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The genes that encode the components and regulatory proteins of the Caulobacter crescentus flagellum are
transcribed at specific times in the cell cycle. One of these genes,flbN, is required early in the flagellar assembly
process. TheflbN gene was cloned and sequenced, and the time of transcription activation was determined. The
derived amino acid sequence indicates thatflbN encodes a 25-kilodalton protein with a cleavable leader peptide.
The flbN-encoded protein has 30.8% identity with the protein encoded by the Salmonella typhimurium basal
body L-ring gene,flgH. Site-directed mutagenesis and gel mobility shift assays identified a binding site at -100
from the transcription start site for a trans-acting protein, RF-2, that functions to partially activate flbN
transcription at a defined time in the cell cycle. The RF-2 binding region is similar to a NifA binding site
normally used in the activation of some r54 promoters involved in nitrogen fixation in other bacteria.
Transcription of aflbN-reporter gene fusion in an Escherichia coli background was dependent on the presence
of a NifA transcription factor supplied by a plasmid-borne Rhizobium meliloti gene encoding NifA. A deletion
or base changes in the RF-2 binding region eliminated expression of theflbN gene in E. coli even when a NifA
protein was provided in trans, suggesting that a a54 promoter with an upstream activator element is used by
the C. crescentus flbN gene. A consensus sequence for a r54 promoter was found at the appropriate distance
5' to one of two identified transcription start sites. Site-directed mutagenesis confirmed that a conserved
nucleotide in this r54 promoter consensus sequence was required for transcription. Deletion of the region 5' to
the apparent r54 promoter caused a complete loss of transcription activation. Transcription activation offlbN
in C. crescentus involves the combination of several elements: the NifA-like site is required for full activation,
and other sequence elements 5' to the promoter and 3' to the transcription start site are necessary for the
correct time of transcription initiation.

The genes required for Caulobacter crescentus flagellar
biogenesis are transcribed in an ordered temporal sequence,
and the gene products are localized to the pole of the cell.
Over 48 genes have been identified that are required for the
formation and function of the polar flagellum and accompa-
nying chemotaxis apparatus (15-17). In Escherichia coli (34,
35), Salmonella typhimurium (33), and C. crescentus (6, 8, 9,
48, 50, 60), the transcription of the flagellar and chemotaxis
genes is regulated in a complex trans-acting hierarchy. In
order to define the cis-acting sequence elements that are
involved in transcriptional activation, we have identified and
analyzed a flagellar gene,flbN, that is expressed early in the
flagellum biogenesis pathway.
The flbN gene was identified on the basis of its nonmotile

phenotype in insertion mutant strains SC1117 and AE8002
(9, 26). These mutants failed to form any assembled flagellar
structure. Complementation analysis demonstrated that the
flbN gene was located within a cluster of genes involved in
flagellar basal body biogenesis. In this report, we present
evidence that theflbN gene encodes the C. crescentus basal
body L-ring protein.

Transcription of the flbN gene is subject to both positive
and negative trans-acting control within the context of the
regulatory hierarchy (60). The timing and extent offlbN gene
transcription could be controlled by alternative sigma fac-
tors, as is the case in Bacillus subtilis sporulation (39), and/or
by a unique combination of trans-acting factors that bind to
upstream regulatory regions.

* Corresponding author.

At least two distinct promoter sequences for the C.
crescentus flagellar and chemotaxis genes have been re-
ported. These include those that conform to the ntr or C54

promoter (42, 46, 47) and a Cr28-like promoter sequence (20)
that is used by many E. coli and B. subtilis flagellar and
chemotaxis genes (2). The use of the u54 promoter by the C.
crescentus hook operon was demonstrated by site-directed
mutagenesis (47), and this promoter was shown to be recog-
nized by purified E. coli ur54 in vitro (49). The hook operon
promoter has been shown to require the presence of an
upstream sequence (ftr) for full transcription of the operon
(47).

In other bacteria, all of the known genes with cr54 promot-
ers require the presence of an upstream regulatory sequence
and its cognate trans-acting factor for transcription activa-
tion (for a review, see reference 37). We report here the
sequence of the flbN gene and show that the expression of
the gene is under temporal control. Deletion and site-
directed mutagenesis have identified a cis-acting site re-
quired for flbN transcription, and gel mobility shift assays
have shown that a protein, RF-2, specifically binds to this
upstream site. The RF-2 binding site forflbN differs from the
ftr site associated with the hook operon promoter. The RF-2
site is similar to NifA sites and is necessary for full activation
offlbN in C. crescentus or in E. coli, where it is dependent
on a NifA protein provided in trans from a plasmid-borne
Rhizobium meliloti nifA gene. We found thatflbN contains a
consensus C54 promoter sequence at the requisite distance
from one of two closely spaced start sites. In vitro mutagen-
esis that changed a conserved base in the -12 region of this
promoter sequence abolished transcription, suggesting that
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flbN is transcribed from a u54 promoter. Additional sequence
elements in regions both 5' and 3' to the transcription start
site are required for temporal activation of the flbN gene in
C. crescentus.

MATERIALS AND METHODS

Materials. Restriction enzymes were obtained from Boe-
hringer-Mannheim or New England BioLabs. Calf intestine
alkaline phosphatase, nuclease S1, polynucleotide kinase,
DNA polymerase I, and Klenow were obtained from Boeh-
ringer-Mannheim. T4 DNA ligase was from Collaborative
Research. [ot-32P]dCTP (3,000 Ci/mmol), [ct-32P]dATP (800
Ci/mmol), and [-y-32P]dATP (3,000 Ci/mmol) were from
Amersham Corp. Acrylamide, N,N-methylenebisacryl-
amide (BIS), and N,N,N',N'-tetramethylethylenediamine
(TEMED) were obtained from BioRad. [35S]-methionine
(1150 mCi/mmol) was obtained from ICN, and Formalin-
fixed Staphylococcus aureus cells were purchased from
Bethesda Research Laboratories. Amplify was obtained
from Amersham. Reverse transcriptase was obtained from
Life Sciences, Inc.

Bacterial strains and growth conditions. C. crescentus
wild-type synchronizable strain CB15N and mutant strains
were grown in PYE broth at 30°C (53) or in modified minimal
M2 medium (10). Unless otherwise indicated, all C. cres-
centus strains were grown at 30°C and E. coli was grown at
37°C. Two C. crescentus flbN mutant strains, SC1117 (26)
and AE8002 (9), were generated by a TnS insertion and by
insertion of a modified TnS transposon that contained a
promoterless neo gene, respectively. The acquisition of
kanamycin resistance in strain AE8002 occurred as a result
of insertion of the reporter gene downstream from the flbN
promoter (see Fig. 1A). Kanamycin resistance screening was
carried out by using PYE plates supplemented with antibi-
otic at 25 to 200 ,g/ml. R. meliloti plasmid pRMB3.8H
containing the nifA gene was kindly provided by F. M.
Ausubel.

