5 50
PC7812 II.1::1 48
PC5509 flbEl88::TnS 51
SC1967 flbD620::Tn5 15
PC8638 flbD358 NTG mutagenesis
PC8652 fliG372 NTG mutagenesis
PC8660 fliF380 NTG mutagenesis
PC8661 fliF381 NTG mutagenesis
PC8683 fliF403 NTG mutagenesis
PC8742 fliF462 NTG mutagenesis
PC8750 fliG470 NTG mutagenesis
PC8760 flbD480(Ts) NTG mutagenesis
PC8795 flbD215 NTG mutagenesis
PC9263 AflbE II.1::Q Materials and Methods
PC9264 AfliN II.1::Qf Materials and Methods
PC9249 A(fliF-flbD) fliF::fl Materials and Methods
PC9255 A(fliF-flbD)rec-526 zbe::TnS 4i(PC7070) x PC9249
PC9256 fliF462 rec-526 zbe::TnS 4(PC7070) x PC8742
PC9257 fliG470 rec-526 zbe::TnS 4(PC7070) x PC8750
PC9258 flibD480(Ts) rec-526 zbe::Tn5 O(PC7070) x PC8760
PC9259 flbD215 rec-526 zbe::Tn5 O(PC7070) x PC8795
PC9260 fliF403 rec-526 zbe::TnS 4)(PC7070) x PC8683

milliliter): ampicillin, 50; tetracycline, 15 forE. coli and 2 for C.
crescentus; kanamycin, 50; spectinomycin and streptomycin, 50
for E. coli and 200 for C. crescentus.

Plasmid construction. Plasmids used in this study include
pUC-based plasmids (72) that do not replicate in C. crescentus
and pRK290-based plasmids that are maintained in C. crescen-
tus. Plasmids containing fliF DNA were derived from the
original pRK290 clone pS1505 (reference 51 and Fig. 2B).
DNA fragments from these plasmids were subcloned in pUC18
and in pBluescript KS + (Stratagene Corp.) and then in the
pRK290 derivative pRK2L1 (42) for use in complementation.
The flap-lacZ fusion plasmids have been described previously
(45).
Chemical mutagenesis. C. crescentus CB15 was subjected to

mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (NTG),
essentially as detailed by Miller (37). Cultures grown in PYE
medium to saturation were subjected to NTG treatment at 125
,ug/ml for 15 min at 30°C. The cells were spun down and
washed repeatedly in PYE medium before being plated in
motility agar. Colonies defective in swarm formation after
growth at 30°C for 2 to 3 days were purified and rechecked for
the nonswarming phenotype. Temperature-sensitive nonmotile
mutants were identified by testing for swarming at 24°C as the
permissive temperature and at 37°C as the restrictive temper-
ature. Mutants that could be complemented byfla+ genes were
presumed to be fla mutants.
Mapping offliF mutations. NTG-derived fla mutants were

tested for gain of motility in a rec background following
introduction of thefliF plasmid clone pS1505 or pGIR342 (see
Fig. 2B and the next section). Mutations complemented by
these plasmids were mapped more accurately and tested for
polarity in complementation and recombination tests with
plasmids deleted for various fragments of fliF (see Fig. 2B).
Another test of polarity was the expression offlbD at the 3' end
of the operon as assayed in Western blots (immunoblots) (53).

Construction of deletions in the fliF operon. We attempted
to make deletions in each of the first four ORFs in the fliF
operon first by constructing in vitro, in-frame internal deletions

in pUC18 clone pGIR195 (Fig. 2B and 3). These deletions
were designed to allow any translational coupling between
adjacent ORFs to occur normally.

Suitable restriction sites at the 5' and 3' ends of each ORF
(Fig. 3 and 4) were targeted for linker mutagenesis by use of
XhoI 8-mer (CCTCGAGG) or 10-mer (CTCTCGAGAG)
linkers as required to maintain the translational reading frame.
The intervening sequence was deleted to generate the deletion
derivative with a unique XhoI site within the mutated gene. In
the case of the fliF ORF, the 5' and 3' sites used 10-mer and
8-mer linkers, respectively, with the resulting deletion deriva-
tive having a 9-mer XhoI linker. The resulting deletion deriv-
atives in pUC18 in ORFs 1, 2, 3, and 4 were designated
pGIR199, pGIR230, pGIR224, and pGIR225, respectively
(Fig. 3).
The DNA fragments with the deletions were then subcloned

as KpnI-XbaI inserts in pRK2L1 to test for complementation
of the C. crescentusfla mutations. The corresponding pRK2L1
clones are pGIR346, pGIR347, pGIR348, and pGIR349, re-
spectively (Fig. 2B and 3). The plasmids pGIR347 to pGIR349
were also deleted in vitro for sequences between their unique
XhoI and XbaI sites to generate a series of 3' deletions of
ORF2 to ORF5 (fliG-flbE-fliN-flbD), ORF3 to ORF5 (flbE-
fliN-flbD), and ORF4 to ORF5 (fliN-flbD). These clones,
carrying either fliF alone, fliF-flbG, or fliF-flbG-flbN, corre-
spond to plasmids pGIR350, pGIR351, and pGIR352, respec-
tively (Fig. 2B). These plasmids were used to complement
mutations in thefliF operon to test for polarity of deletion and
NTG-induced mutations in the first four ORFs. Mutations that
were not complemented to give a full wild-type Mot' pheno-
type by stabbing in soft agar or by direct microscopic observa-
tion were considered to be polar for expression of downstream
genes.
The pUC18 AORF plasmid clones described above

(pGIR199, pGIR230, pGIR224, and pGIR225) contain two
HindIII sites, one in the 5' region of the fliF operon and the
other in the 3' polylinker region of the vector (Fig. 3). The 3'
HindIII sites were selectively destroyed by partial digestion and
filling in of the overhanging end. The KpnI-HindIII promoter

Time of cell
cycle expression
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and switch
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FIG. 1. Organization of C. crescentus fla genes in a regulatory
hierarchy. Thefla genes are described in Table 1, and the organization
of hierarchy is discussed in the text.
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FIG. 2. Map of the fliF (flaO) region of the hook gene cluster and related plasmids. (A) The top line shows the organization of the hook gene
cluster, with arrows showing the directions and extents of the transcription units. The first genes in the different transcription units (I to IV) are
shown above the arrows. (B) The fliF operon region and the various genes are shown in more detail, and plasmids used in this study are delineated
below. Plasmids, which are derivatives of either pRK2L1 or pUC (indicated in parentheses), are described in the text. Dashed lines represent the
various in-frame deletions in the fliF operon genes (presented in more detail in Fig. 3). The inverted triangles in plasmids pGIR241 to -244 and
pGIR215 represent the sites of insertion of the fl cassette. The filled arrowheads in the pJZ plasmids represent the lppp lacZp promoters driving
expression of thefliF genes in the pINIIIlpp5 vector. Relevant restriction sites are designated as follows: A, ApaI; B, BamHI; E, EcoRI; H, HindI11;
Hp, HpaI; S, SmaI.

regions of these deletion plasmids were then replaced with
KpnI-HindIII fragments carrying an additional 2 kb of up-
stream DNA along with the SpcR StrR fl cassette (52) inserted
in the BamHI site within transcription unit 11.1. These
fl-tagged AORF clones in pUC18 were designated plasmids
pGIR241 to -244, respectively (Fig. 2B).
A pUC18 derivative carrying a deletion of all five ORFs

(fliF-fliG-flbE-fliN-flbD) was also generated by insertion of the
fl cassette at the deletion site. The 5 insertion spanned ApaI
sites in fliF and flbD to generate plasmid pGIR215 (Fig. 2B).
The parent plasmid in this construction was pUCB7, which
carried ca. 1.6 kb of theflhA sequence downstream offlbD, the
last gene of the fliF operon (Fig. 2B).

Cells of C. crescentus CB15 were electroporated with the
deletion derivatives pGIR243 (AflbE) and pGIR244 (AfliN),
and Spcr Strr transformants were selected. Stable Spcr Strr
recombinants depend upon integration of the plasmid by
homologous recombination into the chromosome, because
ColEl replicons are not maintained in C. crescentus. Bacterio-
phage Cr30 lysates made on motile, Spcr Strr transformants

were transduced into strain CB15, and the deletion strains
were screened for SpcR StrR transductants that were nonmo-
tile. Of the SpcR StrR transductants from the screen, 4 to 5%
were nonmotile deletion mutants in flbE (PC9263) and fliN
(PC9264). The general strategy for the isolation of gene
replacements used here has been described previously (39).
Plasmid pGIR215, which carries the Qk insertion in place of the
major part of the fliF operon, was similarly used to obtain
strain PC9249 lacking the entire operon. For reasons that are
not clear, plasmids pGlR241 (AfliF) and pGlR242 (AfliG) did
not yield Mot- recombinants at the transduction step, and,
consequently, it was not possible to generate strains carrying
in-frame deletions in fliF and fliG.
Assays offla transcription. Promoter activity was assayed by

measurement of levels of P-galactosidase in fla mutant strains
carrying the various flap-lacZ fusion plasmids. The cells were
grown at 30°C overnight in PYE medium containing tetracy-
cline and diluted into the same medium. Early-log-phase
cultures were assayed for P-galactosidase activity as described
by Miller (37).

