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The flagellin promoter and structural gene from Bacillus subtilis 1168 was cloned and sequenced. The
amino-terminal protein sequence deduced from the coding sequence of the cloned gene was identical to that of
the amino terminus of purified flagellin, indicating that the export of this protein is not directed by a
posttranslationally processed N-terminal signal peptide. A sequence that was homologous to that of a consensus
o8 RNA polymerase recognition site lay upstream of the proposed translational start site. Amplification of this
promoter region on a multicopy plasmid resulted in the formation of long, filamentous cells that accumulated
flagellin intracellularly. The chromosomal locus containing the wild-type flagellin allele was replaced with a
defective allele of the gene (Ahag-633) that contained a 633-base-pair deletion. Transport analysis of various
flagellin gene mutations expressed in the hag deletion strain suggest that the extreme C-terminal portion of

flagellin is functionally involved in export of the protein.

Bacillus subtilis is a flagellated bacterium that assembles
and maintains approximately five flagellar organelles per
cell. The flagellum is a complex structure that is composed of
a basal body, hook, and filament; the filament accounts for
98% of the mass of the organelle and is composed exclu-
sively of flagellin, the product of the hag gene (21, 45).
Genetic analysis of flagellar synthesis in B. subtilis has been
limited by the necessity of utilizing the generalized trans-
ducing phage PBS1, which requires an intact flagellum for
infectivity (22). However, in Escherichia coli, at least 40
genes have been identified which are apparently involved in
bacterial motility; of these, 29 are involved in the assembly
of the flagellum (21, 45). A pathway for the assembly of the
flagellum has been proposed (21, 49). It has been suggested
that the flagellar structure is assembled from the cell mem-
brane outward and that additions are made to the nascent
organelle with proteins that are transported through the core
of the organelle and accumulate at the outer tip.

Our interest is to study the transport mechanism that is
responsible for directing the export of flagellin. The mecha-
nism by which flagellins are exported is unknown; however,
they do not seem to be transported with the aid of a
secretory signal sequence which is subsequently cleaved
from the amino terminus of the protein (39, 44, 53). For
example, the amino acid sequence of the amino terminus of
purified flagellin from the gram-negative bacterium Caulo-
bacter crescentus corresponds to the amino-terminal se-
quence deduced from the nucleotide sequence of the cloned
structural gene (12, 13). Pulse-chase experiments confirm the
absence of a larger precursor of C. crescentus flagellin in
either intracellular or membrane fractions. Similarly, the
amino terminus of purified flagellins from both E. coli and
Salmonella typhimurium begin with alanine, which corre-
sponds to the second amino acid after the translational start
of the cloned structural genes (24, 28, 58). The amino-
terminal sequence of the flagellin from each of these species
is composed primarily of hydrophobic residues but does not
resemble secretory signal sequences (37). It is therefore
unlikely that a processed leader sequence mediates transport
of flagellin in Caulobacter, Escherichia, or Salmonella spe-
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cies. In fact, a recent study of S. typhimurium (19) implicates
the C terminus of both H1 and H2 flagellin as an essential
region for transport.

In an effort to better understand the mechanism of flagellin
export in B. subtilis, we decided to utilize the previously
published amino acid sequence of its flagellin protein (10) to
clone and sequence the hag gene. This approach allowed us
to establish the absence of an N-terminal secretory leader
sequence, to characterize the regulatory regions responsible
for expression, and to construct an in vitro-derived genomic
deletion mutation for complementation and transport stud-
ies.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli MM294 (F~ supE44
endAl thi-1 hsdR4) was used as a host for screening the
pUC18-based B. subtilis GIB1 genomic library. The B.
subtilis strains used in this study are listed in Table 1. B.
subtilis strains were transformed by the method of Anag-
nostopoulos and Spizizen (2), and auxotrophic markers were
selected on minimal glucose plates supplemented with the
appropriate amino acids at 50 pg/ml (47). E. coli was
transformed by the procedure of Dagert and Ehrlich (8), with
selection on L agar plates (Difco Laboratories) containing
the appropriate antibiotic. The vector used in this study for
subcloning manipulations was pBE3, an E. coli-B. subtilis
shuttle vector. The plasmid was constructed by inserting the
pBR322 origin of replication and the pUC18 polylinker
region into pUB110. This plasmid replicates in either host
and confers resistance to neomycin. The basis for the B.
subtilis integrable plasmid pFIV-3 was pJH101 (11). ’

Media and reagents. Restriction enzymes, T4 DNA ligase,
T4 polynucleotide kinase, the Klenow fragment of DNA
polymerase I, and the M13 universal sequencing primer were
purchased from New England BioLabs and used according
to the recommendations of the supplier. Nucleotide triphos-
phates labeled with 3P were obtained from New England
Nuclear Corp., as were 2°I-labeled S. aureus protein A and
35S-labeled methionine. Dideoxy nucleotides were obtained
from P-L Biochemicals, Inc. ‘‘Slow”’ Bal 31 exonuclease
was purchased from International Biotechnologies, Inc. Se-
lection for plasmid transformants in E. coli was on L agar
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TABLE 1. B. subtilis strains used in this study