Synchronized populations were obtained by centrifuging
500 to 1,000 ml of C. crescentus grown in modified M2
medium at 5,000 x g for 20 min. The pellet was suspended in
nonsupplemented M2 medium and combined with 1/3 vol-
ume of filtered Ludox (DuPont). The cells were then centri-
fuged, and swarmer populations were isolated (18). The
swarmer cells (>95% pure) were suspended in fresh supple-
mented M2 medium (at an optical density at 660 nm [OD660]
of 0.2 to 0.4) and allowed to proceed through the cell cycle.
Samples of the culture were removed at various times and
either pulse-labeled or used for the preparation of RNA
synthesized in vivo.

Immunoprecipitations. Cell extracts were prepared and
immunoprecipitated with antibody as described previously
(24). The synthesis of the flagellins and neomycin phospho-
transferase II (NPT II) were measured by immunoprecipi-
tating cell extracts obtained from cultures pulse-labeled with
[35S]methionine (3 puCi/ml) by using antibody raised against
purified flagellins (57) or NPT 11 (8). The amount of radio-
activity was normalized prior to addition of antibody such
that equal counts per second of labeled cells were immuno-
precipitated. Immunoprecipitated proteins were separated
by electrophoresis through 10% polyacrylamide-sodium do-
decyl sulfate gels. Labeled proteins were visualized by
autoradiography following treatment of the gels with Am-
plify.

In vitro mutagenesis. Nested deletions in the flbN pro-
moter region were made by using a modification of the

procedure of Dale et al. (11) according to the manufacturer's
specifications (Cyclone Rapid Deletion Subcloning Kit; IBI,
Inc.). A 2.0-kilobase-pair Sacl-to-Sall fragment containing
theflbN promoter fused to a neo (NPT II) reporter gene was
subcloned into M13mpl9. Deletions were made by using T4
DNA polymerase, and endpoints were sequenced. Promot-
ers carrying deletions were cloned into a broad-host-range
plasmid pRK290 (14) and then mated into C. crescentus.

Site-directed mutagenesis was employed to alter or re-
move specific sequences according to the procedure of
Kunkel and Roberts (36). Oligonucleotides were purchased
from Operon Technologies, Inc. (Alameda, Calif.). A 1,100-
base-pair (bp) PstI-to-SalI fragment that contained the entire
flbN gene and upstream regulatory sequences was first
cloned into M13mpl8. Mutagenesis was confirmed by se-
quencing. Fusions were made to either luciferase (lux) or
neomycin phosphotransferase (neo) reporter genes, as de-
scribed in the text. Reporter gene fusions were cloned into
pRK290.
DNA sequence analysis. The dideoxynucleotide chain ter-

mination method of Sanger et al. (54) was used for DNA
sequence analysis. Subclones were prepared for sequence
analysis by using M13-based vectors, and the complete
sequences of both DNA strands were determined.

Assay of luciferase activity. Flagellar gene promoters were
fused to a promoterless luciferase operon in the plasmid
pUCD615 (28), which was kindly provided by Clarence
Kado. This vector contains the genes required for luciferase
activity in an operon composed of five genes, luxC, luxD,
luxA, luxB, and luxE. These transcriptional fusions were
tested for luciferase activity, as described previously (23), in
both C. crescentus and E. coli. In all cases, cultures were
grown at their normal temperatures and then downshifted to
25°C for 15 min. Luciferase activity is irreversibly lost at
temperatures greater than 30°C, and incubation of cultures at
25°C for 15 min allows the assay of newly synthesized
enzyme. A sample of the culture was placed in a scintillation
vial, and n-decylaldehyde (2% emulsion in water) was added
to a final concentration of 0.002%. Emitted light was mea-
sured immediately over a period of 6 s in a Packard Tri-Carb
scintillation counter.

Gel mobility shift assays. Cell extracts were prepared from
a log-phase culture of C. crescentus. At an OD660 of 0.6 to
0.9, cultures were centrifuged, and the pellets were washed
in buffer containing 20 mM Tris hydrochloride (pH 7.5), 0.1
mM EDTA, and 100 mM KCl. The cell pellet was resus-
pended in the same buffer and sonicated on ice by using six
15-s bursts. The cell lysate was centrifuged at 4°C, and the
supernatant was removed from the debris. Extracts were
stored at -80°C.
DNA-binding assays were performed by the method of

Fried and Crothers (21). Single-stranded oligonucleotides,
labeled with T4 polynucleotide kinase and [a-32P]ATP, were
annealed and then used in binding reactions. Labeled probe
and cell extracts (0.25 to 2.0 jig of protein) were mixed and
incubated for 20 min at 25°C in binding buffer (19), which
consists of 20 mM Tris hydrochloride (pH 8.0), 0.1 mM
EDTA, 0.1 mM dithiothreitol, 100 mM KCl, and 100,g of
bovine serum albumin per ml. Poly(dI-dC) (0.25 ,ug) was
added to each reaction mixture, followed by the addition of
50% (vol/vol) glycerol, 0.02% (wt/vol) bromophenol blue,
and 0.02% (vol/vol) xylene cyanol. The samples were then
loaded onto a 5% (wt/vol) acrylamide gel. Electrophoresis
was carried out in1 x TBE buffer (40) by using 300 V for 3 h.
The gels were run at 4°C. The dried gels were exposed to
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autoradiographic film overnight at -80°C with intensifying
screens.
Primer extension and nuclease Si protection assays. The

flbN transcript start site was determined by primer extension
analysis (31) by using an oligonucleotide (Operon Technol-
ogies, Inc.) complementary to a portion of the flbN coding
sequence (underlined in Fig. SB). Products produced by
reverse transcriptase were electrophoresed through 8%
polyacrylamide sequencing gels and visualized by autoradi-
ography. The same oligonucleotide was used in a dideoxy-
sequencing reaction run alongside the primer extension lanes
in order to align the extended product(s) with the DNA
sequence.
Nuclease SI protection assays were performed according

to the procedure of Berk and Sharp (4). Probes used in the 5'
and 3' transcript analyses were prepared from plasmid
pKH1.7 (26). A 620-bp PstI-to-AvaI fragment (see Fig. 1A)
and a 1,364-bp SalI-to-AvaI fragment (see Fig. 5A) were end
labeled with [_y-32P]dATP by using T4 polynucleotide kinase
and used in the 5' S1 analyses. A 264-bp Notl-to-Sall
fragment (see Fig. 5) was end labeled at the NotI site by
using Klenow polymerase for the 3' S1 analysis. RNA was
extracted from samples of cells taken at various times in the
C. crescentus cell cycle according to the procedure of
Amemiya et al. (1).

Nucleotide sequence accession number. The sequence de-
scribed in this paper has been assigned GenBank number
M37270.

