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Coding for Flagellar Structures, Motility Functions,
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We cloned and sequenced 8.3 kb of Bacillus subtilis DNA corresponding to theflaA locus involved in flagellar
biosynthesis, motility, and chemotaxis. The DNA sequence revealed the presence of 10 complete and 2
incomplete open reading frames. Comparison of the deduced amino acid sequences to data banks showed
similarities of nine of the deduced products to a number of proteins of Escherichia coli and Salmonella
typhimurium for which a role in flagellar functioning has been directly demonstrated. In particular, the
sequence data suggest that theflaA operon codes for the M-ring protein, components of the motor switch, and
the distal part of the basal-body rod. The gene order is remarkably similar to that described for region III of
the enterobacterial flagellar regulon. One of the open reading frames was translated into a protein with 48%
amino acid identity to S. typhimurium Fliu and 29% identity to the 0 subunit of E. coli ATP synthase.

Many bacterial species swim actively by means of flagella.
Swimming tends to move the bacteria towards attractants
and away from repellents. The flagellar organelle is made of
three parts: the basal body, the hook, and the filament, with
more than 10 different proteins involved in flagellar forma-
tion. In addition, there are the motor apparatus and the
switch, necessary for rotation of the flagellar filaments and
control of the sense (clockwise or counterclockwise) of
rotation. A number of sensory elements and components for
transduction of the signal to the motor switch are also part of
the motility system. A considerable body of data is available
regarding the structure and functioning of the flagella of
Escherichia coli and Salmonella typhimurium (reviewed in
references 21 and 22).
About the gram-positive bacterium Bacillus subtilis much

less is known. A limited number of mutants affected in
motility have been isolated, and a few have been character-
ized (8, 32). More advanced are the studies related to the
chemotactic mechanisms that operate in B. subtilis. A large
number of mutants defective in chemotaxis have been iso-
lated, 21 different complementation groups have been iden-
tified, and part of a chemotactic locus has been cloned (28,
29). Better knowledge of the genes and gene products of B.
subtilis involved in flagellar assembly, motility, and taxis
seemed desirable in view of the fact that B. subtilis is a
gram-positive bacterium and that its chemotactic response is
more complex than that of E. coli (37). From a B. subtilis
chromosomal DNA library in XCharon 4A (5) we have
isolated one clone that contains the wild-type alleles of two
known flaA mutations, flaA4 and flaA15 (9).

In this report, we describe the nucleotide sequence of
8,302 contiguous nucleotides of the flaA locus. Insertional
inactivation with integrative plasmids showed that the region
sequenced is part of a single operon involved in motility (10,
44). Nine of the deduced gene products show similarity to E.
coli and S. typhimurium proteins known to be involved in

* Corresponding author.

flagellar structures and functioning and suggest the identifi-
cation of elements of the motor switch, the rod of the basal
body, and the M ring. One is highly similar to the a subunit
of E. coli ATP synthase (and the S. typhimurium fliI gene
product). Of the 11 gene products, 2 appear to have no
known counterpart in E. coli and S. typhimurium.

In the course of this work, we adopted the termflaA locus
for the entire complex of genes involved in flagellation and
motility (it has been called the che locus by Zuberi et al.
[44]). The cistrons identified from the DNA sequence were
named flaAorfl, flaAorfJ, etc. (usually abbreviated orfl,
orQ2, etc.). The gene products are called FlaAOrfl,
FlaAOrf2, etc., or abbreviated Orfl, Orf2, etc. When the
nucleotide sequence of theflaA locus is completed, a more
rational nomenclature can be adopted. For E. coli and S.
typhimurium, we used the unified nomenclature (15).

MATERIALS AND METHODS

Bacterial strains. E. coli DP50 supF [F- tonA53 glnV44
tyrT58 dapD8 lacYl supE44 supF58 A(gal-uvrB)47 gyrA29
thyA57 hsdS3] and LE392 (supE44 supF58 hsdR5J4 galK2
galT22 metBI trpR55 lacYl) were used as hosts for Charon
4A recombinant derivatives. E. coli cultures were grown in
TY medium (tryptone [Difco Laboratories, Detroit, Mich.],
10 g; yeast extract, 5 g; NaCl, 5 g; MgCI2, 2 g; water to 1
liter, pH 7.1). For strain DP50, the medium was supple-
mented with diaminopimelic acid (100 p,g/ml) and thymidine
(50 ,ug/ml). TY medium was solidified by adding 12 g of agar
per liter or 10 g of agarose per liter as required. For
bacteriophage plating, the top layer contained 4 g of agar per
liter or 5 g of agarose per liter. E. coli JM103 [supE44 thi
rpsL20 endA hspR4 A(lac-proAB) F' (traD36 proAB lacIq
ZAM15)] and DH5cx [supE44 lacU169 (4801acZ AM15)
hsdRl7 recAl endAl gyrA96 thi-1 relAI] were used for
transformation and plasmid propagation, and LB medium
(tryptone [Difco], 10 g; yeast extract, 5 g; NaCl, 10 g; water
to 1 liter; pH 7.1) was used. The B. subtilis strain was
PB1424 (hisH2 trpC2 metD4).
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Scoring for motility. Colonies were transferred with tooth-
picks to swarm plates prepared with semisolid medium B
(Difco Bacto-Peptone, 10 g; Difco gelatin, 80 g; Difco agar,
4 g; NaCl, 5 g; water to 1 liter). The medium was supple-
mented with the required amino acids at 20 ,ug/ml. The plates
were incubated at 37°C overnight.