Strain Genotype Origin
1168  rpC2 BGSC“ (1A1)

W23 Prototroph BGSC (2A2)

GIB1 Prototroph W23 DNA X 1168°
DB104 his nprR2 nprEI8 AaprA3 R. Doi (25)

GIB16 his nprR2 nprEI8 AaprA3 ifm

GIB17 his nprR2 nprEI8 AaprA3 ifm
hag::pFIV-3

GIB18 his nprR2 nprEI18 AaprA3 ifm
Ahag-633

GIB19 his nprR2 nprEI8 AaprA3 ifm
Ahag-633 nprE::plIEV-3

DB104, ifm selection (15)
pFIV-3 DNA x GIB16¢

Cm* GIB17¢

pIEV-3 DNA x GIBIS

“ Bacillus Genetic Stock Center, Columbus, Ohio.

b Strain 1168 was transformed with W23 DNA.

< When plasmid pFIV-3 was introduced into strain GIB16 by transforma-
tion, a nonmotile phenotype was observed (data not shown). Since this
plasmid was designed to interrupt the flagellin coding sequence, we have
assigned the genotypic designation hag::pFIV-3 to the transformant.

4 A spontaneous chloramphenicol-susceptible isolate of strain GIB17 as
explained in the text.

containing either 50 ng of ampicillin per ml for pUC plas-
mids, 15 g of neomycin per ml for pBE3 plasmids, or 15 pg
of chloramphenicol per ml for pFIV-3 plasmids. Plasmid
transformants in B. subtilis were selected on L agar contain-
ing 5 pg of neomycin per ml for pBE3 plasmids or 5 ug of
chloramphenicol per ml for pFIV-3 integrants. Soft agar
plates for assaying motility (15) were L plates containing
0.4% agar and 0.8% gelatin. Liquid culture of B. subtilis was
generally performed in 1X minimal salts (2), 0.2% Difco
Casamino Acids (technical grade), and 2% glucose. Meta-
bolic labeling of B. subtilis proteins was accomplished by the
addition of [>*S]methionine to liquid cultures at a final
concentration of 10 pnCi/ml.

Oligonucleotide probe preparation. Synthetic oligonucleo-
tides were provided by the Genetics Institute Organic Chem-
istry group and were synthesized by the phosphoramidite
method (4). Probes were prepared by end labeling with
[y->*PJATP and T4 polynucleotide kinase (40). The se-
quences of the oligonucleotides in pool 1 were 5'-AA(T/
CO)AT(T/C/A)GA(A/G)GATATGGG-3', and those in pool 2
were 5'-AA(T/C)AT(T/C/AYGA(A/G)GACATGGG-3'. Each
pool constituted a mixture of 12 individual 17-base oligonu-
cleotides.

Southern blots. Southern blots were performed by previ-
ously established procedures (31, 46). B. subtilis chromo-
somal DNA was isolated by the method of Marmur (32),
digested with the appropriate restriction enzymes, and elec-
trophoretically separated on 1% agarose gels. After transfer
to nitrocellulose (Schleicher & Schuell Co.), the membranes
were baked in a vacuum oven at 80°C for 2 h. The blots were
then prehybridized at 65°C with 5x Denhardt solution (1x
Denhardt solution is 0.02% [wt/vol] each of Ficoll, polyvi-
nylpyrrolidone, and bovine serum albumin), 6x SSC (1x
SSC is 0.15 M NaCl-0.015 M sodium citrate), 0.5% sodium
dodecyl sulfate (SDS), and 40 ug of soluble type XI baker’s
yeast RNA (Sigma Chemical Co.) per ml. Hybridizations
were at 65°C in the same solution with the addition of
32P_labeled probe and disodium EDTA (0.01 M final concen-
tration). Washes were done at room temperature in 2X
SSC-0.1% SDS.

Construction and screening of plasmid libraries. Plasmid
DNA was prepared from both E. coli and B. subtilis by the
alkaline lysis method of Birnboim and Doly (5). The separa-
tion of restriction fragments on polyacrylamide and agarose
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gels was performed as previously described (30). All plasmid
constructions were made with DNA fragments purified by
electroelution from gels. The genomic library was prepared
by using pUC18 as the vector with genomic DNA from B.
subtilis GIB1. E. coli MM294 was transformed with the
library, and screening of bacterial colonies for plasmids with
inserts containing the flagellin gene was by transfer to
nitrocellulose by the method of Grunstein and Hogness (16).
Hybridization conditions for the labeled oligonucleotide
pools were at 37°C in a solution of 1X Denhardt solution, 0.1
mM ATP, 0.9 M NaCl, 0.5% Nonidet P-40 (Sigma), 0.2 mg of
soluble type XI baker’s yeast RNA per ml, 90 mM Tris
hydroxide (pH 7.5), and 6 mM disodium EDTA. Washing
was at 37°C in 6x SSC.