I I
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pGIR1 99 (pGIR346)

pGIR230 (pGIR347) l

pGIR224 (pGIR348) _
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FIG. 3. Construction of in-frame deletion clones. The DNA frag-
ment carried in parental plasmid pG1R195 is shown on the top line
with relevant restriction sites. The deletions are indicated as gaps in
the lines representing the regions contained in each of the deletion
derivatives. The plasmid names in parentheses represent pRK2L1
derivatives of the pUC deletion clones used in complementation
studies. Restriction sites are indicated as follows: B, BamHI; Bg, BglII;
Bs, BstNI; E, EcoRI; EV, EcoRV; H, HindIII; N, NruI; Sa, Sail; Sm,
SmaI; St, StuI; X, XbaI.

Nucleotide sequencing and analysis. Sequencing was carried
out by the method of dideoxy chain termination (57) with
35S-dATP. The DNA was sequenced on both strands by using
nested-deletion clones made on fragments subcloned in pBlue-
script SK -. Oligonucleotides were synthesized for sequencing
through gaps and regions where reading the sequence was
otherwise difficult. The work was done in part by Lark Se-
quencing Technologies, Inc.
The sequence information was processed and analyzed by

using the University of Wisconsin Genetics Computer Group
package (10). After identification, the newly identified ORFs
in the fliF operon were compared with the sequences in the
database (release number 84) by TFASTA search.

Expression of gene products in minicells. Plasmid pJZ17
(Fig. 2B) was constructed by insertion of the 7-kb BamHI
fragment shown in Fig. 2B that contains the intact fliF operon
into the BamHI site of expression vector pINIIllppS (24). This
plasmid was then digested with XbaI and HindIII, cleaving
upstream within the vector and at nucleotide 290 of the insert,
respectively. This removed the II.1 terminator and fliF pro-
moter contained between the 5' BamHI site and the first
290-bp DNA segment cloned in pJZ17. In the resulting
plasmid, pJZ18, the fliF transcription unit is under the direct
control of the vector-borne E. coli Ipp promoter and lacUV5
promoter-operator (Fig. 2B). Plasmid pJZ18 was later used to
generate 3' deletions by digestion of the distal BamHI site and
partial digestion of the internal EcoRI sites, releasing up to
three fragments. The ends of the digested DNA were filled in
with Klenow fragment and religated. The resulting plasmids,
pJZ21, pJZ22, and pJZ23, containing 0, 1, or 2 internal EcoRI
sites, respectively, were used in experiments to identify pro-
teins encoded by the fliF operon.

Continuous sucrose gradient centrifugation (55) was used to
isolate minicells from strain P678-54 (1), carrying the pINIII-
lppS derivatives described above. The cells, with and without
added isopropyl-,-D-thiogalactopyranoside (IPTG) were la-
beled with [3 S]methionine as described previously (53). The
protein products were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and subjected to
autoradiography.

Nucleotide sequence accession number. The nucleotide se-
quence reported in Fig. 4 has been deposited in the GenBank
data base under accession number M98855.

Organization of the fliF operon. The fliF transcription unit
was originally located in the hook gene cluster by mapping of
a series of TnS insertions and the spontaneous mutation
fla0138 that conferred a nonmotile phenotype. The mutations
could be complemented by a 7-kb BamHI fragment in plasmid
pS1505 (Fig. 2 and reference 51) that extends from within the
upstream transcription unit II.1 (9, 40, 48) to the BamHI site
within the downstreamflhA transcription unit (54). The 5' end
of the fliF transcript has been mapped approximately 80 bp
upstream of the HindIII site (Fig. 2B and references 40 and
66), and the 3' end of the transcription unit is bounded byflhA
(formerly designated fibF; Fig. 2A and references 51 and 53),
whose transcription is initiated ca. 200 bp 3' of the unique
HpaI site (Fig. 2B and references 54 and 56). We conclude that
the complete fliF transcription unit is contained within the
5.6-kb BamHI-HpaI fragments on the basis of the ability of
plasmid pGIR342 to complement all TnS insertion mutations
at the flaO locus (Fig. 2B).

Nucleotide and translated amino acid sequence of the fliF
operon. To identify the fliF operon genes required for the
regulatory experiments described below, we determined the
nucleotide sequence of 4003 bp that extends from the BamHI
site in transcription unit IL.1 to the first codon of theflbD ORF
(53). On the basis of GCG TERMINATOR analysis, the
sequence between nucleotides 55 to 105 can form a short
stem-loop structure and contains the probable terminator of
transcription unit II.1 (Fig. 4).

Translation of the nucleotide sequence (Fig. 4) identified
the four ORFs, as summarized in Fig. 2B. Analysis of the
sequence by the criteria of codon usage, homology, and the
effects of mutations (see below) indicated that the ORFs
correspond to new genes. As discussed in the next section, the
first ORF appears to be a homolog of the S. typhimurium fliF
gene (26, 64), the second and the fourth ORFs appear to be
homologs of the S. typhimurium switch protein genes fliG and
fliN (30), respectively, and the third ORF, designated flbE,
shows no homology with any known genes.
We have designated the ATG at base 338 as the fliF start

codon, although a good consensus Shine-Dalgarno sequence
(14) could not be identified upstream (Fig. 4). We think it less
likely that the in-frame GTG at base 284 is the translation
start, because it extends the N terminus of FliF 18 residues and
includes codons that are infrequently used in C. crescentus (34,
58), and as shown below, deletion of all sequences upstream of
the HindIII site at base 289 in plasmid pJZ18 allowed expres-
sion of the fliF polypeptide. Possible ribosome binding sites
were identified upstream offlbE (GAGG, 8 bp from the ATG
start) and of fliN (AAGG, 10 bp from the ATG start). The
termination codon TGA of the fliF ORF overlaps the putative
start codon of the fliG ORF, which suggests that translation of
the two genes is coupled. ThefliG andflbE genes are separated
by 10 bp, the flbE and fliN genes are separated by 16 bp, and
thefliN andflbD genes are separated by 33 bp. The GC content
of C. crescentus is about 67%, and codon usage analysis showed
that all these ORFs have a similar third-base GC bias, as
observed in other known C. crescentus genes described previ-
ously (34, 58).
Comparisons offla genes from C. crescentus and enterobac-

teria. The fliF genes of S. typhimurium encode the MS ring
protein (26, 64), which may be the first protein assembled in
the inner membrane during flagellar biogenesis (27, 32). The
fliF gene of C. crescentus should encode a protein of 56.8 kDa
(FliFc), and its alignment with the S. typhimunum homolog
FliFs is shown in Fig. 5. FliFc may have undergone a large
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BamHI

+1 HirndIIl

FliF start

22 E P 5 E L L Y S N L D L K E A S E V T Q A L D Q A G I K Y E T K G
411 GAGCCCAGTGAGCTGCTCTATTCGAACCTGGACCTGAAGGAAGCCTCGGAAGTCACCCAGGCGCTGGATCAGGCCGGCATCAAGTATGAAACCAAGGGCG

55 D G S T I M V P R D K V A S A R L M V A G K G L V S S G S I G Y E I
511 AGCCACTAGTCGGGCAGCCACCCCTAGTGCGAAGCCTACCGCCACGTCAA

89
601

122
701

F DT N NA LGQ T DF V QQL N RQ R AL Q GE L E RT I KA M

Q GV NS V R VH LV LP K RQL F EE DA EQ P SA A VT I G V

155 G S R E PS S D MV RA I QN L VS S S V P NM KA E K VA V I D Q
801 GTGGGGCTGCGCTGCGGCTCGACGTTGCTGTCGAAGAGCAAGTGGTACAC

189 H G K T L S A P 5 D E S L A G K M A Q D R K S E V E A R I A K T V
901 GAGCAACTTGCCCGGCAACTGCGAGTGCAGCGAGCGGTGGCCCTGCAACT

222 K D M I E G V L G P G K A R V N V T A E L D L N R V T T Q E E R F
1001 AGAAGTGGGGGTGCCGCAGGGGGAGCCGCACGACGACCTACCCGAGGGTC

255 D P D G Q V I R S E S T T E A S S Q E N K N D D N A G V T A A A N V
1101 ACCAGTAGGTCTCGGGAGCGGCTCGCGAACAACAGCAGCGGCCGTCGCAG

289 P G G Q G A N G F Q Q L G S R T G Q N D A V T N Y E I S K S V T T
1201 TCGCGCGGGCAGCTCGACGGTGGAGGCGAGCCGCCACAGGTTCATGTAGC

322 T V Q E P G T I K K I A V A V A I D G V S A P M A A D G K P G A Y
1301 ACTCGACGGAGTAGAACCGCCGCCACAGCTTGCCGTGCCGCGAGCGCCTC

355 T P R T A Q E I Q Q I E E L V K T A V G F D A E R G D Q V R V T NI
1401 CCGGACCCGAACACGTGGACGTAGCGCTGTTGCCGGGGCACGTCGTACAA