RESULTS

Identification and nucleotide sequence of theflbN gene. The
flbN gene maps to a cluster of genes required for basal body
formation (26, 27). A schematic drawing of the basal body
gene cluster is shown in Fig. 1A. The cluster contains at least
six genes organized into several transcription units. The
gene order shown above the partial restriction map is based
on genetic complementation (26) and does not reflect actual
gene boundaries.
The locations of two nonmotile flbN insertion mutations

are indicated. The AE8002 strain was generated by insertion
mutagenesis by using the transposon TnS-VB32 (3) carried
on a suicide vector (9). This transposon has a promoterless
neo gene that renders a host cell resistant to kanamycin only
if a chromosomal promoter has been accessed by the inser-
tion event. The formation of a fusion protein is precluded by
the presence of translation stop codons in all three reading
frames in front of the neo gene. The Tn5-VB32 insertion in
AE8002 was cloned, and the location and orientation of the
insertion in the chromosome were determined by Southern
blot analysis and DNA sequencing of the insert junction
(data not shown). These analyses indicated that the insertion
occurred at bp 721 in the sequence shown in Fig. 2. The
orientation of the neo reporter gene insertion in flbN, shown
schematically in Fig. 1A, revealed the direction of transcrip-
tion of the flbN gene. The location of the TnS insertion in
strain SC1117 was determined by nuclease Si analysis by
using RNA obtained from this strain (data not shown).

In order to further define the boundaries of theflbN gene,
subclones were made from the region and used in genetic
complementation tests (Fig. 1B). Complementation was
scored as the restoration of normal flagellar biogenesis and
motility in the twoflbN insertion mutants. It was previously
shown that the subclone pKH2.1R (Fig. 1B) complements
both the SC1117 and AE8002 mutant strains (26). A smaller,
1,100-bp subclone of the flbN region, from the PstI to the
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FIG. 1. Organization of the C. crescentus basal body cluster. (A)
The order of genes within the basal body cluster was determined by
genetic complementation (26). A partial restriction map of the region
is shown below the genetic map: B, BamHI; C, Clal; S, Sall; A,
Sacl; Hp, HpaI; Sp, SphI; E, EcoRI. TwoflbN insertion mutations,
AE8002 and SC1117, are indicated (A). The promoterless neo
reporter gene in the transposon Tn5-VB32 (in AE8002 and deriva-
tive strains) is shown schematically within the flbN gene. Relevant
restriction sites are indicated. A 620-base PstI-to-AvaI probe used in
nuclease Si analysis and the 470-base protected mRNA are also
shown. (B) Complementation analysis using subclones of the basal
body region. Complementation was scored as restoration of flagellar
biogenesis and motility.

Sall site (pNPS1.1), was also found to complement both
mutations, as did the smaller PstI-to-AatII subclone in
pNPAO.9 (Fig. 1B). These results indicate that the entire
flbN coding region is contained within a 935-bp region
between the PstI and AatII sites.
The complete nucleotide sequence of an 1,100-bp region

between the PstI and Sall sites was determined and is shown
in Fig. 2. This region includes an open reading frame that
could encode a protein of approximately 25 kilodaltons
(kDa). This open reading frame is entirely contained within
the 935-bp complementing clone pNPAO.9. The derived
amino acid sequence is consistent with the C. crescentus
preferred codon usage (32), and it shows a biased preference
for either a G or C residue in the third position of the codon,
a preference that has been observed in other cloned C.
crescentus genes (35, 56).
The open reading frame identified in Fig. 2 is preceded by

a consensus ribosome binding site (GAGG) eight bases from
the initiating ATG codon. The predicted open reading frame
also contains an amber (TAG) termination signal following
codon 242. This termination signal is positioned 20 bases
upstream from the AatII restriction site in the complement-
ing clone pNPAO.9 (Fig. 1B).
The derivedflbN protein sequence contains a hydrophobic

region at the amino terminus that conforms to the rules for
predicted cleavable leader peptides (51), suggesting that the
flbN protein may be transported out of the cytoplasm. A plot
of the hydropathy profile of theflbN peptide according to the
algorithm of Kyte and Doolittle (38) predicts that the flbN
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1 31
CTG CAG GGC AAG GCC ATG GCC GCC GCC GCC GCC GGT GAT GTG TTC GCC GTT CAG AAC ACT

61 91
CTG TCG AAG AAG ATC ATC CAG GCT GTG GCC GTC GGC CCC GGC GCC GCC GCT GTC GGC CCG

121 151
CAG GCC CAG AGC TTG CAA GCC CGC TCG CAA CCC CTC CGT TTC GCC GCT CGC TAA GAG GTC

181 211
CAG ATC ATG CGT CGT CCT GCT ATC CTC GCC GCC GCC GTC CTC CTG GCC CCG CTG GCC GCC

met arg arq pro ala ile lou ala ala ala val lou lou ala pro lou ala ala
241 271
TGC TCG ACC GTC AAG GAG GCC GTC AAG GGT CCG GAT CTC GCG CCC GTC GGC TAC CCG GCC
cys ser thr val lys qlu ala val lys gly pro asp lou ala pro val gly tyr pro ala
301 T 331
CCT CTG GCC CCC ATG CAA CAG CAG TAC GTG TCG GCC CGC GAG CCC GCC CCG CAG CGC TTC
pro lou ala pro met gln gln qln tyr val ser ala arq glu pro ala pro gln arq ph-
361 391
GGC CAA CTC GCT GTG GCG GGT CGG GGC CCG GCC TTC TTC AAC GAC CAG CGC GCC AGC CGC
gly gln lou ala val ala gly arg gly pro ala phe phe asn asp gln arg ala ser arg
421 451
GTC CCC GAC ATC GTC ACC GTG ATG ATC GAC ATC GAC GAC AGC GCC AGG ACC AAG AMG CCC
val gly asp le val thr val met il1 asp 11. asp asp ser ala arg thr lys lys pro
481 511
ACC AAC AGC TCG CGC ACC GCC AAT ATG AAG GCC GGC GTG CGG CAT CTG CTG GGC ATG GAA
thr asn ser ser arg thr ala asn met lys ala gly val arg his lou lou gly met glu
541 571
TCG ACC CTG GGC AAG TTC CTG CCG GGC GGC TTC GAT CCG GCC TCG GCG CTG GAG ACC AAC
ser ser lou gly lys ph. lou pro gly gly phe asp pro ala ser ala lou glu thr asn
601 631
TCG ACC ACC ACC AAC GCC GGC TCG GGC GGC TCA CGG TCG GAA AAG ATC AGC CTG ACG ATC
ser thr thr thr asn ala gly ser gly gly ser arg ser glu lys il ser lou thr ile
661 691
GCC GCT GTG GTC AGC CAG CTT CTG CCG AAC GGC AAC ATG GTC ATC CAG GGC ACC CAG GAA
ala ala val val ser gln leu lou pro asn gly asn met val lIe gln gly thr gln glu
721 751
GTG CGC ACC AAC GCC GAG CTG CGC CAG CTG ACC GTG GCC GGT ATC GTC CGC CCC GAG CAC
val arg thr asn ala glu lou arg gln lou thr val ala gly ile val arg pro glu asp
781 811
ATC TCC TCG GCC AAC ACC ATC CGC CAC ACT CAG ATC GCC GAA GCC CGC ATC AGC TAC GGC
ilb ser ser ala asn thr 11i arg his thr gln il1 ala glu ala arg il1 ser tyr gly
841 871
GGC CCC GGC GAC ATC AGC CGC GTG CAG AAG ACC CCG GCC GGC CAG TCG CTG GTC GAG AAG
gly arg gly asp 11. ser arg val gln lys thr pro ala gly gln ser lou val glu lys
901 931
TTC TCG CCC TTC TAG GCG CGG CTT TTG CGA CAC AGA CGT CGG GCG CGG CGG CCG AGA GCG
phe ser pro phe AMB
961 991
TTC CGC GCC CGA TGC GTT TCA GGA GCC GTT CAG GTG CGC TCA GCG TTG ATC CGA TCA GGA