DNA sequencing. Restriction fragments were ligated into
appropriate sites of M13 phage vectors mp18 and mp19 (51,
55) in preparation for sequence determination by dideoxy
methods (42). '

Preparation of antisera to flagellin. Polyclonal antibodies to
B. subtilis flagellin were raised in rabbits. Intact flagella were
purified by the method of Martinez (33). The resulting
flagella were denatured by boiling in 1X sample buffer and
subjected to SDS-10% polyacrylamide gel electrophoresis
by the method of Laemmli (29). The 32,000-dalton band
representing pure flagellin monomer was cut from the gel,
emulsified in complete Freund adjuvant, and injected intra-
muscularly into rabbits. A 25-pg initial injection was fol-
lowed 4 weeks later by an additional injection of 25 pg
emulsified in incomplete Freund adjuvant. Serum samples
were harvested 10 days later and analyzed for anti-flagellin
antibodies by the ability to agglutinate Formalin-treated,
flagellated B. subtilis cells (7).

Immunochemical analysis. Western blots were performed
essentially as previously described (6), with the exception
that 1% gelatin (Bio-Rad Laboratories) was substituted for
bovine serum albumin where applicable. Fractionation of
extracellular polymerized or unpolymerized flagellin from
intracellular, nontransported material was performed before
immunochemical analysis. A 0.5-ml portion of culture (typ-
ically grown to a cell density of 10° cells per ml) was mixed
with 0.5 ml of 2x SETT buffer (1x SETT buffer is 2% Triton
X-100 [Sigma], 50 mM Tris chloride [pH 8.0], 150 mM NacCl,
1 mM disodium EDTA) in a 1.5-ml microfuge tube and
placed in a water bath at 100°C for 5 min to depolymerize
extracellular flagellin. The cells were then centrifuged at
12,000 X g for 5 min, and the remaining cell pellet was
sonicated to lyse the cells. The culture supernatant fraction
containing total extracellular flagellin was precipitated by the
addition of 100% (wt/vol) trichloroacetic acid to a final
concentration of 5%, incubated on ice for 5 min, and
centrifuged at 12,000 X g for 5 min. The remaining pellet was
washed three times with cold (—20°C) acetone, with centrif-
ugation between washes, and lyophilized to dryness. Both
fractions were then electrophoresed on SDS-10% polyacryl-
amide gels before immunoblotting.

RESULTS

Cloning of the flagellin structural gene (hag). The 17-base
oligonucleotide pool used for the cloning of the hag gene of
B. subtilis GIB1 was designed and based on the amino acid
sequence of flagellin published by Delange et al. (10). The
two pools of 12 individual 17-base oligonucleotides com-
pletely covered the degeneracy of amino acids 170 through
174 and, in addition, the first two bases of the glycine codon
at amino acid 175 of the sequence NIEDMG. The library was
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FIG. 1. Partial restriction map of the 2.3-kilobase genomic Sau3A I fragment containing the entire B. subtilis flagellin promoter and
structural gene in clone p4A. (a) The shaded box depicts the extent of the flagellin-coding sequence, and the arrow indicates the direction of
transcription. (b) Expanded figure showing the extent of p4A that was sequenced. The Ndel site at the extreme 5’ end of the flagellin gene
was created by inserting a thymidine at the —1 position by oligonucleotide-directed site-specific mutagenesis (9). The sequence between this
Ndel site and the EcoRYV site in the 3’ end of the coding sequence was removed by fusing the two sites. Regions A and C represent the two
portions of the DNA sequence that were joined to create the defective Ahag-633 allele (c).

constructed by inserting fragments of genomic DNA that
were partially digested with Sau3A-I into a Sall-digested
pUC18 vector by the method of Hung and Wensink (20).
Probe pools were mixed and labeled with [y->*’P]JATP and T4
polynucleotide kinase and added to the hybridization mix-
ture at a concentration of 0.1 pmol/ml. Two clones identified
as hybridization positive, p4A and p8A, were confirmed to
contain the hag gene by DNA sequence analysis.

Characterization of the hag gene. A restriction map of the
hag gene and surrounding sequences is shown in Fig. 1, and
the nucleotide sequence of the entire flagellin promoter and
structural gene is shown in Fig. 2. The complete sequence of
an open reading frame contained in p4A was found to encode
a protein of 304 amino acids; all but two amino acids are
identical to the published protein sequence of B. subtilis 1168
flagellin (10). The exceptions are a pair of amino acids,
glycine-101 and threonine-102, which are inverted in the
published protein sequence.

