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ThefliF operon of Caulobacter crescentus, which was previously designated theflaO locus, is near the top of
the flagellar-gene regulatory hierarchy, and it is one of the earliest transcription units to be expressed in the cell
cycle. In this report, we have identified two cis-acting sequences that are required for cell cycle regulation of
fliF transcription. The first sequence was defined by the effects of three 2-bp deletions and five point mutations,
each ofwhich greatly reduced the level offliF operon transcript in vivo. These eight mutations lie between -37
and -22 within an 18-bp sequence that matches, at 11 nucleotides, sequences in the 5' regions oftheflaQR ((laS
locus) andfliLM operons, which are also expressed early and occupy a high level in the regulatory hierarchy
(A. Dingwall, A. Zhuang, K. Quon, and L. Shapiro, J. Bacteriol. 174:1760-1768, 1992). We propose that this
18-bp sequence contains all or part of thefliF promoter. We have also identified a second sequence, 17 bp long
and centered at -8, which we have provisionally designatedftr4 because of its similarity to the enhancer-like
fir sequences required for regulation of o4 promotersfiaN andflbG (D. A. Mullin and A. Newton, J. Bacteriol.
171:3218-3227, 1989). Six of the seven mutations inftr4 examined resulted in a large increase infliF operon
transcript levels, suggesting a role forftr4 in negative regulation. A 2-bp deletion at -12 and -13 inftr4 altered
the cell cycle pattern offliF operon transcription; the transcript was still expressed periodically, but the period
of its synthesis was extended significantly. We suggest that theftr4 sequence may form part of a developmental
switch which is required to turn offliF operon transcription at the correct time in the cell cycle.

Flagellum biosynthesis in Caulobacter crescentus is under
strict spatial and temporal regulation, and it has been used as
a model for studying the control of developmentally regu-
lated genes (for reviews, see references 29 and 42). Genetic
requirements for transcription of these flagellar (fla) genes
have been identified by comparing the relative levels of
individualfla gene transcripts in wild-type cells with those in
various nonmotile mutants. These studies have demon-
strated that, as in Escheyichia coli (18, 19) and Salmonella
typhimurium (22), the C. crescentus fla genes are organized
into a regulatory hierarchy in which genes at one level of the
hierarchy are required for expression of genes lower in the
hierarchy (4, 26, 30, 33, 44).
The C. crescentus fla gene hierarchy, as currently under-

stood, contains four levels or classes of genes (Fig. 1) (11).
Flagellin genes flgK and flgL occupy level IV, the lowest
level of the hierarchy, and their expression depends on genes
in the flaN and flbG operons, which occupy level III. The
level III genes depend, in turn, on level II genes like theflbF
and the fliF operon genes for their expression, and the gene
or genes at the top of the hierarchy that are presumably
required for expression of level II genes have been placed at
level I. No level I genes have been identified yet.
A unique feature offla gene expression in C. crescentus is

that all of the genes in the regulatory hierarchy that have
been examined are under strict temporal regulation, because
their expression is confined to a discrete period in the cell
cycle that corresponds to the time of flagellum assembly.
The fliF operon is particularly interesting in relation to
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understanding the timing offla gene expression because it is
one of the earliest transcription units to be expressed and
because delaying its expression by bringing it under the
control of a promoter that is periodically transcribed at a
later time in the cell cycle results in a similar delay in
expression of transcription units flbG, flgK, and flgL (32),
which are below it in the hierarchy.
The 5.1-kb fliF operon, which was previously called the

flaO locus, contains five open reading frames, the first of
which (fli.E) is homologous to that of the S. typhimurium fliF
gene (38) that encodes the M-ring protein, which is the first
ring protein assembled in the basal body of the flagellum
(17). The last gene in the operon, flbD, codes for a protein
that belongs to a family of response regulators that includes
the E. coli NtrC protein, which is required for transcription
initiation by or" RNA polymerase (36). Immediately down-
stream from the fliF operon is the flbF transcription unit,
which codes for a 74-kDa integral membrane protein (39)
that is a homolog of the Yersinia pestis LcrD, Shigella
flexneri VirH, and Salmonella InvA proteins (13, 37, 40).
flbD andflbF are both required for transcription from the u>4
promoters offlaN, flbG, flgK, and flgL (4, 24, 26), and both
are also negative regulators offliF operon transcription (30).
The genes at level IV and some of those at level III share

a common set of cis-acting sequences that includes a a54
promoter, an enhancer-like sequence called ftr (24, 26, 27),
and a sequence that matches the consensus binding site for
E. coli integration host factor (14, 28). In contrast, the fliF
operon 5' region does not contain a sequence that conforms
to the or'4 RNA polymerase consensus sequence (21, 26),
and we report here the results of site-directed mutagenesis
experiments that identify two important cis-acting elements
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FIG. 1. Proposed hierarchy for C. crescentus fla genes. Class I,
II, and III genes referred to by Shapiro and coworkers (7, 9, 46) are
designated here level II, III, and IV genes, respectively (11). Genes
at level II are classed A or B on the basis of differences in promoter
sequences.

required for regulated expression of thefliF operon. The first
sequence identified by mutagenesis is essential for fliF
expression, and it lies within an 18-bp sequence that is
strongly conserved in the 5' region of the fliF, flaQR (flaS
locus), and fliLM transcription units, all of which are ex-
pressed early in the cell cycle and occupy level II in the fla
gene regulatory hierarchy (9, 32, 46). We propose that this
18-bp sequence contains all or part of the fliF promoter. The
second sequence identified by mutagenesis is provisionally
designated ftr4 because of its similarity to the enhancer-like
ftr elements identified previously (26, 27). ftr4 appears to
function as a site of negative transcription regulation, and we
present evidence that this sequence may be part of a
developmental switch which is required to turn off fliF
operon transcription at the correct time in the cell division
cycle.