Insertional inactivation. A BglII fragment of 534 bp inter-
nal to orf4 was cloned in pGEM-4Z for sequencing purposes.
To produce a plasmid suitable for insertional inactivation,
the insert was excised by EcoRI and HindIII digestion and
recloned in pJM103 (31). The resultant plasmid (pBBfla) was
used to transform competent cells of B. subtilis PB1424.
Selection was for chloramphenicol resistance.
Sequence analysis. The plasmid used for cloning and se-

quencing was pGEM-4Z (Promega Biotec, Madison, Wis.).
Sequence analysis of both strands was accomplished by the
supercoil sequencing method of Chen and Seeburg (2). The
dideoxy-chain termination and elongation reactions were
performed by the method of Sanger et al. (34) with Seque-
nase (U.S. Biochemical Corp.) or T7 polymerase (Pharma-
cia-LKB) in accordance with the appropriate instructions.
Custom primers were synthesized with a Cyclon Plus DNA
Synthesizer (Millipore).
Sequence manipulations and comparisons. DNA sequence

manipulation and translation routines, etc., were carried out
with the IBI Pustell Sequence Analysis Program. Protein
sequences were compared and aligned by using the
CLUSTAL 4 program of Higgins and Sharp (11).
Phage and plasmid DNA preparation. Southern hybridiza-

tions and nick translation were performed by standard
procedures (33).

Nucleotide sequence accession number. The nucleotide
sequence in Fig. 1 has been submitted to the EMBL data
library and assigned accession no. X56049.

RESULTS

Cloning and sequencing of part of the flaA locus. We
isolated a lambda clone (XUF7) from the B. subtilis Charon
4A library of Ferrari et al. (5) by hybridization to RNA
extracted from outgrowing spores and expected to contain
an outgrowth-specific locus named outI (7). The XUF7 clone
has an insert of about 12 kb consisting of two EcoRI
fragments of 4.0 and 8.3 kb, respectively. The 8.3-kb EcoRI
fragment can rescue strains with the flaA4 or flaA15 muta-
tions (9). As a first step in the study of the flaA locus, we
determined the nucleotide sequence of the 8.3-kb EcoRI
fragment.
The DNA sequence and the deduced amino acid se-

quences of its products are shown in Fig. 1. The gene
products were deduced purely from the nucleotide se-
quence, since no information was available regarding the
properties of the encoded proteins. We considered valid the
longest possible open reading frame (ORF) starting with
ATG, GTG, or TTG, preceded by a good Shine-Dalgarno
sequence or overlapping the preceding ORF. Similarity of
the deduced products to known proteins supported the
assignments a posteriori.

Nucleotide sequence analysis. Computer analysis of the
nucleotide sequence showed the presence of nine complete
ORFs plus two ORFs at the beginning and end of the
sequenced fragment that were incomplete and could con-
tinue into the adjacent DNA fragments (Fig. 2). The nine
ORFs were all in the same direction (from left to right in the
figures), and in two instances (orJ3-orf4 and orf7-or8) they
appeared to overlap. The overlap of orJ3 with orf4 is not

strictly required from the sequence, since an initiation codon
for orf4 is also found downstream of the presumptive stop
codon of or13. We have assumed an overlap on the basis of
the lack of a good Shine-Dalgarno sequence upstream of
orf4. The start codon of orf8 overlapped with the termination
codon of the preceding gene.
The intergenic regions were often short (2 to 22 bases), but