389 K F P Q P E D Q G L E E Q G L L A G F D K N D I N R A A E L G V L
1501 CATCCCGCGGACGGCGAGGAGCTCGCGCTGCAACAACTCCCGCACGGGGT

422 A V V A L L I L L F A V R P F I K N L S A P A P C Q I A L A C P 5
1601 GGTGGCCGTACTTGTGGTCTCTCTAGACGCGGCGCCGCAACCCGCGTCTG

455 G G P P V T R L V T L A D G T Q Q Q V V V D Q S G E P I A L A G P P
1701 GGTCCCTAGGCGTAGTGGAGCCCGACGTGGTGTATCGGACACCCCCGCCC

489 V S D I D Q R I D I A K I E G Q V K A S S I K R V S E F V E K N P
1801 GTACAACACGGACAACCAGTGGGCGTAGCTGCACACCTTCATTTGGACTC

522/10DK S V A I L R N W L N E S T * M A M K L A V N D V K N L S C P E K
1901 GCATCTGGTCGGACGCGAGGCACGTGTTAGTGCTACAGGAACTTGGCTAA

FlF end/FliG start

19 A A I V L L A L G E D N T R I W E A L D D K E I K E V S Q A M A G
2001GGCCACTCGTGCTGCAGTAAGGACGGACCGAGCAGATACAATTCA CAGCrT

FIG. 4. Nucleotide sequence of the fliE operon. The sequence shown contains the first four ORFs of the operon up to the start codon offlbD.
The translated sequences of FliF, FliG, FibE, and FlIN are shown in the one-letter amino acid code above the corresponding ORF's. Relevant
restriction sites are indicated. Transcription initiates at nucleotide 208, indicated by + 1.

number of changes in its primary sequence, because when
aligned with FliFs (26) and the FliF sequence from B. subtilis
(FliFB [74]), a number of deletions or insertions could be
identified. The degrees of overall identity of FliFc with FliFB
and FliFs are 24 and 30%, respectively (Table 3). The degree
of identity between FliFB and FliF5 has been reported to be
22% (74). The low degree of sequence identity among the FliF
proteins is mainly the result of nonconserved substitutions over
the entire length of the protein (Fig. 5).
The deduced molecular mass of the C. crescentus switch

protein FliGc is 37.7 kDa, and comparison of FliGc with FliGs
(Fig. 6 and reference 30) and with FliGB (2) shows degrees of
sequence identity of 32 and 30%, respectively (Table 3). The
sequence identity is distributed over the entire length of the
protein, and large deletions or insertions were not necessary to
align the proteins (Fig. 6). The fliE and fliG genes of S.

typhimurium map adjacent to one another (35), as observed
here in C. crescentus, and the start codon of fliG overlaps the
end of fliE (26, 30), which suggests that translation of the two
genes is coupled in both organisms.
The fourth ORF of the C. crescentus fliE operon, fliN,

encodes a protein (FliNc) with a deduced size of 11.6 kDa.
FliNc has degrees of sequence identity with the switch proteins
of E. coli (FlINE) (36) and S. typhimurium (FliNs) (30) of 43.6
and 37.3%, respectively (Table 3). The degree of identity is
higher in the carboxyl terminus, and the amino-terminal
portion of FliNc is considerably shorter than that of FliNE or

FliNs (Fig. 7; see Discussion).
The FlbE protein, which encodes a 213-amino-acid protein

with a predicted mass of 22.5 kDa, contains a hydrophilic N
terminus and no hydrophobic regions. The protein is acidic,
with a predicted pI value of 4.88. Although sequences similar



SacI
52 L G T V S A S V V E D L L V E F V S G M S S T G A I M G S Y E Q T

2101 CTGGGCACGGTGTCGGCCTCGGTCGTGGAAGATCTGCTGGTCGAGTTCGTGTCGGGCATGAGCTCGACCGGCGCGATCATGGGCTCCTACGAGCAGACCC

85 Q R L L A S F M P Q D K V D A L M E E I R G P A G R T M W D K L G N

2201 AGCGCCTGCTGGCCTCGTTCATGCCGCAGGACAAGGTCGACGCCCTCATGGAAGAGATCCGCGGTCCCGCGGGTCGCACCATGTGGGACAAGCTGGGCAA

119 V N E A V L A N Y L K N E Y P Q T V A V V L S K V K S D H A A R V
2301 CGTGAACGAGGCCGTGCTCGCCAACTATCTGAAGAACGAGTACCCCCAGACCGTCGCCGTCGTGCTGTCGAAGGTGAAGAGCGACCACGCCGCCCGCGTG

152 L A C L P E D F A L E C V T R M L R M E P V Q R E I L D K I E M T

2401 CTGGCCTGCCTGCCGGAAGACTTCGCCCTGGAATGCGTCACCCGCATGCTGCGGATGGAGCCGGTGCAGCGCGAGATCCTCGACAAGATCGAGATGACCC

EcoRI
185 L R T E F M S N L A R T S K R D S H E M M A E I F N N F D R Q T E A

2501 TGCGCACCGAATTCATGTCGAACCTGGCGCGCACGTCCAAGCGCGACAGCCACGAGATGATGGCCGAGATCTTCAACAACTTCGACCGCCAGACCGAAGC

219 R F I A A L E E R N R E A A E R I R A L M F V F E D L S K L D P G

2601 CCGCTTCATCGCCGCCCTGGAAGAACGCAACCGCGAAGCCGCCGAGCGCATCCGCGCCCTGATGTTCGTGTTCGAGGACCTCTCGAAGCTGGACCCGGGC

252 G I Q T L L R G T P K E Q L A L A L K G A S D K L R D L F F S N M
2701 GGCATCCAGACCCTGCTGCGCGGCACGCCGAAGGAGCAGCTGGCCCTGGCCCTGAAGGGCGCCTCGGACAAGCTGCGCGACCTGTTCTTCTCCAACATGT

285 S E R A A K I M R E D M D S M G P V R L K D V D A A Q V G M V Q V A

2801 CCGAGCGCGCGGCCAAGATCATGCGCGAGGACATGGACAGCATGGGTCCCGTGCGCCTCAAGGACGTCGACGCCGCCCAGGTGGGCATGGTGCAGGTGGC

319/1 K D L A A K G E I M L A G S G A D D E L I Y *

2901 CAAGGATCTCGCCGCCAAGGGCGAGATCATGCTGGCCGGCTCCGGCGCCGACGACGAACTGATCTACTGP
FliG end

M T D I P H R
AGGGGCATGCGATGACCGATATCCCTCACCG

FlbE start

8 K F A F D T V F D D H G G V A Y T A P R V K K S F T P E E V E A A

3001 CAAGTTCGCCTTCGACACCGTCTTCGACGACCACGGCGGCGTGGCCTACACCGCGCCGCGCGTGAAGAAGAGCTTCACGCCCGAAGAGGTCGAGGCCGCC

41 K A Q A Y A E G E R S A L V R T E Q E A A Q A L A E V A H A V Q Q
3101 AAGGCGCAGGCTTATGCGGAAGGCGAGCGTTCGGCCCTGGTCCGCACCGAGCAGGAGGCCGCCCAGGCCCTGGCCGAGGTGGCGCACGCCGTGCAGCAGG

74 A F G T L A H V A H E H R E G S A M L A L A C G R K I A D A A L T H

3201 CGTTCGGCACCCTGGCCCATGTCGCGCACGAGCACCGCGAGGGCTCGGCGATGCTGGCCCTGGCCTGCGGTCGCAAGATCGCCGACGCGGCCCTGACCCA

108 F P E A P V T A A L E A L A R E V E A Q P R I F V R V S P E L E E
3301 TTTCCCCGAGGCGCCGGTCACCGCAGCGCTGGAGGCTCTGGCCCGCGAGGTCGAGGCTCAGCCCCGCATCTTCGTTCGGGTGTCGCCCGAGCTTGAGGAG

141 R T Q Q A L E N V A A Q I G F Q G Q I V A R A D G A M A P A A F T

3401 CGCACCCAGCAGGCGCTGGAGAACGTCGCTGCGCAGATCGGCTTCCAGGGCCAGATCGTGGCGCGCGCCGACGGCGCCATGGCCCCGGCGGCCTTCACTT

174 F D W G D G R A A F D P D G A A Q R V A E A L E A A I A A E G L H A

3501 TCGACTGGGGCGACGGCCGCGCGGCCTTCGACCCGGACGGCGCCGCCCAGCGCGTCGCCGAGGCGCTGGAGGCGGCGATCGCCGCTGAAGGCCTCCACGC

208/1 E P L F T *

3601 CGAACCCCTGTTTACCTAGGA
/1 FlbE end

EcoRI
M A E D N L T L D E F G G A M L A S E A P I

FliN start

23 E L S D K T A A D L A P V F D V P V N I S A V L G R A N M S V A Q
3701 GAACTCAGCGACAAGACCGCTGCGGACCTGGCGCCGGTCTTCGACGTTCCGGTCAACATCTCGGCCGTGCTGGGCCGCGCCAACATGTCCGTGGCGCAGC

PstI
56 L L Q L G Q G S I L E L D R K V G E A I D I Y V N N R L V A R G E V

3801 TGCTGCAGCTGGGCCAGGGCTCGATCCTGAGCTGGACCGCAAGGTCGGCGAGGCGATCGACATCTACGTCAATAACCGCCTGGTCGCCCGGGGCGAGGT

90 V V V D E R L G V T M T E I I K D G D Q G *

3901 CGTCGTCGTCGACGAGCGCCTGGGCGTGACCATGACGGAAATCATCAAGGACGGCGACCAGGGCTGACGCCCGGTGGTCGTTCGAGAGGGAGAGTAAGAG
FliN end

1 M
4001 ATG

FlbD start

FIG. 4-Continued.

to the C. crescentus flbE gene were not identified in the
database and its function remains to be determined, experi-
ments described below show that the gene is essential for
motility and fla gene regulation.