MATERIALS AND METHODS

Strains and culture conditions. The bacterial strains, plas-
mids, and phages used in this work are listed in Table 1. C.
crescentus wild-type strain CB15 and mutant derivatives
were grown in a peptone-yeast extract medium (PYE) (35),
and plasmid-containing strains were grown in PYE broth or
M2 glucose minimal-salt broth (16) supplemented with 0.02%
(wt/vol) Casamino Acids and 2 ,ug of tetracycline per ml
(M2tet). E. coli strains were grown in a yeast extract-
tryptone (YT) medium (15), and strains containing plasmids
were grown in YT medium supplemented with appropriate
antibiotics: ampicillin, 50 ,ug/ml; chloramphenicol, 10 ,ug/ml;
kanamycin, 50 ,ug/ml; or tetracycline, 10 ,ug/ml.

Plasmid and phage construction. To construct M13mp
19SV4, the 287-bp BamHI-HindIII fragment (Fig. 2B) was
made fully double stranded by filling in the single-stranded
ends with the Klenow fragment ofDNA polymerase I and all
four deoxyribonucleoside triphosphates (dNTPs), and the

TABLE 1. Bacterial strains, plasmids, and phages

Strain, plasmid, Relevant features Source or
or phage reference

Strains
C. crescentus
CB15 Wild type 35
CB15F Density variant of CB15 12
SC511 flaK155::IS511 34
SC1032 flbDl98::TnS 34
SC1132 flbFl77::TnS 34

E. coli
HB101 Host for plasmids 3
DH5 a Male, Kmr BRLU
CJ236 dut ung, male, Cmr 20

Plasmids
pRK2L1 Cloning vector, Tcr 27
pUC18 Cloning vector, Apr 45
pRK2LM10 Promoterless CAT gene, Tcr 39

Bacteriophages Cloning vectors 45
M13mpl8 and -19

a BRL, Bethesda Research Laboratories Life Sciences, Inc.

resulting fragment was ligated to the HincHI site of
M13mpl9. pUC18SV4 was constructed by ligating the
320-bp BamHI-HindIII fragment from M13mp19SV4 to
BamHI- and HindIII-digested pUC18. The fliF operon pro-
moter in this construct is proximal to the HindIII site in the
multiple-cloning-site polylinker. pRK2L1-SV4 (Fig. 3A) was
constructed by ligating the 320-bp BamHI-HindIII fragment
from M13mp19SV4 to pRK2L1 that had been cleaved with
BamHI and HindIII. pRK2L1 is a derivative of pRK290 that
contains the multiple-cloning-site polylinker from pUC18.
M13mp19532 was constructed by ligating the 532-bp BamHI-
SacI fragment to M13mpl9 double-stranded DNA digested
with BamHI and Sac.
pAMl was constructed by ligating the 177-bp HindIII-

BstUI fragment from pUC18SV4 to pUC18 digested with
HindIII and HincHI. pAM2 was constructed by ligating the
143-bp HindIII-Sau3AI fragment from pUC18SV4 to pUC18
digested with HindIII and BamHI. pAM3 was constructed
by ligating the 114-bp HindIII-RsaI fragment to pUC18
digested with HindIII and HincHI. pRK2L1-AM1 (Fig. 3B)
was constructed by ligating the 187-bp BamHI-HindIII frag-
ment from pAM1 to pRK2L1 that had been digested with
HindIII and BamHI. pRK2L1-AM2 (Fig. 3B) was con-
structed by ligating the 152-bp HindIII-KpnI fragment from
pAM2 to pRK2L1 that had been digested with HindIII and
KpnI. pRK2L1-AM3 (Fig. 3B) was constructed by ligating
the 124-bp BamHI-HindIII fragment from pAM3 to pRK2L1
that had been digested with BamHI and HindIII. Plasmids
were introduced into C. crescentus strains by electropora-
tion using a Bio-Rad Gene Pulser Electroporator (27). Plas-
mid and phage DNAs were introduced into E. coli strains by
CaCl2 transformation (23).

Isolation of RNA and nuclease SI protection assays. RNA
was purified from C. crescentus cells as described previously
(33), and its concentration was estimated by measuring its
A260. Nuclease S1 protection reactions for analysis of RNA
purified from log-phase cells and synchronized cells con-
tained 100 and 10 ,ug of RNA, respectively.

Restriction endonuclease-generated DNA fragments were
5' end labeled with [-y-32P]ATP and T4 polynucleotide kinase
and used as probes in nuclease S1 assays (2). The 287-
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FIG. 2. Physical and genetic map of the hook gene cluster. (A) The organization of transcription units, flagellar genes, and restriction map
of the hook gene cluster. The location of transcription start sites forflbF and the flaN, flbG, and fliF operons have been described previously
(4, 26, 37, 40). Transcription unit IL.1 is located between the flbG and fliF operons (4). Relevant restriction sites are indicated as follows: B,
BamHI; S, SstI; SI, Sall; P. PstI; H, HindIII. (B) Probes for nuclease S1 mapping. The location of a Bal 31 deletion endpoint (Bl) and
32P-labeled ends (*) are indicated. All of the probes except the 291-nt probe (which is 3' end labeled) are 5' end labeled. Genomic sequences
are indicated by thin solid lines. *, polylinker DNA derived from pUC18.

nucleotide (287-nt) BamHI-HindIII fragment labeled at both
5' ends (Fig. 2B) was used as a probe for the chromosomal
fliF operon transcript, and the 320-nt BamHI-HindIII frag-
ment labeled at both 5' ends (Fig. 3C) was used as a probe
for fliF operon mRNA expressed from pRK2L1-SV4. The
291-nt BamHI-HindIII fragment, 32p labeled at both 3' ends
(Fig. 2B), was generated by filling in the single-stranded ends
of the 287-bp BamHI-HindIII fragment by using the Klenow
fragment ofDNA polymerase I and dCTP, dGTP, dTTP, and
[a- 2P]dATP, and it was used in nuclease S1 protection
assays as a probe for the IL.1 gene transcript. The 612-nt PstI
fragment labeled at both 5' ends (Fig. 2B) was used as a

probe to detect genomic flaN and flbG transcripts. The
PstI(b) end of the 612-nt probe was generated by ligating a