there were three examples of considerable distance between
the termination of one gene and the initiation of another; the
spacings between orJ2 and or13, orf6 and or17, and or19 and
orflO were 117, 161, and 251 bp, respectively. Within these
regions there are potential stem-loop structures with a AG of
less than -15 kcal (1 cal = 4.184 J) mol-1, suggesting the
presence of signals potentially involved in control of tran-
scription or translation (Fig. 1). In all of these intercistronic
regions there is at least one potential promoter sequence of
the type recognized by the CD form of RNA polymerase,
which is known to be involved in the transcription of the B.
subtilis flagellin gene (26). If active, these promoters must be
secondary sites of transcription initiation, since insertional
inactivation and RNase protection experiments both indi-
cated that the 8.3-kb EcoRI segment is part of a longer
transcriptional unit (10, 44).
One additional ORF of 534 bp (OrfCI) was detected on the

complementary strand, in correspondance to the middle
portion of orf4.
Amino acid sequence similarity comparisons. The transla-

tion products of the proposed reading frames were compared
to the National Biomedical Research Foundation-PIR pro-
tein data base, GenBank DNA sequences translated into
proteins, and a collection of S. typhimurium flagellar se-
quences (23, 38). In a number of instances, relevant similar-
ities to bacterial gene products involved in the assembly and
functioning of flagella were obtained. The similarity scores
are reported in Table 1. Table 1 also summarizes some of the
properties deduced for the gene products of the B. subtilis
flaA locus.

Orfl, Orf2, and FliG. Orfl was incomplete but neverthe-
less had good similarity (data not shown) to E. coli FliF, the
major M-ring component (16). The complete sequence of the
B. subtilisfliF homolog has been determined by Zuberi et al.
(43). Orf2 showed similarity to Salmonella switch protein
FliG (36% identity and 58% conserved substitutions; Fig. 3).
As the Salmonella counterpart (19), the Orf2 protein has a
very high a-helical content (75%) as predicted by the algo-
rithms of Chou and Fasman (3) and Garnier et al. (6). The
moderately hydrophilic nature of the FliG protein and the
very high a-helical content are consistent with location at the
cytoplasmic face of the membrane, where the motor switch
is expected to reside (19). The primary and deduced second-
ary structures of Orf2 suggest a similar location for the B.
subtilis protein. By marker rescue experiments, we localized
theflaAJ5 mutation in orJ2 (9).
Orf3 and OrfS. Orf3 and Orf5 have 23% identity to each

other. The strongest similarity is in a stretch of 10 amino
acids corresponding to residues 135 to 144 of Orf3 and 130 to
139 of Orf5. The sequence is Glu-(Val/Met)-Lys-Glu-(Tyr/
Met)-Asp-Asp-Ile-Ser-Ile. The two proteins are predicted to
have a high a-helical content (81%) by the algorithms of
Chou and Fasman (3) and Garnier et al. (6). In addition, Orf3
shows good similarity (23% identity) to FliH (Fig. 4) and
Orf5 is similar to FliJ (40) of S. typhimurium. The function of
these Salmonella proteins is unknown, but we found that the
N terminus of Orf3 is somewhat similar to Trg (19% identity;
data not shown), a protein required for chemotaxis and
involved in transduction of the signal (1).
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NUCLEOTIDE SEQUENCE OF THE B. SUBTILIS flaA LOCUS 3575
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A liIM CM ATE ETE MT CTI MT A W ATE WI CMnTc I AM MC CM MI CCI M WA WAC TET In MT TM ATE MA AM BA

V J I T I 8 K J A T I K T I T V I J V K N f K S N Y Y L V L
T45M TCTC 1l WMTIIII AMAIT WA CA MT AMA WA C WUA ETA NC TCT WIT A CAT MAAM M TAT TAT C ITT CTT

I I I T I I I P E I V N S V I I I I K I H L I J OII
1542 MIT T AM ECC AM ATC AlT CCI AMT ITC ATE ITC IT AM CM TCE TSC AM TM MAArACTUiiTATTI EST TE CIT ITCE

L Y J I I J H N K N f I T K L V I NI I AA V I T VI F
c3CII Tl TCT AM ATC MBC NIT ATE AM C m CM WA AM WIc AC T ETC SIT MC MAC ATI ICC MC ETA MT WA IT OAM TIC

K K S I V T F K I N V S I T I E II J A A IA T I 1T N 1
6725 AAAAM AM C CCT UlS WC m AM MIT ATE 9TE MC CMA WAC ETT ICC CK T TICT WCTWCT WA WCA ATC C AM WA AC TCT

K I I 6 L I I JS I T I I T I N ST EA T O J T I I T L I L
AISAM CM ATC ET TIE ET TCU T TCTW MC WA SAITMI ATT CAT ICE WCA ABC 0WACA CM MC WA M AM WA CTT MAT TT

A I II I I Y f I T I II T A Y T A A I N f T L A I TI
AICWAETnI MC NC MTTAI1WTIC CM tTI MT WCAi BAC AM WAWICI TEAT WA AM A AM C T TET TIT MT MT WCT A