Assignments were made for a putative ribosome-binding
site (43) and translational start for the flagellin structural
gene based on the proposed requirement for strong comple-
mentarity (AG < —11 kcal) between the Shine-Dalgarno
sequence of the mRNA and the 3’-OH end of the 16S rRNA
for efficient translation in Bacillus ssp. and Staphylococcus
aureus (Fig. 2) (34-36). An inverted and repeated sequence
(AG = —17.6 kcal) (50) located in the 3’-flanking end of the
gene (Fig. 2) may function as a transcriptional terminator.
Similar sequences can be found in termination regions of E.
coli genes (41) and Bacillus spp. genes (48, 52, 56). A
sequence that displayed strong homology to the consensus
sequence for o?® promoters in B. subtilis (14) lay approxi-
mately 100 base pairs 5’ to the proposed translational start of

the flagellin gene (Fig. 2). The consensus sequence
(CTAAA. .. N, . . CCGATAT) differed from the se-
quence found in the flagellin regulatory region
(TTAAC. ... N, . . CCGATAT) by only two nucleotides.

Subcloniing and amplification of hag sequences. The pre-
sumed flagellin promoter region and structural gene were
subcloned from genomic clone p4A into pBE3 to create
pFLA-1 (Fig. 3). When pFLA-1 was introduced into GIB1
by transformation, this normally motile strain displayed very
weak motility on soft agar plates. Microscopically, the cells
appeared as long, multiseptate filaments. In addition, immu-
noblot analysis (Fig. 4a, lane 4) showed that GIB1 harboring
pFLA-1 overproduced flagellin intracellularly but trans-
ported little flagellin to the medium.

In an attempt to determine whether overproduction of
flagellin protein was causing this aberrant phenotype, we
created a translational fusion of the B-galactosidase gene of
E. coli to the promoter and ribosome-binding site of the
flagellin gene in pFLA-1. This construct, called pFZ-FLA,
when introduced into GIB1 by transformation, expressed
active B-galactosidase under the control of the flagellin
promoter as judged by the blue appearance of colonies on
plates containing X-gal (5-bromo-4-chloro-3-indolyl-B-D-ga-
lactopyranoside; Sigma). The resulting filamentous pheno-
type in these cells was comparable to that of cells overpro-
ducing flagellin from the flagellin promoter on a plasmid.
Therefore, this phenotype does not appear to be associated
with overproduction of flagellin protein but may be related to
the promoter region of the flagellin gene. In support of this,
we replaced the flagellin promoter region in pFLA-1 with the
tac promoter (1), a hybrid E. coli promoter that is identical to
a B. subtilis a** recognition sequence (54). Wild-type cells



3088 LAVALLIE AND STAHL

61

121

2
181

22
241

42
301

62
361

82
421

102
481

122
541

142
601

162
661

182
721

202
781

222
841

242
901

262
961

282
1021

302
1081

1141

1201

1261

1321

1381

1441

A143
Al44

CGATCTCCGCATTATCCTCACAAAAAAAGTGAGGATTTTTTTATTTTTGTATTAAGAAAA
A6 Al arg
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TCAGCAGACAATICCGATATIrAATGATGTAGCCGGGAGGAGGCGCAAAAGACTCAGCCAGT
A48
M