HincII-PstI fragment from the pUC18 polylinker to the flush
end of a genomic DNA fragment generated by the action of
Bal 31 nuclease (27). The 5' 32p label at the PstI(b) end is
protected by the flbG transcript in nuclease S1 assays
presumably because the polylinker-derived sequence at this
end (5'-GGTCCATG) is complementary to the flbG mRNA
sequence (5'-CAUGACC) except for a single nucleotide
mismatch 5 bp in from the 5' end in the former sequence. An
excess amount of 32P-labeled probe DNA was added to each
nuclease S1 assay to ensure that the intensity of the pro-
tected fragments reflected the level of the 5' transcript. The
hybridization temperature for the DNA probes and RNA
was 550C. The products of the nuclease S1 protection assays
were denatured by heating to 950C for 5 min in a formamide-
containing marker dye solution and fractionated by electro-
phoresis in 6% polyacrylamide gels that contained 8 M urea.
As a control, we compared the levels of the fliF operon

transcripts expressed from pRK2L1-SV4 (Fig. 3A) in four
independently isolated RNA preparations and found the
relative levels to be very similar (data not shown). This
finding suggests that the level of the fliF operon transcript
detected in CB15(pRK2L1-SV4) does not vary widely from
preparation to preparation.

Preparation of synchronous cultures of strain CB15F. C.
crescentus CB15F is a density variant of strain CB15, in
which the swarmer cells can be separated from stalked and
predivisional cells by centrifugation (12). Strains CB15F
(pRK2L1-SV4) and CB15F(pRK2L1-SV4#2) were grown in
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FIG. 3. Physical map of pRK2L1-SV4 and deletion derivatives.
(A) Physical map of pRK2L1-SV4. The thin-line circle represents
sequences derived from pRK290 (10); the thick lines represent DNA
derived from the pUC18 multiple-cloning-site polylinker (45). Re-
striction sites: Bs, BstUI; Hc, HincII; K, KpnI; R, EcoRI; Rs, RsaI;
Sa, Sau3AI; Sm, SmaI; Sp, SphI. H' Hc', a HincII end ligated to a
filled-in HindIII end; Hc' B', a filled-in BamHI end ligated to a

HincII end. Other restriction sites are as indicated in the legend to
Fig. 2. The arrow below the sequence indicates the origin and
direction of fliF transcription, and it corresponds to the 101-nt
protected fragment detected in nuclease S1 assays. ftr4 (=) and the
arms of a sequence with dyad symmetry ( ) are indicated. T(II.1),
the approximate location of the 3' end of the II.1 gene transcript. (B)
Restriction fragments from the fliF promoter region cloned in
pRK2L1. (C) BamHI-HindIII probe (320 nt) for nuclease S1 assays of
pRK2L1-SV4-encodedfliF mRNA. *, 5' 3"P-labeled ends.
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TABLE 2. Transcriptional activities of 5' fliF mutants
determined by CAT assay

fliF promoter (position) Activity"

Wild type 1.00 + 0.10
Mutants

2333 A- .C (-37) 0.31 ± 0.07
2362 C-OG (-33) 0.22 ± 0.04
59 C-*A (-32) 0.72 ± 0.10
33 C-OA (-22) 0.50 ± 0.16
2961 T-UG (-7) 1.86 ± 0.11
2941 C- T (-6) 1.59 ± 0.15
2930 T--G (-4) 3.80 0.48
2948 C-*T (-2) 4.27 ± 0.25
2919 T-*G (+1) 1.23 + 0.11

a Relative to wild-type activity.

M2tet broth. Early stationary-phase cultures were diluted
1:100 into 1 liter of M2tet broth and grown to stationary
phase (final optical density at 650 nm = 1.2). Cells were
centrifuged at 5,000 rpm for 30 min in a Sorvall H-6000A
rotor, resuspended in 80 ml of ice-cold M2 broth, mixed with
ice-cold ludox (6 ml of ludox [pH 7.5]-10 ml of M2 broth
supplemented with 40 pug of dextran T40 per ml plus 10 ml of
cells), and spun at 8,000 rpm for 40 min at 40C in a Sorvall
SS34 rotor. Swarmer cells were collected from the gradient,
diluted with 15 ml of ice-cold M2 broth, centrifuged at 8,000
rpm for 10 min at 40C, and then washed twice in 100 ml of
ice-cold M2 broth. The cells were diluted into a total volume
of 260 ml of M2 broth at 30'C; 25 ml of cells was removed at
30-min intervals and added to a tube containing 200 Rg of
chloramphenicol per ml, 4 mM sodium azide, and crushed
ice; and RNA was extracted immediately. This synchroni-
zation technique resulted in greater than 95% swarmer cells,
as determined by light microscopy. The quality of the
synchrony and progression through the cell cycle was mon-
itored by observing the morphological development of the
cells in the culture by light microscopy at 30-min time points,
and as an additional control for the quality of the synchrony,
we measured the cell cycle patterns of flaN and flbG
transcripts, which are detected only during a short interval
after the fliF transcript is detected (32).
Primer extension mapping. Primer extension was per-

formed as described previously (40). Five picomoles of the 5'
32P-labeled synthetic oligodeoxyribonucleotide primer RT1
(5'-GACGCCCGACGCCGAACTGCC) was mixed with 10
,ug of C. crescentus RNA and heated in a 95°C water bath for
2 min and then at 42°C for 1 h. The primer extension reaction
was allowed to proceed for 1 h at 37°C with 20 U of avian
myeloblastosis virus reverse transcriptase and 0.5 mM
dNTPs. Nucleic acids were phenol extracted, ethanol pre-
cipitated, and fractionated by electrophoresis in a 6% poly-
acrylamide gel next to a dideoxynucleotide sequencing lad-
der generated by using M13mp19532 single-stranded DNA as
a template and the 5'- 2P-end-labeled RT1 oligonucleotide as
a primer. Primer RT1 anneals at +97 to +117 from the fliF
transcription start site.