T L V T I I I T N V L I N N I II K I P T I E I J fF I I
AS WAC CIITWWAUIIT MT MC T1C CAT ETA CTA MT ATl MT MC AM A ETT MA ETI CCT ACT MT ICT CM MC m MC Al SIT

1 119K V J I V I A E I K T I I I I I I I I V T F A N SI I
7lIE TCT MIT AM AM I TIC ETT WI MT I M AM AMA WAA CM MKC AM AM CM TC AM TTIW ACT m IMCC C AlT MT AM

L I K I 0 J N L Y R E J L N S I T A J A A N I P I 0 6 8 T 9
1173 TIE MT AA ETC AM MC AAC CTI TC CBT AM WI TIT AAC TCT M AICCC AlT W WICA MC CMS CCT S TC 8C AM WCT UT

E L K J S F L E IJ N V I L T I E F T E I V EI I I F I J
7215 WI CIT AMA TCE AM WCM CAM ETE TCT AAC MIT WIMCTC A1MmACTW AM ATE ETC ETA WC CM CIC AMTI CM TIC

N J I I T T S 1E I L I E L V N L K Al
7355 AC TIC AA ETI TI W ATCWWMT MA ETC CTT CM AM CII WI MC CII AM CIT TM MMIMlUUIMTMCTICCCCIT

SIVAMI .
745H MATETETAABTMTT T M C ETTW TIATTBTMCMTATIWACTETCTMTEATAAMTAIMBTA

SI I N.. K I K L HWlO
757H U.... MMT. ...IClITCECIEIETEIECTMA ETE AM AMA AM TIE ATE

I I L L I I L I V I I E L I A A AE F V L I IK S EKI E A
71W7 ETC ETA TIE CIA ETI ATI CII ETC IE ATT WI CTC M WA WCA WCT TAT m WTT TTI BC AM AM1 TCC BAM AMA AT AM IWA

K Il I A E I V A S S V I V E E I T TI L Kl I N I R L A
77771AMA AMA AlT MTTAM ETC WI WA TCTITWI MT ETE8A AM ETC WA WCA MT TI TCAWMT MC ATT ETC CBT CI WCT

I K L E T I S I K S K E E L E K F I F I V K I A V I S L L A
717 ETI AMA CII AM ACT MAT TCT MT AMA TICE AM M MA CI AM AMA CIT MT TIC C STE AMA MC ICT WI ETA TC CTI CT CT

I T N A I I I E I I K U8 I E T F K K E L I K I I Y L O E
7957 IT WCiAMT WI T CMATN AM AMMC AM AM AMA MWC WI MAAM CTA AM MAT AA ETA ATMMC 1WCTC CMA AM

I K V E I V Y I T1 F I L I * H E I E VWIIF
1147 IA AM ETA VA AM ST TAT AT AC ICC M MAT CII CMA TMA AIATMTIIWUATACj AM AMA AlT TCI M AM WI

L S I N E I I E L L S A S T I E N I AE E L K I E E I EI
I1lA CTC TCC CMA MAT M ETA MA CA CICMWI WA ETE TC CTW I M ATE MC ICT IA M CTI AM AM BA AM AM AM AM

K V K V Y I F I A A L R F I K I I I R 1 L T H I....
3230 AM ETCAM nI TET MT TTC AM CIT W CM C m TCTW AM T CM ETC C8C AlT T WA AM ETI C

FIG. 1. DNA sequence of part of the B. subtilis flaA locus.
Translation of putative coding regions is shown above the DNA
sequence. The putative ribosome-binding sites are underlined, and
the promoter regions are indicated above the sequence. Potential
stem-and-loop structures are shown as dashed arrows below the
line. Termination codons are marked with asterisks.

Orf4, FliI, and ATPase. Orf4 is highly similar (49% iden-
tity; Fig. 5) to the Salmonella Flil protein (38). The function
of Flil is still unknown, but we found good similarity
between Orf4 (and FliT) and the ,B subunit of the E. coli ATP
synthase complex (18). The similarity scores were 29%
identity and 46.3% conservative residue substitutions, and
Orf4 gave comparable similarity scores with the P subunit of
human mitochondrial ATP synthase (27) and all of the other
and al subunits analyzed. The at and subunits of E. coli

have been shown to be homologous (35, 39). The similarity
between Orf4 and the , subunit is distributed over the length
of the proteins, and in addition, the two polypeptides have
similar sizes (Orf4 is 440 amino acids long, and the E. coli P
subunit is 460 amino acids long). Particularly interesting is
the conservation in Orf4 of the amino acid sequence around
the glutamic acid residues (Fig. 5, box C) that react with
dicyclohexylcarbodiimide in different species (41). Reaction
of the soluble Fl ATPases with dicyclohexylcarbodiimide
results in inactivation of the enzyme, and it has been
assumed that the carboxyl groups might function to bind the
Mg2+ moiety of magnesium complexes of adenine nucleo-
tides. In addition, two segments of the Orf4 sequence (Fig. 5,

boxes A and B) are highly similar to the E. coli sites of the P
subunit of ATPase thought to be involved in nucleotide