Identification of proteins encoded by thefliF operon. High-
level expression vector pINIIIlppS (24) was used to examine
the gene products encoded by the fliF operon after induction
with IPTG in E. coli minicells (Materials and Methods). The
appearance of the 52-kDa FlbD protein (53) was monitored as

an internal control for expression of the fliF operon.
The expression of proteins in minicells with the vector

plasmid is shown in Fig. 8A, lanes 1 and 2. In the absence of
induction (Fig. 8A, lane 3), no new protein bands were

detected in minicells carrying plasmid pJZ17, which contains
the fliF operon preceded by the terminator of the upstream

transcription unit IL.1 (Fig. 2B; Materials and Methods). Upon
induction with IPTG, a band at about 52 kDa corresponding to
FlbD was observed (Fig. 8A, lane 4). Removal of the II.1
terminator (plasmid pJZ18 [Fig. 2B]) resulted in increased
expression of the operon, as judged from the levels of the FlbD
protein both with (Fig. 8A, lane 6) and without (Fig. 8A, lane
5) addition of IPTG. Furthermore, after induction, bands
corresponding in size to the predicted FliF (56.8-kDa) and
FliG (37.7-kDa) proteins were expressed from plasmid pJZ18
(Fig. 8A, lanes 5 and 6). A 17-kDa polypeptide was also
expressed at an intensity similar to that of FlbD.
To confirm the origins of the 56.8-, 37.7-, and 17-kDa

proteins, the expression patterns were examined with the
plasmids pJZ23, pJZ22, and pJZ21, in which progressively
larger fragments at the 3' end of the insert had been deleted

VOL. 176, 1994 C. CRESCENTUS FLAGELLAR GENES 7593



7594 RAMAKRISHNAN ET AL.

1.................... MLGWGAGVVAVIVALVSMMGKEP 23

1 MSATASTATQPKPLEWLNRLRANPRIPLIVAGSAAVAIVVAMVLWAKTPD 50

24 SELLYSNLDLKEASEVTQALDQAGIKYETKGDGSTIMVPRDKVASARLMV 73
:111..::.:..1.1.1.1 .:::1 1 111 .11.:

51 YRTLFSNLSDQDGGAIVAQLTQMNIPYRFANGSGAIEVPADKVHELRLRL 100

74 AGKGLVSSGSIGYEIFDTNNALGQTDFVQQLNRQRALQGELERTIKAMQG 123

101 AQQGLPKGGAVGFELLD.QEKFGISQFSEQVNYQRALEGELARTIETLGP 149

124 VNSVRVHLVLPKRQLFEEDAEQPSAAVTIGVG.SREPSSDMVRAIQNLVS 172

150 VKSARVHLAMPKPSLFVREQKSPSASVTVTLEPGRALDEGQISAVVHLVS 199

173 SSVPNMKAEKVAVIDQHGKTLSAPSDESLAGKMAQDR.KSEVEARIAKTV 221

200 SAVAGLPPGNVTLVDQSGHLLTQSNTSGRDLNDAQLKFANDVESRIQRRI 249

222 KDMIEGVLGPGKARVNVTAELDLNRVTTQEERFDPDGQVIR......... 262

250 EAILSPIVGNGNVHAQVTAQLDFANKEQTEEHYSPNGDASKATLRSRQLN 299

263.. . SESTTEASSQENKNDDNAGVTA.......AANVPGGQGANG 296
.:.: I.: .::I.:.. 1.1.1....

300 ISEQVGAGYPGGVPGALSNQPAPPNEAPIATPPTNQQNAQNTPQTSTSTN 349

297 FQQLGSRTGQNDAVTNYEISKSVTTTVQEPGTIKKIAVAVAIDGVSAPMA 346
1.1..1:...11:.:.: :.1.1.::.111 .1. .

350 SNSAGPRSTQRNETSNYEVDRTIRHTKMNVGDIERLSVAV...VVNYKTL 396

347 ADGKPGAYTPRTAQEIQQIEELVKTAVGFDAERGDQVRVTNIKFPQPEDQ 396

397 ADGKP... LPLTADQMKQIEDLTREAMGFSDKRGDTLNVVNSPFSAVDNT 443

397 GLEEQGLLAGFDKNDIMRAAELGVLAVVALLILLFAVRPFIKNLSAPAPG 446
I .: .. :::1: ::I11:::: 111

444 GGELPFWQQQSFIDQLLAAGRWLLVLVWAWILWRKAVR.481

447 QIALAGPSGGPPVTRLVTLADGTQQQVVVDQ.SGEPIALAGPPVSDIDQR 495
1.1 . 1.:.1:1. 1 1 .:1::.:..::1

482.. .PQLTRRVEEAKAAQEQAQVRQETEEAVEVRLSKDEQLQQR 521

496 IDIAKIEGQVKASSIKRVSEFVEKHPDESVAILRNWLHEST. 536

522 RANQRLGAEVM ... QRIREMSDNDPRVWALVIRQWMSNDHE 560

FIG. 5. Alignment of FliF sequences from C. crescentus and S.
typhimurium. The C. crescentus sequence is shown on the top lines.
Periods in the sequences are introduced to maximize alignment.
Identical residues are indicated by vertical bars. Conservative replace-
ments are indicated by colons.

(Fig. 2B and 8B). All three gene products were expressed from
plasmid pJZ23 at a level similar to that from parent plasmid
pJZ18 (Fig. 8A, lanes 5 and 6). Plasmid pJZ22, which lacks
flbD, expressed both FliF and FliG, but both the 52-kDa FlbD
band and the 17-kDa product were absent (Fig. 8B, lanes 3 and
4), suggesting that the 17-kDa polypeptide may be a degrada-
tion product of the FlbD protein. Plasmid pJZ21, which should
contain onlyfliF and the 5' portion offliG (Fig. 2B), expressed
the 56.8-kDa band identified above as FliF and a ca. 28-kDa
band corresponding to the predicted size of the amino-termi-
nal portion of FliG (FliG') encoded by the truncated gene
(Fig. 8B, lanes 1 and 2). These results are consistent with fliF
mapping at the proximal end of the transcription unit, withfliG
immediately 3' to it, as diagrammed in Fig. 2B.
We were unable to identify induced gene products in the 11-

to 25-kDa range that would correspond to FlbE (22.5 kDa) or
FliN (11.6 kDa). Failure to detect these polypeptides could be
due to the inefficient recognition of the ribosome binding sites
in E. coli, the lower abundance of methionine residues in these
proteins (3, 4, and 9 residues in FlbE, FUN, and FlbD,
respectively), or the instability of the expressed proteins in
minicells.

1 MAMKLAVNDVKNLSGPEKAAIVLLALGEDH.TRIWEALDDEEIKEVSQAM 49

1. MSNLSGTDKSVILLMTIGEDRAAEVFKHLSTREVQALSTAM 41

50 AGLGTVSASVVEDLLVEFVSGMSSTGAI.MGSYEQTQRLLASFMPQDKVD 98

42 ANVRQISNKQLTDVLSEFEQEAEQFAALNINANEYLRSVLVKALGEERAS 91

99 ALMEEIRGPAGRT.MWDKLGNVNEAVLANYLKNEYPQTVAVVLSKVKSDH 147
.1:1:1 :. : :..:. 1:::.11:1 :.:

92 SLLEDILETRDTTSGIETLNFMEPQSAADLIRDEHPQIIATILVHLKRSQ 141

148 AARVLACLPEDFALECVTRMLRMEPVQREILDKIEMTLRTEFMSNLARTS 197

142 AADILALFDERLRHDVMLRIATFGGVQPAALAELTEVLNGLLDGQNLKRS 191

198 KRDSHEMMAEIFNNFDRQTEARFIAALEERNREAAERIRALMFVFEDLSK 247
I.:: 111:1 :. 1. .1.1: 1: 1:0 . 11:11:1 .

192 KMGGVRTAAEIINLMKTQQEEAVITAVREFDGELAQKIIDEMFLFENLVD 241

248 LDPGGIQTLLRGTPKEQLALALKGASDKLRDLFFSNMSERAAKIMREDMD 297

242 VDDRSIQRLLQEVDSESLLIALKGAEPPLREKFLRNMSQRAADILRDDLA 291

298 SMGPVRLKDVDAAQVGMVQVAKDLAAKGEIMLAGSGADDELIY 340

292 NRGPVRLSQVENEQKAILLIVRRLAETGE.MVIGSGEDTYV.. 331

FIG. 6. Alignment of FliG sequences for C. crescentus and S.
typhimurium. The C. crescentus sequence is shown on the top lines.
Periods in the sequences are introduced to maximize alignment.
Identical residues are indicated by vertical bars. Conservative replace-
ments are indicated by colons.