Chloramphenicol acetyltransferase assays. The effects of
fliF promoter mutations (Table 2) on gene expression were
quantified by using promoter-testing plasmid pRK2LM10
(39), which contains a promoterless chloramphenicol acetyl-
transferase (CAT) gene. Mutations of interest carried on the
320-bp BamHI-HindIII fragment (Fig. 3A) were ligated
between the HindIlI and BamHI sites in pRK2LM10. The

fliF promoter in these plasmid constructs is oriented so that
it may direct transcription of the CAT gene. pRK2LM10
carrying a wild-type or mutant fliF promoter was introduced
into C. crescentus CB15, and the level of CAT protein was
measured with a commercially available enzyme-linked im-
munosorbent assay (ELISA) from Five Prime to Three
Prime, Inc., by using a protocol suggested by the manufac-
turer. All assays were done in duplicate on at least two
independent cell extracts for each mutant analyzed. Pro-
moter activity reported in Table 2 was expressed as a
fraction of wild-type activity.

Oligonucleotide mutagenesis. Oligonucleotide mutagenesis
of the fliF operon promoter in M13mpl9SV4 was performed
essentially as described by Kunkel et al. (20). Mutagenic
oligonucleotides were phosphorylated by using ATP and T4
polynucleotide kinase, and the phosphorylated primers were
annealed to single-stranded viral M13mpl9SV4 DNA iso-
lated from the phage particles after growth on E. coli CJ236.
After polymerization using T4 DNA polymerase and all four
dNTPs and ligation with T4 DNA ligase, the resulting DNA
molecules were used to transfect E. coli DH5 a. After
identifying mutants by nucleotide sequence analysis, double-
stranded phage DNAs with mutations were cleaved with
BamHI and HindIII and the promoter-containing fragments
were ligated to pRK2L1 or pRK2LM10 cleaved with BamHI
and HindIII. These plasmid constructs were introduced into
C. crescentus cells by electroporation, and the level of
plasmid-encoded fliF operon expression was determined.

Nucleotide sequencing. DNA fragments of interest were
cloned into M13mpl9 double-stranded DNA (45) for dideoxy
nucleotide sequencing (41), which was performed by using
[a-32P]dATP as the radiolabel, and 7-deazaguanosine 5'-
triphosphate was substituted for GTP in the sequencing
reactions to reduce compression artifacts (1, 25).

Nucleotide sequence accession number. The nucleotide
sequence shown in Fig. 4 is part of a larger sequence that has
been filed with GenBank, Los Alamos National Laboratory,
under accession number M84717.

RESULTS

Cloning and expression of the fliF operon promoter. The
chromosomal fliF operon transcription start site was previ-
ously mapped within the 291-bp BamHI-HindIII fragment,
about 80 bp upstream from the HindIII restriction site, by
using nuclease S1 protection analysis (Fig. 2B) (26), and here
we used primer extension analysis to locate the precise 5'
end of the fliF operon transcript made in vivo. The primer
extension reaction (see Materials and Methods) yielded a
single labeled product detected in autoradiograms (Fig. SA,
lane 1), which corresponds to a 5' end at the T marked +1 in
Fig. 4. This result is consistent with the previous nuclease S1
mapping result, and it places the 5' end of the fliF operon
transcript 81 bp upstream from the HindIII site and approx-
imately 82 bp downstream from the major 3' end of the II.1
gene transcript (28). In subsequent discussion, the T at +1
will be referred to as the transcription start site.

fliF operon transcription in C. crescentus was studied by
using the 291-bp BamHI-HindIII DNA fragment (Fig. 2B)
cloned in pRK2L1 (27), a derivative of low-copy-number
plasmid pRK290 (10). The resulting plasmid, pRK2L1-SV4
(Fig. 3A) was transferred to C. crescentus wild-type strain
CB15 by electroporation, and the relative level of the plas-
mid-encodedfliF operon transcript was determined by using
a nuclease S1 protection assay with the 320-nt BamHI-
HindIII fragment (Fig. 3C) as a probe. As expected, tran-
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FIG. 4. Nucleotide sequence of the fliF operon promoter region
in pRK2L1-SV4. The nucleotide sequence shown includes part of
the flanking pUC18-derived multiple-cloning-site polylinker (45).
Restriction sites are as indicated in the legend to Fig. 3. ftr-like
sequences are boxed; single-barbed arrows indicate the location of a
sequence with dyad symmetry. The double-barbed arrow below the
sequence indicates the initiation point and direction offliF transcrip-
tion. Nucleotides between -24 and -32 that match the conserved
-10 sequence element of E. coli &r32 promoters (6) are underlined.
Ter, end of II.1 gene transcript (28).

scripts from the chromosomalfliF operon promoter were not
detected in strain CB15 carrying the parental vector pRK2L1
(Fig. 5B, lane A). This assay measures only transcription
from the plasmid-borne fliF operon promoter as a partially
protected 101-nt fragment when RNA from strain
CB15(pRK2L1-SV4) is analyzed (Fig. SB, lane B), because
the 5' ends of the probe were derived from the multiple-
cloning-site polylinker in pRK2L1-SV4 (Fig. 3C). The site of
transcription initiation determined by this assay is consistent
with the location of the initiation nucleotide for the genomic
fliF operon transcript determined by primer extension. As a
control for the amount and integrity of the transcript in each
RNA preparation, the level of transcription unit I1.1 RNA
(Fig. 2A) (28) was routinely measured with a nuclease S1
assay using the 291-nt DNA fragment (Fig. 2B) as a probe.
The relative levels of the 11.1 transcript were found to be
similar in all of the RNA preparations that were compared in
this report (data not shown).