VOL. 173, 1991



3576 ALBERTINI ET AL.

=6. = =

i E -s s = - = S X

W is 2 IIl
s c I I I
s s t s -z e

. a I I I

8III
i i li i i l H i l i i i iI I

i-4 1 kb

I L[OAFC
ORFi OAF 2 OAF OAFO4OF OAF 7 O

C FiliFE FliGS FliHS Fli IS FliJSCFiIFEFiiG8 Orf 5 ATPa.E Orf3

TrgE

FiliKS
Fig GS
Fig FS

Fi Ls Fil ME

FrzCDM

Signal Hook length Rod
E M ring Switch ATPas traund. contr distal

FIG. 2. Organization of the ORFs in the 8.3-kb EcoRI fragment. (A) Restriction map of the 8.3-kb fragment. (B) Positions and extents of
the ORFs; a box above the line indicates overlapping of the ORF with the preceding one. ORFC1 represents a hypothetical reading frame on

the complementary strand. The direction of transcription is from left to right. (C and D) Similarity among the deduced B. subtilis proteins and
the gene products of other bacteria. Subscript symbols: E, E. coli; M, M. xanthus; S, S. typhimurium. Two levels of similarity are shown:
above 20%o identity (row C) and 10 to 20% identity (row D). (E) Possible structures or functions deduced from protein sequence similarity and
analogy.

binding (18, 39). The two sites correlate with nucleotide-
binding sites of adenylate kinase, RecA protein, ATP-ADP
translocase, and phosphofructokinase (39). These observa-
tions indicate that Orf4 (and the Salmonella counterpart,
FliM) acts as an ATPase. We performed inactivation experi-
ments with an insertional plasmid carrying a DNA fragment
internal to orf4 (pBBfla). The only phenotype we detected
among the transformants was inability to swarm on semi-
solid agar plates. We cannot rule out the possibility that the
Mot- phenotype was due to a polar effect of the insertion,
but it appears certain that the hypothetical ATPase encoded
by orf4 is not essential for B. subtilis.

Orf6. The Orf6 protein has a stretch of 31 hydrophobic
amino acids between positions 11 and 41, with a proline
residue at position 21. The hydrophobic region is preceded
by a cluster of basic residues (four lysines among 10 resi-

dues) and followed by two hydrophilic domains. This orga-

nization could be interpreted as that of a protein anchored to

ORF2
FLIG

ORF2
FL IG

ORF2
FL IG

ORF2
FLIG

ORF2
FLIG

1 MARRDQDKLTGKQKAAILNISLGLDVSASVY.LTDEEIRRLTLEISGVRSV-DKKDE
1 NS -----N-LSTDKSVILLflrIGEDRAAEL^XMTREVQALSTAKNVRQISNKQLTD-

N
. N. .

NA
*

NE
N. .. .

61 I IEEFHNI A AQDY-ISQ6LS ARVLEAL6EDKA ---ZENILN-RLTSSLQVKPFDF
55 VLSEFEQEAE-QFAALNI NANETLRSVL VALT-ERASSLLEDILETRDTTSG-IETLNF

14 ARKAEPEQILNFIQQCPQTMALILSYLDPVQAIQLSELNPZ-VAEARRIAVMDRTS
113 M -PQSAADLIRDEHPQI IATILVHLKRSQAADILA-LFDZRLRHDVMLRIATFGGVQ

N. M" . "

173 PEIINEV-KRILEQKLSSAFTQDYTQTGGIE-AVVZVLNGVDRGTEKTILDSL-EIQDPD
169 PAALAELTEV-LNGLLDGQ-NLKRSKMG6VRTAA-EI INLMKTQQEEAVITAVREF-DGZ

N. N. N. N.

230 LAEEIKKRMIFVFKDIVTLDNRAIQRVIRDVENDDLLLSLKVASEE-KI 1VFNNNSQRMV
225 LAQKI DEIFLFZNLVDVDDRSIQRLLQVDSZSLLIALKGA-ZPPLRKFLRNNMSRAA

" " " **.