Construction of chromosomal deletions by gene replace-
ment. Previous conclusions about the role offliF genes in the
positive and negative regulation of fla gene expression were
based on an analysis of TnS insertions in the operon and one
spontaneous mutant that had not been precisely mapped (45).
To determine the involvement of individual genes in transcrip-
tional regulation, we constructed strains carrying in-frame,
chromosomal deletions in flbE and fliN, as well as an essen-
tially complete deletion of the fliF operon (Materials and
Methods).

Strains PC9263(AflbE), PC9264(AfliN), and PC9249(AfliF-
flbD) were tested by complementation and by recombination
with the set of plasmids pGIR350, pGIR351, and pGIR352,
which carry inserts deleted for various extents of the 3' end of
the fliF operon (Fig. 2B). The results are consistent with the
predicted locations of the deletions and showed that PC9263
and PC9264 are not polar for expression of the downstream
gene(s) (Materials and Methods); genomic Southern blot
analysis verified the expected location of deletions and the Ql
cassette (data not shown).

Identification, mapping, and characterization of NTG-in-

1. MAEDNLTLDE.FGGAMLASEAPIELSDKTA............. 29

1 MSDMNNPSDENTGALDDLWADALNEQKATTTKSAADAVFQQLGGGDVSGA 50

30 -ADLAPVFDVPVNISAVLGRANMSVAQLLQLGQGSILELDRKVGEAIDIY 78

51 MQDIDLIMDIPVKLTVELGRTRMTIKELLRLTQGSVVALDGLAGEPLDIL 100

79 VNNRLVARGEVVVVDERLGVTMTEIIKDGDQG ..... 110
: t. I: I. IIIIII.::. II : I: II..::.

101 INGYLIAQGEV 137

FIG. 7. Alignment of FliN sequences from C. crescentus and S.
typhimurium. The C. crescentus sequence is shown on the top lines.
Periods in the sequences are introduced to maximize alignment.
Identical residues are indicated by vertical bars. Conservative replace-
ments are indicated by colons.
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FIG. 8. Identification of fliF and fliG products in minicells. Minicells of E. coli P678-54 carrying different inducible flaO region clones were
labeled with [35S]methionine. Proteins were analyzed by electrophoresis in SDS-polyacrylamide gels along with 14C-labeled markers followed by
autoradiography. (A) 10% gel; (B) 10 to 15% gradient gel. Minicells harbored plasmids as follows. (A) Lanes 1 and 2, pINIIIlpp expression vector;
lanes 3 and 4, pJZ17; lanes 5 and 6, pJZ18. (B) Lanes 1 and 2, pJZ21; lanes 3 and 4, pJZ22; lanes 5 and 6, pJZ23. Lanes 2, 4, and 6 in both panels
correspond to induced expression with IPTG. Size markers (SM) and sizes (in kilodaltons) are shown at the left and right margins of the figure.

duced mutations in thefliF operon. Nine fla strains that could
be complemented with a plasmid containing the intact fliF
operon (pGlR342; Fig. 2) were identified after NTG mutagen-
esis. Mutations in these strains (PC8638, PC8652, PC8660,
PC8661, PC8683, PC8742, PC8750, PC8795, and PC8760) and
in SC290 (51) (Table 2) were further mapped by recombina-
tion with plasmids pGIR346 to pGIR349, containing a series of
overlapping 5' fragments of the fliF operon (Fig. 2B), and
plasmid clone pGIR315, containing the flbD gene (53). The
polarity of these mutations on expression of downstream genes

TABLE 3. Sequence comparison of flif, fliG, and fliN genes and
products in C. crescentus, B. subtilis, E. coli, and S. typhimurium.

Gene product
Gene ~~Organism IdentityGene (reference) No. of Deduced (%)a

residues mass (Da)

fliF C. crescentus 536 56,856 100
B. subtilis (74) 536 59,300 24
S. typhimurium (26) 560 61,230 31

fliG C. crescentus 340 37,684 100
B. subtilis (2) 338 38,191 30
S. typhimurium (30) 331 36,851 32

fliN C. crescentus 110 11,668 100
E. coli (36) 137 14,855 44
S. typhimunium (30) 137 14,789 37

a The translated gene sequences from different organisms were compared with
their respective counterparts in C. crescentus.

was tested by genetic complementation in a rec background
and Western blot assays as described in Materials and Meth-
ods.
NTG-induced mutations were mapped infliF,fliG, andflbD,

and the mutations in strains PC8742 (fliF462) and PC8750
(fliG470) were shown to be nonpolar when tested by comple-
mentation; strain SC290 was also shown to contain a nonpolar
mutation in fiG (here renamed fliG138 [Table 2]). Mutations
in strains PC8683 (fliF403) and PC8652 (fliG372) were polar,
however. Three NTG-generated mutations were identified in
flbD and one of them [flbD480(Ts)] was shown to confer a
temperature-sensitive motility phenotype in strain PC8760.
Strains PC8660 (fliFp380) and PC8661 (fliFp381) were shown
to carry polar mutations that map to the BamHI-HindIII
fragment that contains the fliF promoter (data not shown).
MS-ring and switch protein genes are required for activa-

tion of r54-dependent promoters and for negative autoregula-
tion of fliF transcription. The nonmotile phenotype of the
in-frame deletions and nonpolar NTG-induced mutations in
the five ORFs of the fliF operon indicates that all of the genes
are required for a functional flagellum. This includes the flbE
gene, which has no obvious sequence similarity to identifiedfla
genes in other bacteria. Previous results had shown that flbD,
the last gene in the transcription unit, activates transcription
from the o54-dependent flbG promoter in E. coli and nega-
tively autoregulates the fliF promoter (45). The roles of the
four newly identified ORFs upstream of flbD in regulating
expression from aS4 flgK and flbG promoters and the fliF
promoter were examined in constructs with each promoter
fused to the lacZ reporter gene in plasmid vector pANZ5 (45).
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TABLE 4. Effects of mutations in the fliF operon on fla gene transcription

Level of expression of 3-galactisodase (Miller units) by reporter plasmid:
Strain Mutationa

pANZ5 (vector) pANZ404 (flgKp-lac) pANZ405 (flbGp-lac) pANZ406 (fliFp-lac)

CB15 wt" 20 122 209 154
PC9266 II.1::fl 23 116 268 115
PC8742 fliF462 22 30 21 415
PC8750 fliG470 26 29 5 588
PC9263 AflbE 21 39 10 1,800c
PC9264 AfliN 18 26 6 176
PC8283 flbEl88::TnS NDd 29 11.6 754C
PC8795 flbD215 ND 28 4.9 479
PC8638 flbD358 19.6 34 58 981
SC1967 flbD::TnS ND 26.4 3.5 975
PC9249 A(fliF-flbD) 25 29 6 1,018c
PC8760 flbD(Ts) (240C) 13 42 43 100
CB15 wt (24°C) 12.5 105 180 126
PC8760 flbD(Ts) (370C) 36 50 16.5 290
CB15 wt (37°C) 39 234 400 327

a Cells were grown at 300C unless otherwise indicated.
b wt, wild type.
c The level of expression was variable and dependent on the isolate; see Discussion.
d ND, not determined.

The plasmids were introduced into strains with the mutations
described above and assayed for lacZ expression.
The levels of [B-galactosidase activity measured from theflgK

and flbG promoter fusions in the mutant backgrounds were in
most cases no higher than those with the plasmid vector
pANZ5 alone (Table 4). Thus, transcription from the urM4 flgK
and flbG promoters at level III of the fla gene hierarchy
requires products encoded by all five ORFs of the fliF operon,
including the MS ring protein, the switch proteins FliG and
FliN, FlbE, and the transcriptional activator FlbD.

Assays of lacZ expression driven by the fliF promoter in the
same mutant backgrounds showed that the negative autoreg-
ulation of the level IIfliF promoter requiresfliF,fliG,flbE, and
the activator gene flbD, but not the switch protein gene fliN
(Table 4). NTG-induced mutations in MS ring gene fliF and
switch protein gene fliG resulted in a three- to fourfold
increase in the level of expression from thefliF promoter, while
mutations in flbD result in a 5- to 10-fold increase (Table 4).
The P-galactosidase activities in strains with flbE mutations
were also extremely high, in some cases 10- to 15-fold higher
than that observed in the wild-type background. The variability
in levels offliF expression in this genetic background (Table 4)
could be explained by instability of the reporter plasmid due to
deleteriously high levels of P-galactosidase expression or,
alternatively, secondary mutations which we have observed to
accumulate in these strains (4). We propose in the Discussion
that the flbE gene product, along with the activator FlbD, may
play a direct role in transcriptional regulation of fliF.