1021 1551
GGA TCA TGT CGC CCC GCA GTC TCG CCC TCG CCG CCC TTT CAC TAG CGA CCG CCC TCG CCG

1081
GCT GCG CGC ATG AM GGA TGG CGT CGA

FIG. 2. Nucleotide sequence and the derived amino acid se-
quence of the flbN gene. The complete nucleotide sequence of an
1,100-bp PstI-to-SalI region including the flbN gene is shown. An
open reading frame encoding a protein with a molecular size of 25
kDa was contained within a restriction fragment in pNPAO.9 that
complemented flbN mutant strains. A predicted signal peptide
cleavage site at the end of a hydrophobic leader sequence is
indicated by a vertical arrow.

protein is composed of several alternating hydrophobic and
hydrophilic regions and a hydrophilic carboxy terminus. The
location of the open reading frame, together with the com-
plementation data, predict that the flbN promoter and tran-
scription start site are located within the 186-bp region
between the PstI site and the translation start codon.
A search of the available data base by using the BESTFIT

parameters (12) revealed a strong similarity between theflbN
protein and the Salmonella typhimurium basal body L-ring
encoded by flgH (30). The comparison indicated a 30.8%
identity (Fig. 3) and a 53.7% similarity between the two
proteins. In addition, both proteins have predicted molecular
sizes of approximately 25 kDa and they have hydrophobic
leader sequences. There was no significant similarity be-
tween flbN and other flagellar genes in the data base.

Transcription analysis of the flbN gene. Nuclease SI pro-
tection assays of the wild-type chromosomal copy of the
flbN gene (Fig. 4) were used to determine the 5' and 3' ends
of the flbN mRNA. Two protected fragments of approxi-
mately 470 bases were observed by using both a 1,364-base
SalI-to-AvaI probe (Fig. 4A, lane 1) and a 620-base PstI-to-
AvaI probe (data not shown). On the basis of migration
distance, these protected products appeared to be approxi-
mately 10 bases apart. The relative abundance of the two

CcflbN 1 MRRPAILA ... .AAVLLAPLAACS. .TVKEAVKGPDLA.PVGYPAPLAPMQ 44

St flgH 1 MQKYALHAYPVMALMVATLTGCAWIPAKPLVQGATTAQP IPGPVPVAN .C 49

CcflbN 45 QQYVSAREPAPQRFGQLAVAGRGPAFFNDQRASRVGDIVTVMIDIDDSAR 94

StflgH 50 SIFQSAQ ... PINYGY ..... QPLFEDRRPRNIGDTLTIVLQENVSAS 89

CcflbN 95 TKKPTNSSRTANMKAGVRHLLGMESSLGKFLPGGFDPASALETNSTTT.. 142

StflgH 90 KSSSANASRDGKTSFGF .......DTVPRYLQGLFGNSRADMEASGGNSF 132

CcflbN 143 NAGSGGSRSEKISLTIAAVVSQLLPNGNMVIQGTQEVRTNAELRQLTVAG 192

StflgH 133 NGKGGANASNTFSGTLTVTVDQVLANGNLHWGEKQIAINQGTEFIRFSG 182

CcflbN 193 IVRPEDISSANTIRHTQIAEARISYGGRGDISRVQKTPAGQSLVEKFSPF 242

StflgH 183 VVNPRTISGSNSVPSTQVADARIEYVGNGYINEAQNMGWLQRFFLNLSPM 232

FIG. 3. Comparison between the derived C. crescentus flbN
protein and the S. typhimurium basal body L-ring protein (flgH)
(30). The sequences were aligned by using the BESTFIT analysis
(University of Wisconsin Genetics Computer Group, Madison,
Wis.; 12). The sequences were aligned starting with the initiation
ATG codons; identity between residues (l) and similarities (. or :) are
also shown. The protein sequences differ in length by 10 residues,
indicated by gaps in the alignment.

transcripts differed, with the smaller transcript predominant.
However, the two transcripts observed in wild-type cells
were absent in aflaS mutant strain (Fig. 4A, lane 2). It was
previously demonstrated that the flaS gene is required for
the expression offlbN both on the chromosome (9) and on a
plasmid (60).
The 3' end of the flbN transcript was determined by using

a 264-base NotI-to-SalI fragment, labeled at the NotI site
with Klenow polymerase. Nuclease Si digestion produced
two major protected fragments of approximately 122 and 128
bases, indicating that the transcript terminates imprecisely
about 70 bases downstream from the end of the flbN open
reading frame (Fig. 4B, lane 3). Similar analyses were
performed by using longer upstream probes, and these
produced the same 3' termini identified in Fig. 4B (data not
shown). A 3' transcript analysis using RNA from a flaS
mutant strain (Fig. 4B, lane 4) confirmed thatflbN transcrip-
tion was significantly diminished in the absence of the flaS
gene product. Therefore, assays of both the 5' and the 3'
region of theflbN transcript revealed that the gene is subject
to positive control by the flaS gene.

Primer extension analysis was used to more precisely map
the transcription start site for the chromosomal copy of the
flbN gene (Fig. 5). Reverse transcriptase was used to extend
the sequence from an annealed oligonucleotide that had been
labeled by using polynucleotide kinase. The complement of
the oligonucleotide sequence used in this experiment is
underlined in Fig. 7B. The same oligonucleotide was used in
a dideoxy-sequencing reaction, and electrophoresis was
carried out next to the primer extension reaction in order to
align the initiating nucleotide with the promoter sequence
(Fig. 5). Two extended products, 10 bases apart, were
consistently observed in the primer extension reactions. One
of these transcription start sites was located 13 bases from a
consensus u 4 promoter sequence (see Fig. 7B). This se-
quence conforms to the U54 recognition site associated with
nitrogen-regulated genes and nitrogenase genes from enteric
bacteria and rhizobia, and the sequence has also been found
in several flagellar genes in C. crescentus. The other tran-
scription start site, which gave a stronger signal in the
experiment shown in Fig. 5, begins 23 bases from the u54
promoter and has no apparent promoter consensus se-
quence.
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FIG. 4. Nuclease Si protection assays of the 5' and 3' regions of
the flbN transcript in wild-type and flaS mutant strains. Probes for
both the 5' and 3' transcript analyses were prepared from plasmid
pKH1.7 by end labeling either with T4 polynucleotide kinase or with
Klenow polymerase. X, Putative flbN coding region; _, pro-
moter. A 1,364-base SalI-to-AvaI fragment was end labeled as

depicted in the schematic with T4 polynucleotide kinase for 5'
transcript analysis. A 264-base Notl-to-Sall fragment was labeled
with Klenow polymerase for 3' transcript analysis. Protection
assays were performed as described in Materials and MethQds with
50 ,ug of whole-cell RNA from either wild-type strain CB15N or the
flaS mutant strain SC508. Protected transcripts are shown as wavy
lines below their respective probes; letters refer to gels below. (A) 5'
transcription analysis offlbN in wild-type CB15N (lane 1) and aflaS
mutant, SC508 (lane 2). The protected transcript in lane 1 appears as

a doublet of approximately 470 bases. (B) 3' transcription analysis of
flbN. Lane 1, Molecular weight marker; lane 2, no RNA; lane 3,
CB15N RNA; lane 4, SC508 RNA. The two protected products are

approximately 128 and 122 bases in length.