Previous studies have shown that the fliF operon is
negatively regulated by flbD and fibF (30), and we demon-
strated that the cloned fliF operon promoter is regulated like
the genomic promoter by comparing the relative levels of the
plasmid-encoded fliF transcript expressed from pRK2L1-
SV4 in nonmotile mutants. The level of the plasmid-encoded
fliE transcript in a flbDl98::TnS mutant strain was higher
than that in wild-type strain CB15 (Fig. SB; compare lanes B

A B

A
C\
G\\G

+1A fliF m-
T
G

C /

fliF WI=

FIG. 5. Transcription start site and genetic requirements forfiiF
expression in pRK2L1-SV4. Total RNA was prepared from a
log-phase C. crescentus culture, and it was used in nuclease S1
protection assays or primer extension reactions as described in
Materials and Methods. (A) The 5' end of the genomicfliF transcript
determined by primer extension. + 1, the 5' nucleotide of the flbF
transcript. (B) Nuclease S1 protection assays. Reaction products in
lanes A through G were probed with the 320-nt HindIII-BamHI
DNA fragment (Fig. 3C). The source of RNA in each reaction
product is indicated as follows: lane A, CB15(pRK2L1); lane B,
CB15(pRK2L1-SV4); lane C, SC511 (flaKl5S::ISS1l)/pRK2L1-SV4;
lane D, SC1032 (flbD198::TnS)/pRK2L1-SV4; lane E, SC1132
(flbF177::TnS)/pRK2L1-SV4; lanes F and G, Saccharomyces cere-
visiae tRNAs. Nuclease S1 was included in lanes A through F. The
101-nt fliF protected fragment is indicated.

and D), and a flbFJ77::TnS mutant strain also contained an
elevated level of the plasmid-encoded fliF transcript (Fig.
SB, lane E). The relative level of the plasmid-encoded fliF
transcript in theflbF mutant was reproducibly less than that
in theflbD mutant strain. The level of thefliF transcript from
pRK2L1-SV4 in a strain with a flaKlSS::ISSll mutation
(Fig. SB, lane C) was about the same as that in strain CB15,
as expected because flaK occupies a level in the fla gene
regulatory hierarchy below the level occupied byfliF. These
results suggest that the cloned fliF operon promoter is under
the same negative regulation as the genomic promoter. The
320-bp BamHI-HindIII fragment also contains the cis-acting
sequences necessary for cell cycle regulation of fliF operon
transcription, as discussed below (see Fig. 8A).

Mutagenesis of the fliF operon promoter. The nucleotide
sequence near the fliF transcription start site has been
reported previously (26), and Fig. 4 shows an extended
sequence that includes the 287-bp BamHI-HindIII fragment
and flanking polylinker sequence in pRK2L1-SV4. Compar-
ison of the nucleotide sequence near the fliF transcription
start site to known promoter motifs revealed a sequence
centered at -28 (5'-CCTCGLTTlA) (Fig. 4) that matches at
seven of nine nucleotides the -10 element consensus se-
quence (CCCCATtTA) for E. coli promoters that are tran-
scribed by &52 RNA polymerase (6), although the distance to
the 5' end of the fliF transcript detected in vivo is 24 bp
rather than the 7 to 8 bp usually observed for E. coli &2
promoters. In our initial experiments, mutations were intro-
duced into this sequence, each DNA fragment was cloned
into pRK2L1 (see Materials and Methods) and transferred to
C. crescentus by electroporation, and the relative level of
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Mutation

Expression
Level
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ofTIFGGGC=-ACCUACGATCGGCAGATAU ^i.TC~
fkaOR TAA9GcCTAITYgATATTTCfT99ATCTTCGAG -2
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AM2 w
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FIG. 6. Summary of primer mutagenesis of the fliF promoter region. The positions and nature of mutations created and analyzed in this
work are indicated. +1, the fiUF transcription start site. ftr4 is boxed. Effects of mutations on the relative level of the flF transcript
(summarized from the data in Fig. 7 and Table 2) are indicated as follows: w, wild-type level; -, reduced level; +, increased level. The
similarity in nucleotide sequence between the 5' sequences offliF (flaO), flaQR (flaS), and fiLM was shown previously (9, 46) and is shown
here in relation to the fliF mutations analyzed. The consensus sequence indicates the positions of identical nucleotides found in all three
promoter regions, and the region that is similar to the E. coli a2-like -10 sequence in fliF is underlined. Lines under AM2 and AM3 indicate
the extents of these deletions.

the plasmid-encoded fliF transcript was measured by nucle-
ase S1 protection assay.

All of the mutations examined (mutations 10, 11, 61, 4, and
64) (Fig. 6 and Fig. 7a) led to a significant decrease in the
level of the fliF transcript, and mutations 10 and 11 resulted
in almost undetectable levels of expression (Fig. 7a, lanes D

b

FIG. 7. Nuclease S1 analysis of point mutations and deletions in
the fliF promoter region. Nuclease S1 protection assays were
carried out as described in Materials and Methods. (a) Mutations in
the -10 to -28 region. The position of the 101-nt fliF protected
fragment is indicated. Nuclease S1 was present in lanes A through
K. The DNA probe was the 320-nt HindIII-BamHI fragment labeled
at both 5' ends (Fig. 3C). Lane A, CB15(pRK2L1); lane B, CB15
(pRK2L1-SV4); lane C, CB15(pRK2L1-SV4#9); lane D, CB15
(pRK2L1-SV4#10); lane E, CB15(pRK2L1-SV4#11); lane F, CB15
(pRK2L1-SV4#61); lane G, CB15(pRK2L1-SV4#4); lane H, CB15
(pRK2L1-SV4#64); lane I, CB15(pRK2L1-SV4#1); lane J, CB15
(pRK2Ll-SV4#2); lanes K and L, yeast tRNAs. (b) Mutations 5'
from -28. Nuclease S1 was present in lanes A through G. Lane A,
CB15(pRK2L1); lane B, CB15(pRK2L1-SV4); lane C, CB15
(pRK2L1-SV4#6); lane D, CB15(pRK2L1-SV4#7); lane E, CB15
(pRK2L1-SV4#8); lane F, CB15(pRK2L1-SV4#9); lanes G and H,
yeast tRNAs. (c) Deletion mutations. Nuclease S1 was present in
lanes A through E. Lane A, CB15(pRK2L1-SV4); lane B, CB15
(pRK2L1-AM1); lane C, CB15(pRK2L1-AM2); lane D, CB15
(pRK2L1-AM3); lanes E and F, yeast tRNAs.