DISCUSSION

Genes in the fliF operon occupy a key position near the top
of the C. crescentus flagellar gene hierarchy, where they
function to control the cell cycle timing both of their own
expression and that of late genes during flagellum biosynthesis.
Our analysis of this level II transcription unit has identified
four new ORFs that are located upstream from the u54
transcription activator gene flbD (53). Three of the ORFs
encode homologs of enterobacterial structural proteins re-
quired for flagellum biosynthesis, and all four of the newly
identified genes are required in addition toflbD for transcrip-
tion of the or54 flgK and flbG promoters at level III. With the

exception of the switch protein gene fliN, these genes are also
required for the negative autoregulation of the fliF promoter
(Table 4). We suggest below that these results may reflect
different mechanisms controlling the activity of FlbD as an
activator of late fla U54 promoters and repressor of fliF
transcription.

Characterization of genes in the fliF operon. Nucleotide
sequence analysis of the fliF operon showed that the organi-
zation of genes in this transcription unit is 5'-fliF-fliG-flbE-fliN-
flbD-3'. The FliF protein is responsible for the MS ring
structure of the flagellar basal body in the cytoplasmic mem-
brane of the bacterium (16, 64, 65). Although the FliFc
sequence is not highly homologous to FliFB (74), the degree of
sequence identity between FliFc and FliFS is higher, and the
hydropathy profiles of FliFc and FliFs are almost identical
(data not shown). The MS ring contains about 26 subunits of
FliF (28, 61, 64), and this multimeric structure may allow for
some variation of sequence within the protein. The carboxy
terminus of FliFc is less conserved, consistent with observa-
tions that the C terminus is not required for either subunit
assembly (64) or for functional assembly and interaction with
switch proteins (16).
The switch protein FliG in enteric bacteria interacts directly

with the cytoplasmic face of FliF (16, 17) and with the other
switch proteins FliM and FliN in the C-ring complex, which in
turn may directly interact with the motor complex MotA/MotB
(17). It is therefore not surprising that with the constraint of
multiple interactions, the FliGc sequence is quite well con-
served over its entire length with FliGs (Fig. 6).
The sequence of FliNc is well conserved at the carboxy-

terminal region, but it is much shorter at the amino terminus
than the enterobacterial protein FliNs (Fig. 7). FliN in enteric
bacteria interacts not only with the other switch proteins but
also may be involved in interaction with mot products (71) and
with the flagellum-specific export apparatus (67). The more
conserved C terminus of FliNc may be responsible for these
functions.
The C. crescentus FlbE protein has as yet no known homolog

in other bacteria. Any structural role for this protein remains
to be determined, but our results do show it to have strong
regulatory effects on fla gene transcription. These effects are
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FIG. 9. Regulation of FlbD in activation of level III genes and repression of the fliF promoter. This model proposes that, in addition to
transcription factors encoded by flbD and rpoN, expression of r54 genes at level III requires assembly of the MS ring-switch complex and that
expression of genes at level IV requires assembly of the completed hook-basal body complex. Possible mechanisms for modulating FlbD activity
as a positive or negative transcription factor are considered in Discussion. There is no direct evidence to indicate whether the same form of FlbD
(FlbD or FlbD*) acts as an activator and repressor.

particularly dramatic in the negative regulation of the fliF
promoter (Table 4), as discussed below.

Positive regulation offla gene expression by genes in thefliF
operon. From work on enterobacteria, FliF is known to be the
earliest-assembled flagellar component, followed by the switch
proteins and the putative flagellar protein export apparatus
(32). Like the enterobacterial flagella, the C. crescentus flagel-
lum is also built from the inside of the cell out (21). Conse-
quently, it is not surprising that fliF is among the earliest
operons transcribed in the C. crescentus cell cycle (48), encod-
ing as it does components that are assembled first into the
flagellum, as well as the FlbD protein, which is called into play
at this early stage of flagellar assembly to regulate expression
of the next level of fla products and thereby the next level of
flagellar assembly (5, 53).
The results presented here demonstrate, however, that

additional genes within the fliF operon are also required for
flbD function in C. crescentus. Our analysis of in-frame dele-
tions and NTG-induced mutations in each of the five ORFs of
fliF show that all genes in this transcription unit are essential
not only for flagellum biosynthesis and motility but also for
activation of the level III flgK and flbG operons (Table 4).
Mutations in rpoN, which encodes the -54 protein (3, 8), fliM,
which encodes the third switch protein (73), the fliQ operon
(13), and flhA (54) also prevent expression from these same
promoters. Thus, all level II genes, includingflbD, are required
for expression of level III genes, as well as level IV genes, lower
in the hierarchy (Fig. 1).

Negative regulation of fla gene expression by genes in the
fliF operon. The presence of the FlbD protein alone is
sufficient to repress transcription from the fliF promoter in a
reconstituted in vitro system (5). Thus, the requirement of
multiple genes for the negative autoregulation of the fliF
promoter was unexpected and suggests an unusual aspect offla
gene regulation by FlbD in vivo. The function of flbE in
flagellum biosynthesis is not known, but it is striking that
mutations in this gene exert negative regulatory effects at least
as strong as those displayed byflbD itself. The severe effects of
flbE mutations on fliF transcription suggest that FibE protein,
along with FlbD, may be directly involved in negative regula-
tion. Mutations in fliF and fliG resulted in only a four- to
fivefold derepression, although the few mutations examined
may not be null alleles (Table 4). Mutations in level IIB genes

outside of the fliF operon have been shown to derepress fliF
transcription only slightly (45), which suggests that the effect of
these genes on fliF regulation may be indirect.
The finding (Table 4) that the switch protein gene fliN is

needed for activation of level III and IV genes but not for
repression of fliF indicates that the requirements for FlbD in
transcription activation and repression are not identical. The
simplest explanation of these observations is that the function
of FlbD as a transcription activator and repressor in vivo
requires different gene products. Possible mechanisms for
FlbD regulation in vivo include covalent modification and
direct interaction with another protein or proteins (see below).
Whatever the mechanism(s), we suggest that FlbD function
may be subject to dual or overlapping controls.

Is fla gene expression in C. crescentus coupled to flagellum
assembly? As discussed above, all level II genes, which encode
the protein subunits of the MS ring-switch structure, are
required for transcription of level III genes. Previous results
have shown that all genes in the level III transcription units,
including flbG and flgK (51), flgF (11), and flgI (29), which
encode the outer portion of the basal body and the hook, are
required in turn for expression of the level IV flagellin genes
(25, 45, 51, 70). How can multiple structural gene products
regulate flagellar gene expression? Although it is formally
possible that each of the proteins acts independently at the fla
gene promoters, it is more likely that the proper assembly of
these proteins into a completed structure directs the next stage
of fla gene expression, as proposed originally as a mechanism
for regulation of fla gene expression in E. coli (31). This is
assumed to be the operative mechanism in the model dia-
grammed in Fig. 9, in which FlbD is shown as the transcrip-
tional activator of level III and IV genes (5, 6).
The results considered above suggest that the ordered

expression of C. crescentus fla genes is coupled to flagellum
assembly at two morphological checkpoints: the first corre-
sponds to the assembly of the inner basal body (level II MS
ring and associated switch complex), which would be required
for expression of genes at level III, and the second corresponds
to completion of the hook-basal body, which would be required
for expression of the 25- and 27-kDa flagellin genes at level IV.
This is a more complex regulatory arrangement than the one
described for E. coli and S. typhimurium, in which there is
apparently a single morphological checkpoint. In these bacte-
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ria, a complete hook-basal body encoded by the middle genes
must be assembled before the late fla genes can be expressed
(summarized in reference 35).
We can imagine two general models by which fla gene

expression at level III could be coupled to assembly of the MS
ring-switch protein complex in C. crescentus. In the first, a
protein needed for transcription of level III genes, FlbD, would
be synthesized along with other level II gene products, but the
transcription factor would be sequestered and its activity
somehow masked by an inhibitor. Completion of the basal
body substructure would act to remove or otherwise inactivate
the inhibitor, thereby permitting expression of the level III
genes. This is similar to the model proposed by Komeda for
coupling flagellin synthesis in E. coli to the completion of the
hook-basal body structure (31). In S. typhimurium, the flgM
gene encodes such a negative regulator (19), which blocks
transcription of the flagellin genes by complexing with the
flagellin-specific u28 factor and prevents its association with the
core RNA polymerase (47). Activation of flagellin gene expres-
sion results from the export of the FlgM protein outside of the
cell, presumably through the export channel formed by the
completed hook-basal body structure (22, 33a). It seems
unlikely that a homolog of FlgM is involved in C. crescentusfla
gene regulation, because level III and IV genes are not
transcribed from u28 promoters, but a negative regulatory
protein in C. crescentus analogous to FlgM could inhibit either
FlbD function or U5' activity.

In the second general model, FlbD would be synthesized as
an inactive protein and its activation would depend on a
positive signal generated by completion of the MS ring-switch
complex, perhaps by modification of the FlbD protein. Al-
though modification could occur by a variety of mechanisms,
phosphorylation may be the most likely given the homology of
FlbD with NtrC (53), the recent observations that the FlbD
protein can be phosphorylated in a cell cycle-specific fashion
(68), and the finding by Benson et al. that a small high-energy
phosphate donor stimulates FlbD activity as a transcriptional
activator of cr54 promoters (6).