TACAAAATAAGGGCACAAGGACGTGCCTTAACAACATATTCAGGGAGGAACAAAACAATG

R I N H NI AAULNTTULNURILS S NN S
AGAATTAACCACAATATTGCAGCGCTTAACACACTGAACCGTTTGTCTTCAAACAACAGT

A S Q K NMEIKULS S GLURTINIURAGTD
GCGAGCCAAAAGAACATGGAGAAACTTTCTTCAGGTCTTCGCATCAACCGTGCGGGAGAT

D A A GULATI S EI KMZPBRGI QTIURTGTULEM
GACGCAGCAGGTCTTGCGATCTCTGAAAAAATGAGAGGACAAATCAGAGGTCTTGAAATG

A S KN S Q DG I S L I QT AUETGATUL T
GCTTCTAAAAACTCTCAAGACGGAATCTCTCTTATCCAAACAGCTGAGGGTGCATTAACT

E T HA I L Q RV RETULVV Q AGNT G
GAAACTCATGCGATCCTTCAACGTGTTCGTGAGCTAGTTGTTCAAGCTGGAAACACTGGA

T Q D K A TDU LG QS I QDETISATLTD
ACTCAGGACAAAGCAACTGATTTGCAATCTATTCAAGATGAAATTTCAGCTTTAACAGAT

E I D G I S NRTETFNGI K KT LTULDGT
GAAATCGATGGTATTTCAAATCGTACAGAATTCAATGGTAAGAAATTGCTCGATGGCACT

Y K V. DO.T AT P A N Q K NL V F Q I G A
TACAAAGTTGACACAGCTACTCCTGCAAATCAAAAGAACTTGGTATTCCAAATCGGAGCA

N AT Q Q I s V NI EDMGA ADA ATLGTI
AATGCTACACAGCAAATCTCTGTAAATATTGAGGATATGGGTGCTGACGCTCTTGGAATT

K E A DG S I A ALHS VNDTULDUV T K
AAAGAAGCTGATGGTTCAATTGCAGCTCTTCATTCAGTTAATGATCTTGACGTAACAAAA

F A DN AAUDTA ADTIGT FDAAOGQTULIKVV
TTCGCAGATAATGCAGCAGATACTGCTGATATCGGTTTCGATGCTCAATTGAAAGTTGTT

D EAINQV S S QRAIKULGA AUV Q NR
GATGAAGCGATCAACCAAGTTTCTTCTCAACGTGCTAAGCTTGGTGCGGTACAAAATCGT

L EHTTINNILSA ASTGTETNTLTA AU KTES
CTAGAGCACACAATTAACAACTTAAGCGCTTCTGGTGAAAACTTGACAGCTGCTGAGTCT

R I R DV DMAIKTEMSTETFTI KNNTIIL
CGTATCCGTGACGTTGACATGGCTAAAGAGATGAGCGAATTCACAAAGAACAACATTCTT

S Q A S Q AMLAOQA AN QAOQZPAGQNUVLQ
TCTCAGGCTTCTCAAGCTATGCTTGCTCAAGCAAACCAACAGCCGCAAAACGTACTTCAA

L L R *
'I'I'ATTACGTTAATTTTAAMMGAC%CGTTG CAGGGTCTTTTAATTTAAATTTCT

ATCTCCTAATCATTCCTCATCCTGTCACTAACTCATGATATAATAACCGGATTCTCCACT
AACTTTTTATAAATGTATTTCCATACAAGAAATCTAAAACAGAAGATTTTTTTCCAAAAA
TATGTGTAATCTTATCTCGACTTAGTCGATATAAACGATAGATTGGGGCATAGGGGATGA
TCAATTGAACATTGAAAGGCTCACTACGTTACAACCTGTTTGGGATCGTTATGATACTCA
AATACATAATCAGAAAGATAATGATAACGAGGTTCCTGTTCATCAAGTTTCATATACCAA

TCTTGCTGAAATGGTGGGGGAAATGAACAAGCTT 1474
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FIG. 2. Nucleotide sequence of the flagellin structural gene and adjacent regions. The inferred translated amino acid sequence is shown
above the coding sequence. The two boxed sequences denote a proposed o?%-dependent promoter sequence. The potential ribosome-binding
site is underlined, and the two opposing arrows indicate a possible transcriptional terminator. Endpoints of deletions extending from the
extreme 5’ end of the sequence into the promoter region are illustrated (e.g., A144).

harboring this construct exhibited normal motility and cell
morphology.

To try to further implicate flagellin promoter activity with
the filamentous phenotype, we constructed a series of Bal 31
deletions in the PFZ-FLA plasmid that spanned the pro-

moter region (Fig. 2). All deletions began at the extreme 5’
end of the sequence shown in Fig. 2 and removed increas-
ingly larger portions of the promoter region, ending where
indicated by arrows. These deleted subclones were intro-
duced into GIB1 by transformation, and their effect on cell
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FIG. 3. Schematic representation of three plasmids containing
the flagellin-coding sequence. Plasmid pFLA-1 is an E. coli-B.
subtilis shuttle vector that confers resistance to neomycin in either
host and contains the entire flagellin transcriptional unit. Plasmid
pFIV-3 consists of a deleted, nonexpressable version of the flagellin
gene on an integration vector that is incapable of replication in B.
subtilis and was used to replace the wild-type flagellin allele with this
altered copy. Regions A and C refer to the regions depicted in Fig.
1. Plasmid pIEV-3 is a B. subtilis flagellin expression vector that
directs the integration of a single copy of the flagellin-coding
sequence at the nprE locus.

morphology in conjunction with B-galactosidase activity was
analyzed. Cells harboring deletion subclones Al44-Lac and
Al43-Lac appeared blue on X-gal plates, indicating that the
flagellin promoter was functional. Microscopically, these
cells appeared identical to GIB1 transformed with intact
pFLA-1 in terms of producing the characteristic filamentous
morphology and impaired motility. However, deletion sub-
clones Al16-Lac, Al11-Lac, A78-Lac, and A48-Lac in GIB1
did not produce blue color on X-gal plates, were highly
motile, and microscopically appeared as unicellular short
rods. Thus, all deletions that restored normal cell morphol-
ogy and motility involved at least a portion of the sequence
believed to represent the recognition sequence of 2®* RNA
polymerase. These results strongly implicate amplification of
a functional hag promoter region with perturbation of nor-
mal cell division, motility, and flagellin transport.