and E). Thus, the 9-bp sequence examined here contains
nucleotides required for transcription of the fliF operon.
We also examined the effects of four additional mutations

in this region (mutations 2333, 2362, 59, and 33) (Fig. 6) by
cloning DNA fragments with mutations in pRK2LM10 (see
Materials and Methods), which has a promoterless CAT
gene. After transfer to C. crescentus by electroporation, fliF
promoter activity was quantified by measuring the level of
CAT protein in log-phase cells by using an ELISA. The data
in Table 2 show that all four of the mutations in this region
resulted in a decrease in the level offliF expression relative
to the level for the wild-type promoter. These results are
consistent with the findings described above that were
obtained by using nuclease S1 protection assays, and they
suggest that nucleotides outside the 9-bp a2-like -10 se-
quence are also required for expression of fliF.
To determine whether there is a requirement for se-

quences upstream of -37 forfliF expression, 2-bp deletions
(mutations 6 to 9) were introduced between -37 and -63
and their effects on the level of the plasmid-encoded fliF
transcript were determined. When assayed by nuclease S1
analysis, none of these 5' mutations had an effect on the level
of thefliF transcript (Fig. 7b; compare lane B with lanes C to
F).
The requirement of 5' sequences was tested further by

analyzing the expression of DNA fragments extending from
the HindIII site to the BstUI (AMi), Sau3AI (AM2), or RsaI
(AM3) site (Fig. 4). pRK2L1-AM2 contains a fliF promoter
fragment extending from HindIll to Sau3AI (Fig. 3B and 4),
and RNA isolated from a strain carrying pRK2L1-AM2
contained a wild-type level of the plasmid-encoded fliF
transcript (Fig. 7c; compare lanes A and C), suggesting that
sequences 5' to the Sau3AI site at -50 are dispensable for
fliF expression. pRK2L1-AM3 contains a fragment extend-
ing from HindIII to RsaI at -17 (Fig. 3B), and thus, it lacks
the essential 9-bp sequence centered at -28 and upstream
sequences. As expected, no plasmid-encoded fliF transcript
was detected in strain CB15(pRK2L1-AM3) (Fig. 7c, lane
D).

J. BA=rRIOL.
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We previously reported a sequence at -53, indicated as
ftr' in Fig. 4, that matches at 10 of 17 nucleotides the ftr (fla
gene transcription regulator) consensus sequence, 5'-CNCG
GCRAAAMBBGCCG (26, 28). ftr elements are cis-acting
enhancer-like sequences that have been found 3' or 5' from
C. crescentus fla genes with oS4 promoters, and they are
required for transcription regulation (24, 26-28). Our results
presented here show that ftr' is not essential for fliF tran-
scription because pRK2L1-AM2 (Fig. 3B) lacks ftr' but
expresses wild-type levels of plasmid-encoded fliF mRNA.
A secondftr-like sequence that matches at 13 of 17 bases the
ftr consensus sequence is designated ftr4 (Fig. 4), and its
function is considered in the next section.
ftr4 is required for negative regulation of fliF. Previous

studies have shown that strains with mutations in flbD and
flbF contain elevated levels of the fliF transcript, suggesting
that the products of these two genes act as negative regula-
tors of transcription (30). We tested the role of nucleotides in
ftr4 (Fig. 6) in negative regulation of fliF by introducing
mutations and measuring the effects on fliF expression.
Deletion of the nucleotides at -12 and -13 (mutation 2) and
a T-to-G mutation at -15 (mutation 1) both resulted in
greatly elevated levels of the fliF transcript, as measured
with nuclease S1 protection assays (Fig. 7a; compare lane B
with lanes I and J). We also introduced five additional
mutations in ftr4 (mutations 2961, 2941, 2930, 2948, and
2919) (Fig. 6), and after cloning the mutated DNA fragments
in pRK2LM10, the effects on fliF expression were deter-
mined by using an ELISA for CAT protein. All five of these
mutations resulted in increased levels of fliF expression
(Table 2), suggesting that nucleotides between +1 and -15,
which lie within ftr4, are involved in negative regulation of
fliF transcription.

Jfr4 is required for normal temporal expression offliF. The
temporal order in which fliF, flaN, flbG, and flagellin genes
flgK and flgL are expressed in the cell cycle corresponds to
their relative positions in the fla gene regulatory hierarchy
(Fig. 1) (24, 32). Expression of these fla genes is under strict
temporal regulation, as indicated by the discrete interval of
fliF expression that begins shortly before the onset offlaN
and flbG transcription (32). This observed order of gene
expression is consistent with the finding that FlbD protein,
the product of the last gene in thefliF operon, is an activator
offlaN and flbG transcription (4, 26, 33, 36).
The temporal pattern of plasmid-encoded fliF mRNA was

determined by preparing a synchronized culture of
CB15F(pRK2L1-SV4) swarmer cells by density gradient
centrifugation (12), and at 30-min intervals throughout the
cell cycle, RNA was isolated and the relative levels of
plasmid-borne fliF transcripts were assayed by nuclease S1
protection. We also measured genomicflaN andflbG expres-
sion, because their expression patterns provide well-charac-
terized markers for relative time in the cell cycle. The cell
cycle patterns of flaN and flbG operon transcription in
CB15F(pRK2L1-SV4) are shown in Fig. 8C and D, respec-
tively, and they match the previously published temporal
patterns, because both transcripts were periodically de-
tected beginning at about 0.62 division units of the cell cycle
(4, 32). Fig. 8A shows that the plasmid-encoded fliF tran-
script from pRK2L1-SV4 was expressed during a discrete
interval that began at about 0.43 division units of the cell
cycle, shortly before flaN and flbG mRNAs were detected
(Fig. 8C and D). This demonstrates that the plasmid-encoded
fliF transcript made by pRK2L1-SV4 is expressed with the
same cell cycle pattern as the genomicfliF transcript exam-
ined previously (32).

o 0 0 o

0 0 0 N In c
O m 0 _ -_
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D.

fIbG),

FIG. 8. Temporal pattern of plasmid-encoded fliF operon tran-
scription. Nuclease S1 protection assays were carried out as de-
scribed in Materials and Methods. The probe for genomic flaN and
flbG was the 612-nt PstI fragment (Fig. 2B). The probe for plasmid-
encoded fliF was the 320-nt HindIII-BamHI fragment (Fig. 3C).
Time (in minutes) in the cell cycle is indicated at the top. Cell
division was monitored by microscopic observation, and it occurred
between 180 and 210 min. (A) Temporal pattern of plasmid-encoded
fliF expression in CB15(pRK2L1-SV4). Wt, wild type. (B) Temporal
pattern of plasmid-encoded fliF transcription in CB15(pRK2L1-
SV4#2). Mut #2, mutation 2. (C) Temporal pattern of genomicflaN
transcription in CB15(pRK2L1-SV4). (D) Temporal pattern of
genomicflbG transcription in CB15(pRK2L1-SV4).