Because the transcript that initiates at an appropriate
distance from the consensus o.54 promoter sequence gave a

very weak signal in the primer extension assay, we used in
vitro mutagenesis to determine whether the cr54 sequences
were required forflbN transcription in vivo. This promoter
sequence, highly conserved among a variety of gram-nega-
tive bacteria (25, 37), requires the conserved nucleotides in
both the -24 and -12 regions shown in boldface in Fig. 6A.
Alteration of the conserved nucleotides invariably leads to a
loss of transcription from this promoter (25, 37). We altered
one of the conserved nucleotides in the -12 region. The
wild-type (Fig. 6B, lane 1) and mutagenized (Fig. 6B, lane 2)
promoters were fused to a neo transcription reporter gene
and cloned in both orientations in the vector pRK290. A
G-+T transversion, shown in Fig. 6A, resulted in a loss of
transcription in vivo (Fig. 6B). Only one orientation of the
fusion in the vector is shown in Fig. 6B, although similar
results were observed in the opposite orientation. The single
base change at -14 resulted in a significant (>10-fold)
decrease in transcription activity. This result suggests that
flbN transcription uses a promoter sequence in the C54

consensus region and that the shorter transcript (at -23)
may be a product of rapid and efficient RNA processing, as

has been suggested for the similar flaN promoter (47).
Effect of deletions in the 5' regulatory region on temporal

FIG. 5. Identification of the transcript initiation site(s) by primer

extension. The initiating nucleotides for the flbN transcript were

mapped by primer extension analysis using an oligonucleotide

complementary to the sequence underlined in Fig. SB. The 20-base

oligonucleotide primer was end labeled and annealed to RNA from

wild-type C. crescentus. Reverse transcriptase was then added in

the presence of actinomycin D, and the extended products were

analyzed on an 8% sequencing gel. Two start sites were routinely

observed as shown by the arrows. The same primer was used in a

dideoxy-sequencing reaction to align the extended products with the

fw~~~5

proper nucleotide sequence (left). A portion of a conserved a~

promoter sequence upstream of one of the start sites is boxed.

expression of theflbN gene. The time of transcription activa-

tion from the intact flbN promoter driving a promoterless
neo reporter gene in strain AE8002 was assayed by pulse-

labeling synchronized cells with [35S]methionine at succes-

sive stages of the C. crescentus cell cycle (see Fig. 8, top).

Cell extracts were immunoprecipitated with antibody di-

rected against the product of the neo gene, NPT IL. Because

AE8002 contains a transcription fusion, the level of NPT II

synthesis reflects the transcription of the flbN-neo chimeric

mRNA. As a control to monitor synchrony, a portion of each

labeled sample of cells was immunoprecipitated with anti-

flagellin antibody (see Fig. 8). Transcription activation of the

chromosomal flbN gene fusion occurred at approximately

0.75 division units. In this assay, transcription was not

detected at the earlier time point, which was 0.5 division

units. Nuclease Si protection assays of the native flbN

mRNA (see Fig. lOB3) revealed that activation occurred at

0.6 division units with a peak of activity at 0.75 division

unts. Transcript levels of the intact gene dropped signifi-

cantly after the peak of activity (see Fig. lOB), but the

expression of the flbN-neo gene fusion did not decrease by

1.0 division unit. This may reflect altered mRNA turnover of

the chimeric mRNA from the flbN gene fusion.

Deletions were made in the 5' regulatory region to identify
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A a C'AGGCCCfA5AGCTTGCAAGC CGC TC"CAACCCCTCCGTTTC
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FIG. 6. In vitro mutagenesis of the conserved a54 promoter
consensus sequence in the flbN 5' region. (A) The conserved o54
promoter sequence and the identified transcription start sites (*).
The partially conserved (underlined) and completely conserved
(boldface) nucleotides in J54 promoters are indicated (37). A G-*T
substitution was made according to the mutagenesis procedure
described in Materials and Methods. (B) In vivo transcription of the
wild-type flbN promoter (lane 1) and the mutated flbN promoter
with a G-hT substitution (lane 2) fused to a promoterless neo
reporter gene. Cells growing at mid-logarithmic phase (OD.,O ' 0.7)
were pulse-labeled with [35S]methionine for 10 min. Cell extracts
were prepared and immunoprecipitated with antibody directed
against NPT II (neo). The labeled NPT II appears as a 25-kDa
protein on 12% polyacrylamide-sodium dodecyl sulfate gels.

potential regulatory sequences necessary for transcription
activation (Fig. 7A). The flbN gene containing a transposon
insertion of a promoterless neo reporter gene was cloned
from strain AE8002 (flbN802: :TnS-VB32). The clone,
pADN-1, contains the entire promoter region forflbN up to
the Sacl site and approximately two-thirds of the coding
sequence. The flbN-neo fusion in pADN-1 was subcloned
into M13mpl9, and a series of nested deletions were made,
as described in Materials and Methods. The promoter region
deletions (pADN-2, pADN-3, and pADN-4), shown sche-
matically in Fig. 7A, were sequenced to determine the
endpoints indicated in Fig. 7B as N-2, N-3, and N-4,
respectively. Each deletion fusion was then subcloned into
pRK290 (14) and mated into C. crescentus CB15N in order
to assay transcription activity. The deletion fusions in
pADN-2, pADN-3, and pADN-4 were not transcribed above
background levels in C. crescentus.
The activity of the pADN-2 deletion fusion in comparison

with that of the intact upstream region in pADN-1 was

assayed in synchronized cells (Fig. 8). TheflbN promoter on
the plasmid pADN-1 (three to five copies per cell) was

temporally regulated in a manner analogous to the flbN-neo
transcription fusion on the chromosome in strain AE8002
(Fig. 8). Therefore, proper cell cycle control offlbN tran-
scription occurs whether the gene is on the chromosome or
a plasmid. The higher background level of transcription of
the flbN-neo fusion on pADN-1 could be due to a low level
of transcription originating from plasmid sequences. Tran-
scription from the plasmid-borne flbN-neo fusion (pADN-1)
continued in the swarmer cell when flbN transcription is
normally off (Fig. 8 and lOB). Although the time of transcrip-
tion activation with pADN-1 was similar to that found for the
chromosomal gene, the deletion in pADN-2 that removed all
of the flbN upstream region but left the promoter intact
displayed no detectable transcriptional activation at 0.75
division units. However, there appeared to be a transient
increase in expression at 0.25 division units (Fig. 8) which
corresponds to the time of initiation of chromosome replica-
tion (13). This small increase in transcription was consis-