It should be noted that these two mechanisms are not
mutually exclusive and both protein inhibition and modifica-
tion could be used to regulate FlbD activity. As considered
above, the requirement of fliN for activation of the J54
promoters, but not for repression offliF (Table 4), is consistent
with the control of FlbD function at two different levels. In Fig.
9, we speculate that modification of FlbD to FlbD* for
activation of the u54 promoters is triggered by completion of
the MS ring-switch complex, which is the first morphological
checkpoint in flagellum assembly and requires all level II
genes. We have no evidence for the mechanism by which the
flbE,fliG, and fliF gene products function in repression offliF
by the FlbD protein (Fig. 9), but we speculate that they could
act indirectly, perhaps as antagonists of an unidentified nega-
tive regulator of FlbD. The availability of purified FlbD
protein and in vitro assays for its function as a transcriptional
activator and repressor of level III and level II promoters (5)
should allow the direct investigation of the regulatory interac-
tions proposed here.

ACKNOWLEDGMENTS

We acknowledge the help of Yu-Waye Chu and Shawn Reed in the
chemical mutagenesis and analysis of mutations in thefliF operon, and
we thank Andrew Benson for his comments on this manuscript.

This research was supported in part by Public Health Service grant
GM22299 from the National Institutes of Health.

REFERENCES
1. Adler, H. I., W. D. Fisher, A. Cohen, and A. A. Hardigree. 1967.

Miniature Escherichia coli cells deficient in DNA. Proc. Natl.
Acad. Sci. USA 57:321-326.

2. Albertini, A. M., T. Caramori, W. D. Crabb, F. Scoffone, and A.
Galizzi. 1991. The flaA locus of Bacillus subtilis is part of a large
operon coding for flagellar structures, motility functions, and an
ATPase-like polypeptide. J. Bacteriol. 173:3573-3579.

3. Anderson, D. K., N. Ohta, J. Wu, and A. Newton. Regulation of the
Caulobacter crescentus rpoN gene and function of the purified cr54
in flagellar gene transcription. Mol. Gen. Genet., in press.

4. Benson, A., and A. Newton. 1994. Unpublished results.
5. Benson, A. K., G. Ramakrishnan, N. Ohta, J. Feng, A. Ninfa, and

A. Newton. 1994. The Caulobacter crescentus FlbD protein acts at
ftr sequence elements both to activate and repress transcription of
cell cycle regulated flagellar genes. Proc. Natl. Acad. Sci. USA
91:4989-4993.

6. Benson, A. K., J. Wu, and A. Newton. 1994. The role of FlbD in
regulation of flagellar gene transcription in Caulobacter crescentus.
Res. Microbiol. 12:420-430.

7. Brun, Y. V., G. Marczynski, and L. Shapiro. 1994. The expression
of asymmetry during Caulobacter cell differentiation. Annu. Rev.
Biochem. 63:419-450.

8. Brun, Y. V., and L. Shapiro. 1992. A temporally controlled s-factor
is required for polar morphogenesis and normal cell division in
Caulobacter. Genes Dev. 6:2395-2408.

9. Chen, L.-S., D. Mullin, and A. Newton. 1986. Identification,
nucleotide sequence, and control of developmentally regulated
promoters in the hook operon region of Caulobacter crescentus.
Proc. Natl. Acad. Sci. USA 83:2860-2864.

10. Devereux, J., P. Haeberli, and 0. Smithies. 1984. A comprehensive
set of sequence analysis programs for the VAX. Nucleic Acids
Res. 12:387-395.

11. Dingwall, A., J. D. Garman, and L. Shapiro. 1992. Organization
and ordered expression of Caulobacter genes encoding flagellar
basal body rod and ring proteins. J. Mol. Biol. 228:1147-1162.

12. Dingwall, A., J. W. Gober, and L Shapiro. 1990. Identification of a
Caulobacter basal body structural gene and a cis-acting site required
for activation of transcription. J. Bacteriol. 172:6066-6076.

13. Dingwall, A., W. Y. Zhuang, K. Quon, and L. Shapiro. 1992.
Expression of an early gene in the flagellar regulatory hierarchy is
sensitive to an interruption in DNA replication. J. Bacteriol.
174:1760-1768.

14. Ely, B. 1992. DNA sequence of the 3' end of the Caulobacter
crescentus 16S rRNA gene. Nucleic Acids Res. 20:1423.

15. Ely, B., and T. W. Ely. 1989. Use of pulsed field gel electrophoresis
and transposon mutagenesis to estimate the minimal number of
genes required for motility in Caulobacter crescentus. Genetics
123:649-654.

16. Francis, N. R., V. M. Irikura, S. Yamaguchi, D. J. DeRosier, and
R M. Macnab. 1992. Localization of the Salmonella typhimurium
flagellar switch protein FliG to the cytoplasmic M-ring face of the
basal body. Proc. Natl. Acad. Sci. USA 89:6304-6308.

17. Francis, N. R., G. E. Sosinsky, D. Thomas, and D. J. DeRosier. 1994.
Isolation, characterization and structure of bacterial flagellar motors
containing the switch complex. J. Mol. Biol. 235:1261-1270.

18. Gill, P. R., and N. Agabian. 1983. The nucleotide sequence of the
Mr = 28,500 flagellin gene of Caulobacter crescentus. J. Biol.
Chem. 258:7395-7401.

19. Gillen, K. L., and K. T. Hughes. 1991. Molecular characterization
offlgM, a gene encoding a negative regulator of flagellin synthesis
in Salmonella typhimurium. J. Bacteriol. 173:6453-6459.

20. Gober, J. W., and L. Shapiro. 1992. A developmentally regulated
Caulobacter flagellar promoter is activated by 3' enhancer and IHF
binding elements. Mol. Biol. Cell. 3:913-926.

21. Hahnenberger, K. M., and L. Shapiro. 1987. Identification of a
gene cluster involved in flagellar basal body biogenesis in Cau-
lobacter crescentus. J. Mol. Biol. 194:91-103.

22. Hughes, K. T., K L. Gillen, M. J. Semon, and J. E. Karlinsey.
1993. Sensing structural intermediates in bacterial flagellar assem-
bly by export of a negative regulator. Science 262:1277-1280.

23. lino, T., Y. Komeda, K. Kutsukake, R M. Macnab, P. Matsumura,
J. S. Parkinson, M. I. Simon, and S. Yamaguchi. 1988. New

J. BACMERIOL.



C. CRESCENTUS FLAGELLAR GENES 7599

unified nomenclature for the flagellar genes of Escherichia coli and
Salmonella typhimurium. Microbiol. Rev. 52:533-535.

24. Inouye, S., and M. Inouye. 1985. Up-promoter mutations in the lpp
gene of Escherichia coli. Nucleic Acids Res. 13:3101-3110.

25. Johnson, R. C., and B. Ely. 1979. Analysis of nonmotile mutants of
the dimorphic bacterium Caulobacter crescentus. J. Bacteriol.
137:627-634.

26. Jones, C. J., M. Homma, and R. M. Macnab. 1989. L-, P-, and
M-ring proteins of the flagellar basal body of Salmonella typhi-
murium: gene sequences and deduced protein sequences. J. Bac-
teriol. 171:3890-3900.

27. Jones, C. J., and R M. Macnab. 1990. Flagellar assembly in
Salmonella typhimurium: analysis with temperature-sensitive mu-
tants. J. Bacteriol. 172:1327-1339.

28. Jones, C. J., R. M. Macnab, H. Okino, and S.-I. Aizawa. 1990.
Stoichiometric analysis of the flagellar hook-(basal-body) complex
of Salmonella typhimurium. J. Mol. Biol. 212:377-387.

29. Khambaty, F. M., and B. Ely. 1992. Molecular genetics of the flgI
region and its role in flagellum biosynthesis in Caulobacter cres-
centus. J. Bacteriol. 174:4101-4109.

30. Kihara, M., M. Homma, K. Kutsukake, and R M. Macnab. 1989.
Flagellar switch of Salmonella typhimurium: gene sequences and
deduced protein sequences. J. Bacteriol. 171:3247-3257.

31. Komeda, Y. 1986. Transcriptional control of flagellar genes in
Escherichia coli K-12. J. Bacteriol. 168:1315-1318.

32. Kubori, T., N. Shimamoto, S. Yamaguchi, K. Namba, and S.-I.
Aizawa. 1992. Morphological pathway of flagellar assembly in
Salmonella typhimurium. J. Mol. Biol. 226:433-446.

33. Kustu, S., E. Santero, J. Keener, D. Popham, and D. Weiss. 1989.
Expression of &14 (ntrA)-dependent genes is probably united by a
common mechanism. Microbiol. Rev. 53:367-376.

33a.Kutsukake, K. 1994. Excretion of the anti-sigma factor through a
flagellar substructure couples flagellar gene expression with flagellar
assembly in Salmonella typhimrnium. Mol. Gen. Genet. 243:605-612.