We examined the effect of mutation 2, which resulted in an
elevated level of the fliF transcript (Fig. 7a, lane J), on the
temporal pattern of the plasmid-encoded fliF transcript in
synchronized C. crescentus cells to determine whether the
nucleotides at -12 and -13 in ftr4 (Fig. 6) play a role in
timing of fliF expression. The temporal pattern of genomic
flaN and flbG transcription was also measured for
CB15F(pRK2L1-SV4#2), and it was identical to that shown
in Fig. 8C and D (data not shown). Fig. 8A and B show the
cell cycle regulation of plasmid-encoded fliF transcripts
expressed from pRK2L1-SV4 and pRK2L1-SV4#2, respec-
tively. Although the levels of the fliF transcripts expressed
from both of these plasmids varied periodically and peak
transcript levels were detected at approximately the same
time in the cell cycle, the plasmid-encoded fliF transcript
expressed from pRK2Ll-SV4#2 was made in increased
amounts and the interval during which it was detected was
extended beyond the relatively restricted interval of expres-
sion from the wild-type fliF promoter on plasmid pRK2L1-
SV4. Most notably, fliF expression apparently continues
after cell division, because a significant amount of the
transcript was present in the new swarmer cells (0 min) while
it is never detected in cells with a wild-type fliF promoter.
This result suggests that the nucleotides at -12 and -13 in
ftr4 may constitute part of a molecular switch that is required
to turn off transcription offliF at the correct time in the cell
cycle.

DISCUSSION

The C crescentusfla genes are organized into a regulatory
hierarchy, andflbF and thefliF operon genes are near the top
of the fla gene regulatory hierarchy (level II) along with
flaQR andfliLM (4, 30, 46). flaN andflbG are classified with
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the level III genes because their transcription depends on
flbF andflbD, the last gene in thefliF operon (26, 30) as well
as other genes in the fliF operon (38). The flgK and flgL
flagellin genes occupy level IV, at the bottom of the hierar-
chy, and they in turn depend on level III genes for their
expression.

Several results indicate that the sequential expression of
the C. crescentus fla genes results in part from a cascade of
trans-acting regulatory factors. These include findings that
the flbF and fliF transcripts are detected earlier in the cell
cycle than the flaN andflbG transcripts (32, 37) and that the
time of expression of fliF determines the time of expression
of genes below it in the regulatory hierarchy, as indicated by
the observation that delaying fliF operon expression caused
a corresponding delay in expression of theflbG operon genes
and flagellin genes flgK and flgL (32). fliF is also negatively
regulated by flbD and flbF, and like the other known C.
crescentus fla genes, it is periodically expressed in the cell
cycle (30, 32). Elucidating the molecular mechanism of fliF
operon regulation is, thus, an important step toward under-
standing the temporal regulation offla gene expression in C.
crescentus.

Characterization of the fliF promoter. We pointed out
previously that the nucleotide sequence 5' of the fliF operon
was different from that of the cr54 promoters that are required
for expression of genes at levels II and III of the regulatory
hierarchy (26). It is also different from the promoter se-
quence offlbF (37, 40). In this study, we have presented new
results mapping the precise 5' end of the fliF operon tran-
script made in vivo and we reported the results of initial
experiments to investigate the cis-acting sequences needed
for expression of fliF and its temporal regulation in the cell
cycle. We identified two sequences that are required for the
periodic expression, and one of these is also required for the
negative autoregulation of this transcription unit. Together,
these regulatory sequences appear to be essential for the
normal cell cycle-regulated expression of fliF.
Our results indicate that one element required for fliF

expression is included in a sequence extending from -37 to
approximately -17, and we propose that this sequence
contains all or part of the fliF promoter. Results supporting
this proposition are as follows: (i) sequences upstream of the
Sau3AI site at -50 (Fig. 4) are not required, because the
Sau3AI-HindIII fragment in pRK2L1-AM2 expressed nor-
mal levels of the fliF transcript and contains all of the
elements needed for the normal expression of the transcrip-
tion unit (Fig. 7c); (ii) neither the 2-bp deletion at -37 and
-38 (mutation 9) nor those upstream (mutations 6 to 8) alter
the level of the fliF transcript (Fig. 7a); and (iii) single base
changes and 2-bp deletions in the -34 to -22 sequence
abolish or severely decrease expression. Thus, the -37 to
-17 sequence, which contains nucleotides required for fliF
expression, is defined at the 5' end by a sequence in which
2-bp deletions did not alter expression and downstream by
the ftr4 sequence discussed below, which appears to be
required for negative regulation of fliF.

In Fig. 6, we have aligned the 5' sequence of fliF with the
corresponding sequences offlaQR and fliLM, which are also
level II genes (Fig. 1) (9, 32, 46). In addition to being
expressed early, these three transcription units are also
expressed during the same interval in the cell cycle, between
about 0.43 and 0.90 division units (9, 32, 46). The similarity
of these sequences, which has been pointed out by Dingwall
et al. (9), suggests the possibility that these genes contain
similar promoters, and the results presented here are con-
sistent with this conclusion. Several of the residues shown to

be required for transcription from the fliF promoter (Fig. 6)
are conserved in the sequences 5' of fliLM and flaQR,
suggesting that the corresponding sequences may also be
important for expression offliLM and flaQR.
Although a sequence within the fliF operon 5' region is