ORF2 288 KTFKEEIEFMGPVRLKDVKKAQSRIVSIVRKLEKAGKIVIAROGGDDI IV

FL IG 284 DI LRDDLANRI8PVILSQVKNEQKKAILLIVRRLAETGEWI2--GS2EDTYV

FIG. 3. Alignment of the sequence of Orf2 with FliG of S.
typhimurium. Identities are indicated by asterisks, and conservative
changes are represented by dots. The groups of conservative
substitutions are shown in the footnote to Table 1.

the bacterial membrane via the hydrophobic region. Alter-
natively, the cluster of basic residues followed by a hydro-
phobic region could represent a signal sequence for translo-
cation of the Orf6 protein through the cytoplasmic
membrane.
The amino acid sequence of Orf6 had similarity (18%

identity and 36.1% conserved residues; data not shown) to
the C-terminal region of the FrzCD protein of Myxococcus
xanthus, which in turn is similar to the methyl-accepting
chemotaxis receptor proteins of enteric bacteria and has
been shown to be modified by methylation (25).

Orf7, FliK, and Orf8. The protein encoded by orp7 is 22%
identical to the Salmonella FliK protein (23) and, as its
counterpart, could control the length of the flagellar hook
(30, 36). The Orf8 protein did not show any significant
similarity to known proteins, and no particular feature could
be predicted from the amino acid sequence.

Orf9, FIgG, and FlgF. The amino acid sequence of Orf9 is
40% identical to the Salmonella FlgG protein (13). FlgG is a

structural component of the flagellar basal body, where it
constitutes the distal part of the rod, and we suggest a similar
role for the B. subtilis counterpart. Orf9 and FlgG have

ORF3 I MAR---------------------VKEEADRISEQANSHIENIRRQIEQE----------
FL H 1 MSNELPWGVWTPDDLAPPPETFVPVEADNVTLTEDTPEPELTAEOQLEQELAOLK QAHE

ORF3 30 --KN-DWAAE-KQKL EEAKAEGFEQGVALOKAMAMKQYAEL I6ANTI-TEMSRKA"ED
FL H 61 QGYNAGLA-EGRQKGHAQGYQEGLAQGLEQGQAQAQTQQAPIHARMQOLVSE-FQNTLDA

ORF3 85 KLED-ANEEIVELAYALAKKVWQQKSD-DKEAFLLLVQQVINEVKEYDDIS-IYVDPYYY
FL H 119 -LDSV ASRLNQtALEAARQVI GQTPAVDNSALIKQIQQLLQQEPLFSGKPQLRVHP---

ORF3 142 ET FQQKDEIQQLLYKECRLG---IYADEKGOl;TCYIETPF-GRVDASVDTQLMQLKDK
FLI H 175 ----DDLQRVEELGATLSLHGWRLRBDPTLHHGGCKV-SADEGDLDASVATRWQEL---

ORF3 199 LLTALEA-GAAE

FLIH 227 --CRLAAPG-VL

FIG. 4. Alignment of the sequence of Orf3 with FliH of S.

typhimurium. The symbols are as in Fig. 3.
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ORF4 i NO------LNE-D-TESDRLYRNTDSYKRTGKVKRVIGLNIESK3PASSIGDLCLIY-AK
FLII NTTRLTRWLTALDNFEA-DIA-LLPAVRRYIRLTRATGLVLEATGLQLPLGATCII-ERQ
ATPASE MAT--------------------------- KIVVIGAVVDVEfPQDAYPRVYDALEVQ

ORF4
FLI
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ORF4
FLI
ATPASE

ORF4
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ORF4
FLI
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ORF4
FLI
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ORF4
FLI
ATPASE

ORF4
FLI
ATPASE

ORF4
FLI
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52
58
34

102
1 16
84

156
170

139

21 1

-6QSGKVIKAEVVGFQEENI-LLNPYLEA-ASIAPGS IV---EATG9SLR----VKVGTG
DGPKTKEVESEVVGFNGQRLF -L3PLEEVEG-ILPSARVYARNGHGDGLQSGKQLPLGPA
NGNZ-RLVL-EVQOQLGGGIVRTIANGSSDII-LRRGLDV -------KDLEHP KYPSKA

LIGQVIDAFGEPLD---ESFCRKVSPVSTEQSPP-NPNKRPPIREKNGV-GVBRSIDSLL-
LLGRVLDG60KPLD--6LPAPDTL-ETGAL ITPPFNPLQRTPI-EHLDTGAINALL-
TLGRINNVLGZPVDMKGE GEE-ERWA HRAAPSYEELSNS--QZLLE-TGIKVID-LNC

A C
TVl CaQRIIIIFGSGViS -LNIAK-T--EADL IAL IieRRINWEFI-I-(KDLO
TVR GQNGLFAGS6VS ,LLGURYT---RADV IIG IGEERGREVKDFI-*4 ILa
PFjCEGLFa^a NCLI -RN IA^IEHSGY TRYERGNDFYHI -KrD
..#L.. "VATSD"PA. .. ..A.TAT. VT, # .A# . #