B.
SaScI -186
GAGCTCCCGTCGGGATGAAGGATGTGGCCGCCGCCCAGGTCATCAAGAGCGGCGACTTGATCACCATCACCTATGAAG
N-1

-168 -108 RF-2
ACGGCGGAATCTCCCTGTCACTGCAGGGCAAGGCCATGGCCGCCGCCGCCGCCGGTGATGTGTTCGCCGTTCAGAACA

-90 13-mer -30 e54 promoter
CTCTGTCGAAGAAGATCATCCAGGCTGTGOCCGTCGGCCCCGGCGCCGCCGCTGTCOGCCCGCAGGCCCAGAGCTTGC

N- 2 -26 N-3 -14
-12 +1 +1 Ddel
AAGCCCGCTCGCAACCCCTCCGTTTCGCCGCTCGCTAAICCAGATC ATG CGT CGT CCT GCT ATC CTC

N- 4 mat arg arg pro ala il leu

GCC GCC GCC GTC CTC CTG GCC CCG CTG GCC GCC TGC TCG ACC GTC AAG GAG GCC GTC AAG
ala ala ala val lou lou ala pro lou ala ala oygs sr thr val lys glu ala val lys

Xholl RF-2
GGT CCG GAT CTC CGC GCC CGT CGG CTA CCC GGC CCC TCT GGC CCC CAT GCA ACA AGC AGT
gly pro asp leu arg ala arg arg leu pro gly pro ser gly pro his ala thr ser ser

AIi1C0G GCC CGC GAG CCC GCC CCG CAG CGC TTC GGC CAC CTC ...

met ser ala arg glu pro ala pro ghi arg ph. gly his leou

FIG. 7. Deletion analysis of the flbN 5' region. (A) Schematic of
the 5' portion of theflbN gene and deletions of the 5' region fused to
a neo transcription reporter gene. Transcription from the flbN
promoter was assayed by using a promoterless neo reporter gene.
The deletions within the promoter region were generated by the
method of Dale et al. (11) and were sequenced to determine the
endpoints. A summary of transcription and timing for each of the
flbN gene fusions is shown to the right of the schematic. n.d., Not
determined. (B) Sequence of theflbN 5' region. Potential regulatory
protein binding sites are shown by brackets. The 5' RF-2 site
contains the sequence TGTN12ACA, which is similar to the consen-
sus NifA protein binding site (underlined nucleotides) for several&4
regulated promoters (37). A conserved 13-mer element found in the
upstream region of several fla genes is indicated. The promoter
region has a c54 promoter consensus sequence. The predicted
Shine-Dalgarno sequence forflbN (boxed) is indicated, as is a partial
coding region forflbN. Deletion endpoints ( t ) are shown below the
sequence. Mapped transcription start sites ( r-) for flbN also are
shown.

tently observed. Densitometry scanning of the autoradio-
grams showed that the fluctuation between the highest level
of NPT II synthesis and the lowest varied by no more than
twofold, whereas maximal activation at 0.75 division units
usually exhibits an approximately 50-fold increase in the rate
of transcription. The same pattern was observed when the
construction was cloned in both orientations within the
vector. Therefore, a cis-acting site resides between -47 and
-246 that contributes to the temporal activation of flbN,
demonstrating that the promoter alone is insufficient for
transcription activation during the cell cycle.

In order to determine whether sequence elements 3' to the
start site contribute to the time of transcription activation,
sequences downstream from the flbN promoter, which in-
clude the entire flbN coding region, were deleted. The
plasmid, pADN-5 (Fig. 7A), contains the promoter region
from the DdeI site up to the Sacl site fused to a promoterless

VOL. 172, 1990



6072 DINGWALL ET AL.

AE800

0 0 25 0.5 0 75 t 0s

pADN-

pADN- 2

pADN-S

29K,'

-I'

C BI 5 N
CC< fe)

0 0 5 0 S 065 a 83 ttC

A-.- i( -4

I;' :.
* 7w.*%

FIG. 8. Expression of flbN-neo transcription fusions as a func-
tion of the cell cycle. The transcription of flbN was measured by
using promoterless reporter genes in both a single-copy chromo-
somal insertion (AE8002, top) and fusions carried on plasmids
pADN-1, pADN-2, and pADN-5 in a wild-type strain, CB15N. Cell
cultures were synchronized as described in Materials and Methods.
Samples were pulse-labeled with [35S]methionine at the times indi-
cated. Cell extracts were prepared and immunoprecipitated with
antibody to either NPT II or flagellins (bottom). The NPT II appears
as a 25-kDa protein on 10% polyacrylamide-sodium dodecyl sulfate
gels. The sizes of the three flagellins are indicated at the right.
Numbers below the lanes represent fractions of the cell cycle
expressed as division units, with 1.0 equivalent to one complete cell
cycle. The drawing at the bottom of the figure is a schematic
representation of the C. crescentus cell cycle that corresponds to the
division units above.

neo reporter gene from TnS. The 5' end of the construction
in pADN-5 is identical to that used in the construction of
pADN-1. The expression of the pADN-5 fusion was at
background level in the swarmer cell at 0 division units,
similar to that observed with pADN-1. However, transcrip-
tion activation occurred earlier, at 0.25 division units, and
continued to increase until the end of the cell cycle (Fig. 8).
TheflbN promoter in pADN-5, while expressed earlier in the
cell cycle, was still under positive control by the product of
flaS (data not shown), indicating that positive control is
exerted at sites upstream of the promoter. These experi-
ments suggest that sequences 3' to the promoter, together
with an upstream site(s), contribute to correct timing offlbN
expression.

Identification of a cis-acting regulatory site. (J54 promoters
are known to require an upstream cis-acting element for the
activation of transcription (25, 37, 43, 44). Inspection of the
flbN 5' region revealed the presence of a sequence that is
similar to a NifA protein binding site between -91 and -108
(Fig. 7B). Binding at a NifA site in R. meliloti and Klebsiella
pneumoniae has been shown to be necessary for transcrip-
tional activation of several a54 promoters (43, 44, 52, 55). In

order to determine whether this sequence is involved in the
transcription activation of theflbN gene, site-directed muta-
genesis was employed to alter or delete bases within this
region. A 277-bp PstI-to-XhoII fragment, containing theflbN
promoter and upstream region and a portion of the flbN
coding sequence (Fig. 7B), was used to generate a mutagen-
ized copy of the promoter region. The altered sequences are
shown in Fig. 9A. In addition to creating multiple base
changes in this potential binding site in pADN-8, a complete
deletion of bases -91 to -111 was constructed in pADN-10.
The mutagenesis was confirmed by sequence analysis, and
then the mutagenized regulatory region was cloned upstream
of a promoterless bacterial luciferase operon shown sche-
matically in Fig. 9B. The 5' end of the fusion was identical to
that used in the neo transcription reporter gene fusion shown
in Fig. 6.
Each construction (pADN-7, pADN-8, and pADN-10) was