similar to the consensus -10 element of &-2 promoters of
enteric bacteria (6) and residues within this sequence are
required for fliF expression, several observations suggest
that it is unlikely that this transcription unit is expressed
from a &-32 promoter: (i) the 5' sequence of fliF lacks a
properly spaced a92-like -35 sequence element, and deletion
of the region that would spatially correspond to the -35
element had no effect on transcript levels; (ii)fliF expression
was not induced by a heat shock in E. coli or C. crescentus
(data not shown); (iii) purified &2 RNA polymerase from E.
coli did not recognize the fliF promoter in vitro (data not
shown); and (iv) two mutations 3' of the &32-like -10
sequence (mutations 64 and 33) also result in reduced levels
of thefliF transcript, as did one mutation 5' from the 932-like
-10 element (mutation 2333) (Fig. 7a and Table 2). Thus, the
fliF operon contains a new class of promoter different from
the 4 promoter, as suggested previously by Mullin et al.
(26), and this promoter appears to be shared by at least two
other C. crescentus transcription units, fliLM and flaQR (9,
46). Further mutagenesis experiments and in vitro transcrip-
tion studies will be required to define more precisely the
exact nature of the fliF promoter.
Although fliF, flaQR, and fliLM may share a common

promoter sequence, this sequence is not shared by all genes
near the top of the C. crescentus fla gene regulatory hierar-
chy. Previous studies have shown that flbF, which is ex-
pressed before fliF in the cell cycle (36) but is not required
for fliF expression, has a different promoter sequence (37,
40). Thus, this and previous work have defined at least three
different classes of promoters that are responsible for ex-
pression of genes at different levels of the C. crescentus fla
gene regulatory hierarchy. Flagellin genes flgK and flgL
(level IV) and genes flaN, flbG, and flbN (level III) have
cr4-like promoters (8, 24, 26, 27), whileflbF andfliF (level II)
have essential 5' sequences that differ from each other and
from the a54 promoters (37, 40). The flbF 5' region contains
sequences that are similar to the conserved -10 and -35
sequence elements found in E. coli and Bacillus subtilis &a
promoters, and mutations in these sequences reduce or
abolish flbF expression (39, 40).

It is possible that thefliF promoter sequence is centered at
about -25, as indicated by our mutagenesis results. Another
possibility is that thefliF transcript is processed and that the
transcription start site is 5' of the site mapped in this work by
primer extension. In the case of at least two Caulobacter
operons, for which the transcription start sites can be
convincingly inferred from genetic data and in vitro tran-
scription results, processed transcripts with discrete single
(flaN) or multiple (flbG) 5' mRNA ends have been mapped
by nuclease S1 assays (4, 31).

Characterization of negative regulation byftr4. The second
sequence identified by these studies, ftr4, appears to be
required for the previously reported negative autoregulation
of fliF (30), because seven mutations in ftr4 resulted in
elevated levels offliF expression (Fig. 6). The ftr4 sequence
extends from +1 to -16, and if significant processing of the
fliF transcript occurred and the start site were 5' to the one
proposed, then it could be argued that the effect of ftr4
mutations on levels of fliF mRNA might have resulted from
enhanced stability of the transcript and not regulation of
expression. This seems unlikely for two reasons. First, if
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mutations 1 and 2 result in elevated production offliF due to
enhanced transcript stability, then the mutant transcripts
should be longer at their 5' ends; however, primer extension
analysis has demonstrated that the mutant and wild-type
transcripts have the same length. Second, the levels of
transcript from the fliF operon carrying mutations 1 and 2
were not increased in aflbD mutant strain (data not shown),
as would be expected if mutations 1 and 2 enhanced tran-
script stability. This second result is also consistent with the
conclusion that ftr4 is, in fact, the site of negative autoreg-
ulation exerted by flbD (30).
The FlbD amino acid sequence and organization of pre-

dicted functional motifs are very similar to those of the
transcriptional regulatory protein, NtrC (36). Both proteins
have a C-terminal helix-turn-helix DNA-binding motif, and
NtrC protein depends upon this sequence for its DNA-
binding activity (5). Thus, FlbD could act directly as a

transcriptional repressor of fliF, but there is no direct
evidence for this activity.
We previously identified a sequence at -53 infliF that was

designated ftr' because of its similarity to the 17-bp ftr
consensus sequence, 5'-CNCGGCRAAAMBBGCCG. The
enhancer-like ftr elements were first discovered in a variety
of locations upstream or downstream of fla genes with s54
promoters (26). For example, ftrl at -100 from the flbG
transcription start is required forflbG expression and for the
negative regulation of flaN (27), while ftr2 at +86 from the
flaN transcription start site is required forflaN transcription
andftr3 at + 120 in the same transcription unit appears to be
a negative regulator of both flaN and flbG expression (28).
The results presented here, however, show thatftr' at -53 is

not required forfliF expression, because pRK2L1-AM2 (Fig.
3) lacks this sequence but expresses wild-type levels of fliF
transcript. Inspection of the fliF promoter region revealed
another ftr-like element, designated here ftr4 (Fig. 6), that
matches at 13 of 17 bp the ftr consensus sequence, and two
different 2-bp deletions and six point mutations in ftr4
resulted in elevated levels of fliF expression. Given the
functions of ftrl and ftr3 in negative regulation of transcrip-
tion (27, 28) and the effects offtr4 mutations on fliF expres-

sion, it seems likely that ftr4 also functions as a negative
transcription regulator.

Role offtr4 in temporal expression of the fliF operon. The
pattern of fliF transcription in synchronously dividing cells
carrying pRK2L1-SV4 withftr4 mutation 2 suggests that this
negative control element may be involved in the temporal
regulation of fliF expression. Normally fliF mRNA is de-
tected only during a brief interval in the cell division cycle,
beginning just before flaN and flbG expression (32); how-
ever, mutation 2 resulted in a significant extension of the
period offliF transcription, since expression that is normally
terminated before cell separation continued after division in
the new swarmer cell. This finding suggests to us that
deletion of the nucleotides at -12 and -13 inftr4 may have
damaged a sequence that forms part of a developmental
switch which is required to turn off fliF transcription at the
correct time in the cell cycle. This may represent a general
mechanism of shutting offfla gene expression in C. crescen-

tus. Previous work has shown that some mutations in the
polyhook gene, flaJ, result in increased expression of the
hook protein and also extend the period of flbG (hook)
operon expression because of a failure to turn off gene

expression at the normal time in the cell cycle (43).
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