B
KISCLKRSIVVATSSQALLKAYTT1AY7RD6QHNF3IRD RTR IG

225 PDORASWVVIAAPADVSPLLRNQAAYAT IAEDFRDRGQHVLLN1SLTRYAM&QREIA
1197 SNVIDKVSLVYGQMNEPPGNRLRVALT6L' KKFRDEaRIDVLLFyNINYRYTLAGTEVS

270 LAA-GEPPTTKSYTPSVFAI LPRLLERTGANEH---GTITAFTTVLVDGDDNPIADTV
286 LAI-GEPPATKGYPPSVFAKLPALVERAG-NGI HGGGSITAFYTVLTE6DDQQDPIADSA
258 -ALL6RMPSAVGYQPTLAEENGVLOER IT-STK--TGSITSVQAVYVPADDLTDPSPATT

327 R ILDGHIVLDRALANKGQFAVNVLKSISRVNSNIST-KQILDAANKFRBLLSTYQNSE
344 RAILDGHIVLSRRLAEAGHYPAIDIEASISRAKTALIT-EQ4TARVRLFKQLLSSFQRNR
313 FAHLDATVVLSRQIASLG TPAVDPLDSTSROLDPLVVGCQHTDTARGVQSILQRYQELK

385 DLINIGAYKRISSREIDEAIQFYPQLIOFLKQGTD--E---PA-----LLESIAALTSL
404 DLVSVGAYA]KSDPMLDKAITLVPQLRAFLQQGIF--E---RA-----DWEDSLQALD-L
374 DI IAILGMDELSE-EDKLVVARARKIQRFLSQPFFVAEVFTGSPGKYVSLKDTIRGFKGI

436 T-GNEE
450 I-FPTV
433 KEORYD>>

FIG. 5. Alignment of the sequence of Orf4 with Flil of S.
typhimurium and the a subunit of the F1 portion of the FoF,
proton-translocating ATPase of E. coli. Identities for all three
sequences are indicated by asterisks, and conservative substitutions
are represented by dots. Identities and conservative changes be-
tween only two sequences are printed in boldface. Boxes A and B
represent the sites of E. coli ATPase thought to be involved in
nucleotide binding. Box C is the sequence around the glutamic acid
residues of ATPases that react with dicyclohexylcarbodiimide. The
sequence of the ,B subunit of ATPase continues beyond the last
amino acid of Orf4.

about the same size (264 amino acid residues deduced for
Orf9 and 260 for FlgG), and both lack cysteines and have a
fairly uniform distribution of hydrophobic, polar, basic, and
acidic residues throughout their sequences (13). FlgG is
structurally related to FlgF, and the similarity of Orf9
extends to the latter protein. The consensus sequence Ala-
X-Asn-(Ile/Leu)-Ala-Asn (referred to as ANNLAN), found
to be present in at least four basal-body proteins (13), is also

largely conserved in Orf9. The sequence of the B. subtilis
homolog to flgG has also been independently reported by
Zuberi et al. (43).
OrflO and FliL. The amino acid sequence of OrflO shows

similarity to the Salmonella FliL protein (21% identity) and
that of E. coli (19, 20), whose function is still unknown. It
has been shown that loss of thefliL gene product results in a
nonflagellated phenotype and that the FliL protein was
localized to the membrane fraction (24), thus suggesting a
role in either synthesis or assembly of flagellum components.
The nucleotide sequence of orfi is only partial; neverthe-

less, good similarity to FliM was observed. This finding was
supported by the comparison of the entire orfll sequence to
FliM (42).
As for the ORF on the complementary strand, entirely

contained in the orf4 sequence, we found no similarity of the
deduced product to known proteins and the significance of
the ORF is purely hypothetical.

DISCUSSION

Bacterial flagella are complex organelles that require the
concerted action of a relevant number of proteins for assem-
bly and functioning. We have determined the nucleotide
sequences of a number of B. subtilis genes involved in
flagellar organization. The chromosomal region which is the
subject of this presentation comprises the flaA4 and flaA15
mutations previously described as causing a flagellumless
phenotype (8, 9, 32). In addition, an orp7 deletion mutant
examined with an electron microscope lacked flagellar fila-
ments (10). In the latter case, the Fla- phenotype could be
due to inactivation of or17 or a polar effect. The deletion of
100 bp in the middle of orp7 is out of frame and gives rise to
17 stop codons before the natural end of the protein. The
start codon of or18 overlaps the stop codon of or17, and the
shift in the reading frame may be expected to have a strong
polar effect. We can conclude that the B. subtilis flaA locus
is indeed involved in the synthesis and assembly of flagella.
Comparison of the deduced protein sequences of the B.
subtilisflaA locus to proteins of E. coli and S. typhimurium
known to be part of the flagellar structure further supports
the above notion.
We identified with confidence at least five elements of