34. Lane, T., and A. Newton. Unpublished data.
35. Macnab, R M. 1992. Genetics and biogenesis of bacterial flagella.

Annu. Rev. Genet. 26:131-158.
36. Malakooti, J., Y. Komeda, and P. Matsumura. 1989. DNA se-

quence analysis, gene product identification, and localization of
flagellar motor components of Eschenchia coli. J. Bacteriol. 171:
2728-2734.

37. Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

38. Minnich, S. A., and A. Newton. 1987. Promoter mapping and cell
cycle regulation of flagellin gene transcription in Caulobacter
crescentus. Proc. Natl. Acad. Sci. USA 84:1142-1146.

39. Minnich, S. A., Ohta, N. Taylor, and A. Newton. 1988. Role of the
25-, 27-, and 29-kilodalton flagellins in Caulobacter crescentus cell
motility: method for construction of deletion and TnS insertion
mutants by gene replacement. J. Bacteriol. 170:3953-3960.

40. Mullin, D., S. Minnich, L S. Chen, and A. Newton. 1987. A set of
positively regulated flagellar gene promoters in Caulobacter cres-
centus with sequence homology to the nif gene promoters of
Klebsiella pneumoniae. J. Mol. Biol. 195:939-943.

41. Mullin, D., and A. Newton. 1994. Unpublished results.
42. Mullin, D. A., and A. Newton. 1989. Ntr-like promoters and

upstream regulatory sequence ftr are required for transcription of
a developmentally regulated Caulobacter crescentus flagellar gene.
J. Bacteriol. 171:3218-3227.

43. Mullin, D. A., and A. Newton. 1993. A cr5 promoter and down-
stream sequence elementsftr2 andftr3 are required for regulated
expression of divergent transcription units flaN and flbG in
Caulobacter crescentus. J. Bacteriol. 175:2067-2076.

44. Newton, A., and N. Ohta. 1990. Regulation of the cell division cycle
and differentiation in bacteria. Annu. Rev. Microbiol. 44:689-719.

45. Newton, A., N. Ohta, G. Ramakrishnan, D. Mullin, and G.
Raymond. 1989. Genetic switching in the flagellar gene hierarchy
of Caulobacter requires negative as well as positive regulation of
transcription. Proc. Natl. Acad. Sci. USA 86:6651-6655.

46. Ninfa, A. J., D. A. Mullin, G. Ramakrishnan, and A. Newton. 1989.
Escherichia coli (J5 RNA polymerase recognizes Caulobacter
crescentus flaK and flaN flagellar gene promoters in vitro. J.
Bacteriol. 171:383-391.

47. Ohnishi, K., K. Kutsukake, H. Suzuki, and T. Iino. 1992. A novel
transcriptional regulation mechanism in the flagellar regulon of
Salmonella typhimurium: an antisigma factor inhibits the activity of
the flagellum-specific sigma factor, sigma F. Mol. Microbiol.
6:3149-3157.

48. Ohta, N., L.-S. Chen, D. A. Mullin, and A. Newton. 1991. Timing
of flagellar gene expression in the Caulobacter cell cycle is
determined by a transcriptional cascade of positive regulatory
genes. J. Bacteriol. 173:1514-1522.

49. Ohta, N., L. S. Chen, E. Swanson, and A. Newton. 1985. Tran-
scriptional regulation of a periodically controlled flagellar gene
operon in Caulobacter crescentus. J. Mol. Biol. 186:107-115.

50. Ohta, N., M. Masurekar, and A. Newton. 1990. Cloning and cell
cycle-dependent expression of DNA replication gene dnaC from
Caulobacter crescentus. J. Bacteriol. 172:7027-7034.

51. Ohta, N., E. Swanson, B. Ely, and A. Newton. 1984. Physical
mapping and complementation analysis of transposon Tn5 muta-
tions in Caulobacter crescentus: organization of transcriptional
units in the hook gene cluster. J. Bacteriol. 158:897-904.

52. Prentki, P., and H. M. Krisch. 1984. In vitro insertional mutagen-
esis with a selectable DNA marker. Gene 29:303-313.

53. Ramakrishnan, G., and A. Newton. 1990. FlbD of Caulobacter
crescentus is a homologue of NtrC (NRI) and activates sigma-54
dependent flagellar gene promoters. Proc. Natl. Acad. Sci. USA
87:2369-2373.

54. Ramakrishnan, G., J.-L. Zhao, and A. Newton. 1991. The cell
cycle-regulated flagellar gene flbF of Caulobacter crescentus is
homologous to a virulence locus (IcrD) of Yersinia pestis. J.
Bacteriol. 173:7283-7292.

55. Reeve, J. 1979. Use of minicells for bacteriophage-directed
polypeptide synthesis. Methods Enzymol. 68:493-503.

56. Sanders, L. A., S. Van Way, and D. A. Mullin. 1992. Character-
ization of the Caulobacter crescentus flbF promoter and identifica-
tion of the inferred FlbF product as a homolog of the LcrD protein
from a Yersinia enterocolitica virulence plasmid. J. Bacteriol.
174:857-866.

57. Sanger, F., S. Nicklen, and A. R Coulson. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74:5463-5467.

58. Schoenlein, P. V., L. S. Gallman, M. E. Winkler, and B. Ely. 1990.
Nucleotide sequence of the Caulobacter crescentus flaF and flgT
genes and an analysis of codon usage in organisms with G + C-rich
genomes. Gene 93:17-25.

59. Sheffery, M., and A. Newton. 1979. Purification and characteriza-
tion of a polyhook protein from Caulobacter crescentus. J. Bacte-
riol. 138:575-583.

60. Sheffery, M., and A. Newton. 1981. Regulation of periodic protein
synthesis in the cell cycle: control of initiation and termination of
flagellar gene expression. Cell 24:49-57.

61. Sosinsky, G. E., N. R Francis, R. J. DeRosier, J. S. Wall, M. N.
Simon, and J. Hainfeld. 1992. Mass determination and estimation
of subunit stoichiometry of the bacterial hook-basal body flagellar
complex of Salmonella typhimurium by scanning transmission
electron microscopy. Proc. Natl. Acad. Sci. USA 89:4801-4805.

62. Stallmeyer, M. J. B., K. M. Hahnenberger, G. E. Sosinsky, L.
Shapiro, and D. J. DeRosier. 1989. Image reconstruction of the
flagellar basal body of Caulobacter crescentus. J. Mol. Biol. 205:
511-518.

63. Stephens, C. M., and L. Shapiro. 1993. An unsual promoter
controls cell-cycle regulation and dependence on DNA replication
of the Caulobacter fliLM early flagellar operon. Mol. Microbiol.
9:1169-1179.

64. Ueno, T., K. Oosawa, and S.-I. Aizawa. 1992. M ring, S ring and
proximal rod of the flagellar basal body of Salmonella typhimurium
are composed of subunits of a single protein, FliF. J. Mol. Biol.
227:672-677.

65. Ueno, T.,K Oosawa, and S.-I. Aizawa. 1994. Domain structures of
the MS ring component protein (FliF) of the flagellar basal body
of Salmonella typhimurium. J. Mol. Biol. 236:546-555.

66. Van Way, S. M., A. Newton, A. H. Mullin, and D. A. Mullin. 1993.
Identification of the promoter and a negative regulatory element,
ftr4, that is needed for cell cycle timing offliF operon expression in
Caulobacter crescentus. J. Bacteriol. 175:367-376.

VOL. 176, 1994



7600 RAMAKRISHNAN ET AL.

67. Vogler, A. P., M. Homma, V. M. Irikura, and R M. Macnab. 1991.
Salmonela typhimurium mutants defective in flagellar filament
regrowth and sequence similarity of Flil to FoF1, vacuolar, and
archaebacterial ATPase subunits. J. Bacteriol. 173:3564-3572.

68. Wingrove, J. A., E. K. Mangan, and J. W. Gober. 1993. Spatial and
temporal phosphorylation of a transcriptional activator regulates
pole-specific gene expression in Caulobacter. Genes Dev. 7:1979-
1992.

69. Wu, J., A. Benson, and A. Newton. FlbD, a global regulator, is
required for activation of transcription from (-54-dependent fla
promoters. Unpublished data.

70. Xu, H., A. Dingwall, and L Shapiro. 1989. Negative transcriptional
regulation in the Caulobacter flagellar hierarchy. Proc. Nati. Acad.
Sci. USA 86:6656-6660.

71. Yamaguchi, S., H. Fujita, A. Ishihara, S.-I. Aizawa, and R M.
Macnab. 1986. Subdivision of flagellar genes of Salmonella typhi-
murium into regions responsible for assembly, rotation, and
switching. J. Bacteriol. 166:187-193.

72. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide sequences
of the M13mpl8 pUC19 vectors. Gene 33:103-119.

73. Yu, J., and L. Shapiro. 1992. Early Caulobacter crescentus genes
fliL andfliM are required for flagellar gene expression and normal
cell division. J. Bacteriol. 174:3327-3338.

74. Zuberi, A. R., C. Ying, D. S. Bischof, and G. W. Ordal. 1991.
Gene-protein relationships in the flagellar hook-basal body com-
plex of Bacillus subtilis: sequence of theflgB, flgC, flgG, fliE andfliF
genes. Gene 101:23-31.

J. BACTERIOL.