Creation of a genomic hag deletion mutation. To facilitate
subsequent flagellin transport analysis, it was desirable to
create a genomic mutation that would abolish host flagellin
expression but could be complemented with a copy of the
cloned flagellin structural gene. This defective allele was
constructed by using a derivative of pFLA-1 that has an
Ndel site at the beginning of the flagellin coding sequence
(Fig. 1). The sequence between this Ndel site and the
EcoRV site in the 3' end of the coding sequence was
removed, the two site were fused together, and the deleted
gene was inserted into pJH101. The result is a 633-base-pair
deletion that rendered the gene unable to be translated, since
there was no longer an initiator methionine codon within the
proper distance from the ribosome-binding site (26) and
more than two-thirds of the flagellin coding sequence had
been removed. This plasmid, called pFIV-3 (Fig. 3), does not
contain a B. subtilis origin of replication and can be used to
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FIG. 4. Immunoblot analysis of flagellin expression in wild-type
B. subtilis cells and in a hag deletion strain. Localization of
expressed flagellin to the intracellular fraction (P) or the supernatant
fraction (S) was performed as described in Materials and Methods.
Proteins were separated on SDS-10% polyacrylamide gel electro-
phoresis and blotted onto nitrocellulose, and flagellin-specific bands
were visualized by incubation with flagellin antisera and radioiodi-
nated protein A before autoradiography. The strains examined (and
the pertinent genotypes) are as follows (lanes): 1a, GIB1 (wild type);
2a, GIB16 (ifm); 3a, GIB18 (Ahag-633); 4a, GIB1 transformed with
pFLA-1 containing the flagellin promoter and structural gene in
multicopy; Sa, GIB18 transformed with pFLA-1; 1b, GIB16 (ifm);
2b, GIB19 (Ahag-633 nprE::pIEV-3 ifm), which has a single copy of
the flagellin promoter and structural gene integrated at an alternate
locus. Migration of protein standards in illustrated to the right with
molecular masses expressed in kilodaltons.

replace the wild-type flagellin gene with this defective copy
as previously described (48). To do this, plasmid pFIV-3 was
introduced into B. subtilis GIB16 by transformation, and
integrants were selected on L plates with chloramphenicol.
The resulting transformants were then picked onto motility
plates, where it was noted that about 10% of the Cm"
integrants were nonmotile. This was presumably due to a
double recombination event with a plasmid multimer, result-
ing in total replacement of the host gene with a copy of the
plasmid (48). One of these Cm", nonmotile isolates was
picked and designated GIB17. Southern hybridization indi-
cated a genomic structure for GIB17 consistent with such a
recombinational event (Fig. 5). Spontaneous Cm® revertants
of GIB17 were isolated by growing the strain overnight in
broth without chloramphenicol selection, plating the cells on
L plates without antibiotic, and replica plating onto L plates
with and without chloramphenicol. In this way, several Cm*
isolates were obtained. One of these, called GIB18, was
analyzed by Southern hybridization to verify that the wild-
type allele had been replaced by the deleted copy (Fig. 5). In
addition, immunoblot analysis of GIB18 cultures confirmed
that the strain no longer produced flagellin (Fig. 4a).
Complementation analysis of hag deletion strain GIB18.
Plasmid pFLA-1, containing the intact flagellin promoter and
structural gene, was introduced into GIB18 by transforma-
tion to assess the ability to complement the genomic hag
deletion with multiple copies of the gene. GIB18 containing
pFLA-1 exhibited only weak motility on soft agar plates, and
the cells were filamentous when viewed microscopically.
Immunoblot analysis of flagellin expression and localization
in these cells showed that expression levels were compara-
ble to those of the parental strain GIB16, but almost all of the
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FIG. 5. Analysis of the hag deletion mutation and intermediates. Shown are the proposed genomic structures and Southern hybridization
data of the intact flagellin locus (GIB1 and GIB16, lanes a and b, respectively), the nonmotile hag::pFIV-3 intermediate (lane c), and the
Ahag-633 allele (lane d). The Southern blot shown is composed of HindIII genomic digests hybridized with labeled pFIV-3 plasmid as a probe.
The HindlII sites in the drawing are designated H, and regions A, B, and C correspond to those depicted in Fig. 1. Molecular size markers
(expressed in kilobase pairs) to the left of the Southern blot represent fragments 1 through 6 of HindIII-digested A DNA, and those to the right

represent fragments 1 through 6 of Haelll-digested $X174 RF DNA.

flagellin expressed was not transported and remained intra-
cellular (Fig. 4a). This was not surprising in view of the fact
that amplification of the flagellin promoter region invariably
results in this phenotype.