mated into C. crescentus CB15N, and the synthesis of
luciferase was measured as a function of the cell cycle by
counting photon emission at discrete time intervals (Fig.
10A). The expression of the reporter gene transcription
fusions was compared with the temporal transcription pat-
tern of the wild-type chromosomal flbN gene (Fig. 10B).
Transcription from the chromosomal copy of the flbN gene
was determined by nuclease Si analysis of the mRNA taken
from different stages of the C. crescentus cell cycle, as
described in Materials and Methods. The 620-base PstI-to-
AvaI fragment shown in Fig. 1A was used as a probe in an Si
protection assay. A band that migrated as a 470-base frag-
ment was detected. An autoradiograph of the protection
analysis was scanned by densitometry, and the results were
plotted as shown in Fig. 10B. Transcription activation of the
wild-type flbN gene on the chromosome occurred at 0.6
division units and peaked at 0.75 division units. Following
the activation period, there was a significant decrease in the
synthesis of theflbN mRNA at the end of the cell cycle prior
to division. The time of transcription activation of the flbN
promoter in plasmid pADN-7 was similar to that observed
for the wild-typeflbN gene measured directly by nuclease Si
assays. As observed previously, there was a slight increase
in activity at 0.25 division units. A major increase in activity
occurred between 0.6 and 0.75 division units, and then
activity decreased at cell division. In contrast, cell cycle
transcription from the flbN promoter was only partially
activated when sequences within the predicted binding site
were changed or deleted (pADN-8 and pADN-10; Fig. 10A).
Although pADN-8 and pADN-10 showed an increase in
transcription at 0.7 division units, it was half the level
observed with the intact flbN 5' region (pADN-7). The
partial activation of the mutagenized promoter, in compari-
son to the wild-type pattern offlbN transcription both on the
chromosome and on a plasmid, indicates that a regulatory
site, which we call RF-2, is necessary for full temporal
activation of the flbN gene.
The RF-2 site is functionally homologous to a NifA binding

site. The RF-2 binding site within the flbN upstream region
(TGTN12ACA) is similar to the consensus NifA binding site
(TGTN>11ACA) found upstream of some u54 promoters (25,
43, 44). In order to test whether a NifA protein could
recognize and activate flbN transcription, the intact flbN
regulatory region fused to a promoterless lux operon
(pADN-7) and derivatives altered in the RF-2 site (pADN-8
and pADN-10) were mated into E. coli strains that either
lacked or contained the R. meliloti nifA gene on plasmid
pRMB3.8H (58). The intact flbN promoter on pADN-7
showed no luciferase activity in an E. coli strain that lacked

-
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A.
Pst -1!0 RF-2 -90
CTGCAGGGCAAGGCCATGGCCGCCGCCGCCCGCCGGTGATG TGTTCGCCGTTCAGAACACTC TGTCG

5' 4 X1 3'
pADN-8 A CT
(mutate)

pADN- 0 ....GCCCGCCGGTGACTCTGTCG....
(delete)

B.
Psi RF-2 13-mer ef54

pADN-7 - -

Pst
pADN-8 _ _- -_

Pst
pADN- 10 ~^R-

rh---- Xho 11
IATG zlux normal

IA-T-G |l-+ partiel

IA-TG t§ lx partia]

Temporal NifA Activation in E. coli
Activation - NifA + NifA

0.055 1.0

0.176 0.001

0.099 0.011

FIG. 9. Schematic of site-directed mutagenesis of the RF-2 site. (A) The base changes and the deletion of the predicted binding site for
RF-2 are shown. (B) Transcriptional activity of the altered 5' region was determined by fusing the flbN promoter region to a promoterless
luciferase operon, luxCDABE, and then mating the constructions into C. crescentus CB15N. Luciferase activity was assayed as described in
Materials and Methods. A summary of the temporal activation of the flbN gene fusions in C. crescentus and the expression of the fusions in
E. coli in the presence and absence of a nifA gene is shown to the right of the gene fusions. The time of reporter gene expression was tested
in synchronized cultures of C. crescentus. The three constructions were also placed in E. coli, and expression of the flbN promoter was
determined in both the presence and absence of the R. meliloti nifA gene contained on a second plasmid (pRMB3.8H).
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FIG. 10. Temporal expression of the flbN-lux reporter gene
fusions and the wild-type gene. (A) Synchronized cultures ofCB15N
carrying plasmids pADN-7 (0), pADN-8 (0), and pADN-10 (A)
were tested for luciferase activity (counts per second based on an
OD660 of 1.0) as a function of the cell cycle. (B) Detection offlbN
mRNA from the intact chromosomal gene as a function of the cell
cycle by nuclease S1 protection assays. RNA was prepared from
cells within a single cell cycle from wild-type strain CB15N at the
stages indicated. A 620-base PstI-to-AvaI fragment (Fig. 1A) was
end labeled at the AvaI site and used in the protection experiment.
Densitometry tracings were made from the autoradiographs to
determine the relative levels offlbN mRNA. The cell division units
correspond to the same stages of the C. crescentus cell cycle shown
in Fig. 6.

a nifA gene. However, in the presence of a plasmid contain-
ing the nifA gene, flbN transcription was stimulated approx-
imately 20-fold (Fig. 9B). The NifA protein provided in trans
from the R. meliloti gene failed to stimulate transcription
when the RF-2 binding site was altered or deleted (pADN-8
and pADN-10; Fig. 9B). Therefore, the RF-2 site can be
recognized and used by the R. meliloti NifA to activateflbN
transcription in E. coli, lending further support to the con-
clusion that the flbN promoter is of the cr5" class.

Protein complex formation with an RF-2 oligonucleotide. In
order to determine whether C. crescentus cell extracts
contain a protein that binds to the RF-2 site, a 32P-labeled
oligonucleotide with the sequence shown in Fig. 11A was
mixed with crude cell extracts in a gel mobility shift assay
(Fig. 11B). Mixtures of probe and cell extract were subjected
to electrophoresis under nondenaturing conditions, as de-
scribed in Materials and Methods. Nonspecific competitor
DNA (pBR325) or cold probe were added, as indicated, in
order to determine whether the observed gel retardation
complexes were due to specific binding. Two complexes
were detected by the mobility shift assay. Complex II was
the predominant form, although both complexes were com-
peted away with the same efficiency by the addition of cold
oligonucleotide. Neither complex I nor complex II was
competed away with nonspecific pBR325 DNA (lanes 2
through 6). These results suggest that a protein(s) in C.
crescentus binds to the RF-2 region. The protein that binds
to the RF-2 site has been shown by Southwestern analysis of
the RF-2 complexes to be a single protein of approximately
70 kDa (J. W. Gober, unpublished results).