TABLE 1. Deduced properties of proteins encoded by orj2 to orflO of the B. subtilis flaA locus

Protein Length Molecular Predicted Similarity Residue(s) HypotheticalProtein (amino acids) mass (Da) pI score (%)a missing function

Orf2 338 38,188 4.46 FliGb (36; 58) Trp, Cys Motor switch
Orf3 208 23,785 4.40 FliHb (23; 47),

TrgC (19; 45)
Orf4 440 47,886 5.59 Fliub (49; 68), Trp ATPase

ATPaseC (29; 46)
Orf5 147 17,906 8.08 FliJb (23; 41), Trp, Cys, Pro

Orf3 (23; 47)
Orf6 213 22,946 9.07 FrzCDd (18; 36) Cys Signal transduction
Orf7 429 47,508 4.71 FliKb (22; 37) Cys Hook length control
Orf8 140 15,643 4.35 Cys, Arg
Orf9 264 27,467 4.73 FIgGb (40; 62), Cys, Trp Rod, distal

FlgFb (21; 42)
OrflO 140 15,592 5.17 FliLb (21; 42) Trp, Cys, His, Pro
a The first number refers to percentage of identical residues, and the second refers to the percentage of conserved substitutions. The conserved residues are

grouped as follows: A-G, C, D-E-N-Q, F-Y-W, H-K-R, I-L-M-V, P, and S-T.
b S. typhimurium.
' E. coli.
d M. xanthus.
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gram-positive flagella: the M-ring protein (Orfl, analogous to
FliF), two components of the motor switch (Orf2 and Orfll,
corresponding to FliG and FliM), the main component of the
distal part of the rod (Orf9 in FlgG), and a gene involved in
control of hook length (Orf7 in FliK). Other genes (or13,
orp5, and orf6) could be involved in the process of chemo-
tactic signal transduction. Functions for or18 and orflO could
not be deduced from the present data. They may represent
genes whose products are peculiar to B. subtilis, or they may
correspond to some of the unknown components of the
flagellar structures that have been recently hypothesized on
the basis of their synthetic dependence on the flagellar
master operon for expression (17). It should be stressed that
no data are available regarding the B. subtilis proteins which
have been deduced from the sequenced DNA and that the
present discussion is based on comparisons of the latter to
known gene products of E. coli and S. typhimurium. Cloning
and sequencing of the genes should greatly facilitate study of
the encoded proteins.
The finding that the product of orf4 was highly similar to

the catalytic ,B subunit of bacterial and mitochondrial ATP
synthases was totally unexpected. It is well known that the
bacterial flagellum rotates and that the energy source for
rotation is the transmembrane proton potential (for a review,
see reference 22). Only under conditions of anaerobic gly-
colysis is ATP hydrolysis required, and this occurs via
proton-linked membrane ATPase action. The hypothetical
ATPase represented by B. subtilis Orf4 is highly similar to
the gene product of S. typhimurium fliI, and this fact may
help in defining the role of this gene. Both fliI and orf4 are
parts of a flagellar operon, and the hypothetical ATPase
could be involved in some steps of the assembly of flagellar
components. It may be relevant that the S. typhimurium Flil
protein was found to be associated mostly with the mem-
brane fraction (12).
The genetic organization of theflaA locus of B. subtilis is

remarkably similar to that found for region III of enteric
bacteria. With the exception of or18 and or19, the order of the
genes in B. subtilis is identical to the order of the fli genes of
E. coli and S. typhimurium (12, 15).

Flagellin monomers are exported to the exterior of the
bacterial cell by a specific export pathway (4, 14), and the
same pathway may be used for other external components of
the flagella (13). We found that a presumptive rod protein of
B. subtilis (Orf9) has the consensus sequence ANNLAN,
observed for Salmonella rod proteins FlgB, FlgC, FlgF, and
FlgG. Whether the sequence is indeed a signal involved in
export of the proteins or, rather, represents a structural
constraint of a component of the axial filament remains to be
demonstrated. The conservation of such a sequence in
gram-positive and -negative bacteria that have diverse cell
envelope organization may argue in favor of the structural
constraint.
Comparison of protein sequences with similar functions

from distantly related bacteria represents a valuable tool for
evaluation of the structural motifs that underlie flagellar
organization and for comprehension of the relationships
between structure and function.
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