Since multicopy complementation with the flagellin pro-
moter was not possible, a single-copy vector system was
prepared which would allow evaluation of complementation
of the hag mutation with a copy of the intact hag gene at an
alternate site. The system that was developed involved
integration of a single copy of the flagellin promoter and
structural gene at the nprE locus, which encodes the neutral
protease gene in B. subtilis. By using the published nucleo-
tide sequence for this gene (57), a synthetic oligonucleotide
was prepared which corresponded to a region of the coding
sequence of neutral protease and was used to clone a
genomic nprE fragment from a B. subtilis plasmid library by
colony hybridization. This fragment was then placed into a
derivative of pFIV-3 that contains an intact flagellin coding
sequence to create pIEV-3 (Fig. 3). This plasmid was capa-
ble of expressing flagellin, but, because it lacked an origin of
replication that will function in B. subtilis, it could only
render cells Cm" by integrating into the genome. Since the
plasmid contained homology to both the hag locus and the
nprE locus and could therefore integrate at either site, Cm"
transformants of pIEV-3 in GIB18 were checked by South-
ern hybridization to isolate an integrant at nprE, which was
designated GIB19 (data not shown). This strain was indis-
tinguishable from the original parent GIB16 by all criteria;
the cells were highly motile on soft agar plates, they ap-
peared as unicellular rods microscopically, and Western
analysis showed wild-type levels of exported flagellin with
no intracellular accumulation (Fig. 4b). Thus, this integra-
tion system fully complemented the Ahag-633 allele.

Transport studies of various flagellin deletions. A number of
deletions in the flagellin-coding region of pIEV-3 were
created to begin to ascertain what regions of flagellin are
necessary for transport. The extents and locations of these
deletions are diagrammed in Fig. 6. These deletions were
constructed by joining together appropriate restriction sites
in the flagellin gene to eliminate the sequences between the
sites but maintain the translational reading frame. There
were a total of four different deletions that resulted in the

removal of various internal portions of the flagellin protein.
A fifth deletion prematurely terminated translation of the
flagellin polypeptide after amino acid 235. Bacterial flagellins
share extensive regions of homology in the amino- and
carboxy-terminal portions of the polypeptides, whereas the
central portions of the flagellins are divergent (Fig. 6). We
designed deletions to selectively remove either highly con-
served portions of the molecule (A76-123, A234-241, and
fla235) or regions that do not share homology with other
bacterial flagellins (A145-211 and A145-266). These deleted
flagellin genes were integrated at the nprE locus in GIB18,
and flagellin expression and transport were assayed by
autoradiography of electrophoretically separated [>*S]me-
thionine-labeled proteins (Fig. 7a) and by immunoblotting
(Fig. 7b). Flagellin protein could not be detected in either
intracellular or supernatant fractions of the A76-123 deletion
(data not shown), and the levels of recovery of the other
deleted flagellins were low in comparison with full-length
flagellin (Fig. 7a), presumably because the deleted flagellin
monomers were more susceptible to proteolysis. However,
the four remaining mutations produced levels of flagellin that
were still readily detectable. Of these, the three internal
deletions (A234-241, A145-211, and A145-266) ranged from a
small 8-amino-acid deletion of a highly conserved region to a
deletion that eliminated more than one-third of the central
portion of the flagellin protein. Transport analysis of these
deletions (Fig. 7) showed that all three internally deleted
flagellins were transported to the culture supernatant. How-
ever, the introduction of a termination codon after amino
acid 235 in the fla235 construct (which removed 69 highly
conserved amino acids from the C terminus of the protein)
resulted in transport of only a portion of the flagellin ex-
pressed by this mutant, with at least half of the material
accumulating intracellularly. These data suggest that the
extreme C terminus of flagellin plays a role in transport of
the protein from the cell, whereas the divergent central
region does not appear to be involved in this function.

DISCUSSION

In this paper, we report the cloning and sequencing of the
structural gene that encodes B. subtilis flagellin (hag). The
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FIG. 6. Comparison of E. coli (e), S. typhimurium phase 1 (s), and B. subtilis (b) flagellin amino acid sequences. Identical residues are
indicated by vertical lines. The entire sequence of each flagellin is shown , with gaps to aid in alignments appearing as dotted lines. Deleted

regions of the B. subtilis protein described in the text are underlined,

with arrows indicating continuation of the deleted region to the next line

of the sequence. Deletion designations are listed to the right of each line of the sequence involved.

protein product of this gene (as predicted from the nucleo-
tide sequence) is a 304-amino-acid protein, the N terminus of
which corresponds to the published amino acid sequence of
purified flagellin (10). Therefore, like the cloned flagellin
genes of E. coli (28), S. typhimurium (23, 58), and C.
crescentus (13), B. subtilis flagellin does not utilize a classic
amino-terminal signal sequence to direct transport of the
protein to the extracellular space.