DISCUSSION
The biogenesis of the C. crescentus flagellum occurs in a

tightly controlled synthetic pathway in which the time of
transcription initiation of individual flagellar genes reflects
the order of assembly of the flagellar components. Further-
more, the time of flagellum synthesis is tightly coupled to the
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FIG. 11. DNA-protein complex formation between an oligonu-
cleotide containing the RF-2 site and C. crescentus cell extracts.
Whole-cell extracts from a wild-type strain (CB15N) were incubated
with the 32P-labeled probe that contains the putative RF-2 binding
site (boxed in panel A). Underlined sequences conform to the
consensus NifA binding site. Binding mixtures were analyzed for
specific association with the labeled probe by mobility shift assays
shown in panel B. Labeled probe (2.25 ng) was incubated with 2 jig
of protein and mixed with increasing amounts of either nonspecific
competitor DNA (pBR325; lanes 2 to 6), or cold probe DNA (lanes
7 to 11): lane 2, 250 ng; lane 3, 500 ng; lane 4, 1,000 ng; lane 5, 1.75
p0g; lane 6, 3.5 ju.g; lane 7, 0.8 ng; lane 8, 1.75 ng; lane 9, 3.5 ng; lane
10, 7.0 ng; lane 11, 14 ng. Lanes 1 and 12, Controls with no protein.
Complexes were separated by electrophoresis through nondenatur-
ing 5% (wt/vol) acrylamide gels in 1x TBE buffer.

cell cycle. To understand the regulatory signals that control
the activation of fla gene transcription, we have studied a
flagellar gene, flbN, that is required early in the assembly
pathway.
The flbN gene was cloned and sequenced. An open

reading frame was contained within a restriction fragment
that complemented two chromosomal flbN insertion muta-
tions. This open reading frame could encode a 25-kDa
protein with a cleavable hydrophobic signal sequence often
associated with transported proteins. The derived flbN pro-
tein sequence had 30.8% identity with the S. typhimurium
basal body L-ring protein (figH). The L-ring is the outermost
ring of the basal body and appears to be associated with the
outer membrane.
Nuclease S1 analysis was used to determine the location

of both the 5' and 3' ends of the flbN transcript. These
experiments indicated that flbN transcription initiated ap-
proximately 35 bases 5' to the putative open reading frame
and that transcription terminated imprecisely about 70 bases
downstream of the translation stopr codon. We previously
established that flbN transcription was subject to positive
control by the flaS gene (9, 60). This was confirmed by
assays of both the 5' and 3' termini showing that the
chromosomal flbN transcript is regulated by the product of
the flaS gene.

The nuclease Si assays revealed two apparent transcrip-
tion start sites, approximately 10 bases apart, that were both
down regulated in aflaS mutant background. Primer exten-
sion analysis confirmed these two apparent start sites and
revealed that the larger transcript initiated 13 bases down-
stream from a consensus U54 promoter sequence. Although
the shorter transcript was more abundant, there was no
recognizable promoter sequence at the appropriate distance
from its putative start site. The shorter transcript appeared
to initiate 23 bases downstream from the consensus c54
promoter. Possible explanations for these two apparent start
sites are that the more abundant transcript is read from a
new promoter class or that it results from the rapid and
efficient processing of the larger transcript that could be read
from the consensus U554 promoter. The fact that both tran-
scripts were identically regulated in aflaS background (Fig.
4) and that both were temporally controlled in an identical
manner (A. Dingwall, unpublished results) suggest that they
originated from a single promoter. Mullin and Newton (47)
have recently demonstrated that another flagellar gene,flaN,
is transcribed from a cr54-like promoter, yet the only detect-
able transcript initiates 23 bases downstream of the promoter
sequence. Brun et al. (5) have also reported that processing
of the E. coli gltX primary transcript produced a shorter,
more-abundant transcript.
There are several lines of evidence to support the possi-

bility that the flbN transcript is read from the a54 promoter
consensus sequence. (i) The larger transcript is initiated at
the correct distance from this highly conserved promoter
sequence that is nearly identical to several C. crescentus
flagellar gene promoters (flbG, flaN, flgK, and flgL) that
have been demonstrated previously to be recognized by E.
coli U54 RNA polymerase holoenzyme in an in vitro tran-
scription assay (49). (ii) A mutation generated at -14 in the
promoter sequence, which changed a completely conserved
G residue to a T, abolished flbN transcription. Similar
analyses have previously been used to establish the identity
of U54 promoters in a variety of organisms (25), including C.
crescentus (47). (iii) In addition to conserved nucleotides in
the promoter sequence, ar54 promoters require an upstream
activator site for transcription initiation (25, 37). Mutation
and deletion analysis of theflbN 5' region and gel retardation
assays showed that an upstream protein binding site was
necessary for full activation offlbN transcription (Fig. 7 and
9). The RF-2 site, located approximately 100 bases upstream
of the transcript start site, is similar to the NifA binding sites
from both R. meliloti (7) and K. pneumoniae (43, 44),
although there is a difference in the spacing of the consensus
half-sites, 12 versus the more usual 10 nucleotides. NifA is
known to activate transcription from several o54-dependent
promoters (7, 37, 44, 55). (iv) The flbN gene cannot be
transcribed in an E. coli host unless the R. meliloti NifA
protein is provided in trans. In the presence of a plasmid-
borne nifA gene, transcription of the flbN gene was stimu-
lated approximately 20-fold (Fig. 9). In similar experiments
performed in E. coli, Morett et al. (44) showed that the R.
meliloti NifA protein could substitute for the K. pneumoniae
NifA in its ability to activate several K. pneumoniae u54
promoters. An unexpected result was the apparent repres-
sion of flbN transcription by NifA when the RF-2 site was
altered or deleted. One possibility is that these mutations
may result in NifA binding at other potential sites in theflbN
promoter region, thereby occluding recognition and tran-
scription from its promoter.

In vitro mutagenesis of the RF-2 cis-acting site demon-
strated that this region is required for full activation offlbN
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transcription at 0.7 division units; approximately 50% of the
activity remained after alteration or deletion of the RF-2 site.
The high level of remaining activity was somewhat surpris-
ing in that most (r54 promoters require an intact upstream
activator site (UAS) for full transcription. However, there
are several examples of situations in which either no UAS is
required for NifA-dependent activation (59) or an altered
UAS can substitute (44). Given that an intact UAS is not
absolutely required for o54 promoter transcription, we rea-
son that in the case offlbN, other potential imperfect binding
sites for RF-2 may be utilized or that the transcription
observed in pADN-8 and pADN-10 may be due to activation
by RF-2 in trans when bound at a different location (45),
perhaps on the chromosome. The second possibility is
consistent with the postulated mechanism of action for
activator proteins that require a DNA loop to be formed (22,
29, 41). Deletion analysis showed that there was no activa-
tion of the flbN promoter in the absence of the entire
upstream region from position -47 (pADN-2). Therefore,
other regulatory elements must work in concert with the
RF-2 site and the promoter for full activation.
Sequences downstream from the transcription start site

also appear to play a role in the temporal control of flbN
transcription. Transcription from the flbN promoter in
pADN-5, a construction which retained the entire 5' up-
stream region but deleted the flbN coding region, was
activated at an earlier stage in the cell cycle than the intact
gene. One possible explanation for the altered temporal
control is that the pADN-5 construct results in a deletion of
a sequence between +161 and +174 that is similar to the
upstream RF-2 binding site (Fig. 7B). Since the effect of the
deletion in pADN-5 is to allow transcription at an earlier
time in the cell cycle, we reason that the putative 3' RF-2
binding site might be involved in modulating transcription
from the flbN promoter. This modulation may be accom-
plished by the interaction of the RF-2 protein bound to both
3' and 5' sites through the formation of a DNA loop. Such
loop formation would be functionally analogous to the
system of alternate loops required for the regulation of the
ara operon in E. coli by the AraC protein (29).
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