The hag promoter region contains a region of strong
homology to the proposed recognition sequence for B.

subtilis a*® RNA polymerase (14, 17). We have shown that
amplification of this region results in intracellular accumula-
tion of flagellin, inability of cells to properly divide, and
compromised motility in otherwise wild-type cells. Helmann
et al. (18) recently reported a similar phenotype in cells that
are incapable of producing o due to interruption of the sigD
gene. This mutation results in loss of motility, failure to
synthesize flagellin, and a filamentous cell morphology. This
same phenotype is often seen in lyt mutants, which are
deficient in both autolysin and flagellin production (38).
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FIG. 7. Transport analysis of various flagellin deletion muta-
tions. (a) Total [**S]methionine-labeled proteins were separated by
SDS-10% polyacrylamide gel electrophoresis and (b) Western blot
of intracellular (P) and extracellular (S) fractions as described in the
text and in the legend to Fig. 4. All constructs were expressed as
integrated copies at the nprE locus in the Ahag-633 strain GIB18.
Lanes: 1, pIEV-3 (expressing full-length flagellin); 2, A234-241; 3,
A145-266; 4, A145-211; 5, fla235. Migration of standard protein
markers is shown to the right of the figure, with molecular masses
expressed in kilodaltons.

Helmann et al. proposed that 0?® may regulate the expres-
sion of a number of genes involved in flagellar synthesis in B.
subtilis based on its homology to such a positive regulatory
factor in E. coli, the fIbB gene product (3). Our data would
support that hypothesis. If expression of other components
of the flagellar organelle is essential for flagellin transport
and their synthesis is dependent on a common sigma factor,
then the intracellular accumulation of flagellin that we at-
tribute to an increase in the copy number of the hag
promoter could be a direct consequence of reducing intra-
cellular levels of ¢ by titration. This would serve to limit
expression of other fla gene products that rely on o?® for
transcription and thereby restrict flagellin export capabili-
ties. If this were the case, then substitution of the hag
promoter with a promoter that utilizes a different sigma
factor should alleviate this block. In fact, we have observed
that replacement of the flagellin ¢®® promoter with a o*
recognition sequence on a multicopy plasmid results in
normal flagellin expression, localization, and cell morphol-
ogy.

We describe five deletion mutations that were analyzed for
their ability to direct expression and transport of flagellin
from a hag mutant host. All four of the deletions that
produced detectable levels of protein were able to transport
flagellin to some degree. The three deletions that removed
interior portions of the protein appeared to be fully trans-
ported, with no detectable intracellular accumulation. Inter-
estingly, these mutants were nonmotile. It should be noted
that the focus of these experiments was to study the trans-
port of flagellin; as a result, the method used for localizing
flagellin in these experiments does not differentiate between
polymerized and unpolymerized flagellin in the supernatant
fraction. Therefore, these mutants may produce a flagellin
molecule that is unable to polymerize to form a filament, or
the modified flagellin may form a filament which is unable to
function effectively. In any event, these results indicate that
the central portion of the molecule, which is the least
conserved region among bacterial flagellins, does not play a
role in transport of the protein. In fact, we have observed
that removal of amino acids 187 through 391 in the divergent

J. BACTERIOL.

central portion of E. coli flagellin (Fig. 6) results in a
truncated molecule that is fully transported to the culture
media (unpublished results). Kuwajima (27) reported smaller
deletions within this same region of E. coli flagellin; these
deletions do not affect flagellar synthesis and motility but,
instead, alter the antigenic properties of the resulting fla-
gellar filament. Thus, it appears that the divergent central
regions of bacterial flagellins are not involved in transport of
the protein but, instead, are responsible for antigenic diver-
sity.

Total removal of the highly conserved C terminus in the
fla235 mutation results in significant intracellular accumula-
tion of flagellin and a nonmotile phenotype. This result
appears to be consistent with the observations of Homma et
al. (19), who found that of 26 export-deficient S. typhimu-
rium flagellin mutants (19 H1 and 7 H2), virtually all mapped
to the distal end of the flagellin genes. However, our
C-terminal deletion still transported some material to the
exterior of the cell, and examination of total supernatant
protein content has enabled us to rule out cell lysis as a
possible explanation (Fig. 7a). Furthermore, the flaA234-241
construct removes a segment of the C-terminal end of
flagellin that shares a high degree of homology to the same
region of E. coli and S. typhimurium flagellin (Fig. 6), yet
the protein is transported normally. The A145-266 deletion
removes even more of the conserved portion of the C
terminus, and it, too, is transported. Therefore, it appears
that although a critical region for flagellin transport resides in
the last 38 amino acids of the polypeptide (the region
remaining in the A145-266 mutation), another, as yet unde-
fined region of flagellin can at least partially effect export of
the protein.
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