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L-, P-, and M-Ring Proteins of the Flagellar Basal Body of
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TheflgH,flgl, andfliF genes of Salmonella typhimurium encode the major proteins for the L, P, and M rings
of the flagellar basal body. We have determined the sequences of these genes and the flgJ gene and examined
the deduced amino acid sequences of their products. FlgH and FlgI, which are exported across the cell
membrane to their destinations in the outer membrane and periplasmic space, respectively, both had typical
N-terminal cleaved signal-peptide sequences. FIgH is predicted to have a considerable amount of ,-sheet
structure, as has been noted for other outer membrane proteins. FlgI is predicted to have an even greater
amount of ,8-structure. FliF, as is usual for a cytoplasmic membrane protein of a procaryote, lacked a signal
peptide; it is predicted to have considerable ot-helical structure, including an N-terminal sequence that is likely
to be membrane-spanning. However, it had overall a quite hydrophilic sequence with a high charge density,
especially towards its C terminus. The flgJ gene, immediately adjacent to flgl and the last gene of the flgB
operon, encodes a flagellar protein of unknown function whose deduced sequence was hydrophilic and may
correspond to a cytoplasmic protein. Several aspects of the DNA sequence of these genes and their surrounds
suggest complex regulation of the flagellar gene system. A notable example occurs within the flgB operon,
where between the end offlgG (encoding the distal rod protein of the basal body) and the start offlgH (encoding
the L-ring protein) there was an unusually long noncoding region containing a potential stem-loop sequence,
which could attenuate termination of transcription or stabilize part of the transcript against degradation.
Another example is the interface between the flgB and flgK operons, where transcription termination of the
former may occur within the coding region of the latter.

Cells of Salmonella typhimurium swim by rotating helical
flagellar filaments, which are attached to motors embedded
in the cell wall. They modulate their swimming by switching
the direction of rotation of the motors. Under control of
environmental sensory information, this results in selective
migration, or taxis (for review, see references 44, 45, and
62).
The basal body constitutes a major portion of the flagellar

organelle and consists of four rings (L, P, S, and M) mounted
on a central rod (1, 13) (Fig. 1). The M ring is integral to the
inner membrane of the cell (14) and may be connected to the
flagellar rod via the S ring (60). It is not known whether the
M ring is actively involved in energy transduction, but its
location in the cytoplasmic membrane suggests that it plays
some role in the process. The S, or supramembrane, ring lies
just distal to the M ring; image reconstructions of the basal
body suggest that the two rings may be features of a single
structure (60). The L and P rings lie in the outer membrane
and the periplasmic space (possibly in interaction with the
peptidoglycan layer), respectively (14). They form the outer
cylinder, which is believed to participate only passively in
the motor mechanism, acting as a bushing for the central
rod. The P and L rings form a large pore, through which the
rod passes (1, 60).
The P-ring protein possesses an N-terminal signal peptide
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which is cleaved during export of the protein to the periplas-
mic space (24). The L-ring protein is also processed during
its export to the outer membrane (26). By analogy with other
cytoplasmic membrane proteins of procaryotes (52), the
M-ring protein is not expected to be processed by cleavage
of a signal peptide.
The flagellar gene system is complex, involving about 40

genes organized into a regulon of 13 operons, with a master
level of control of gene expression and several secondary
levels of control (35, 36). Almost all of the genes are
clustered in just three regions of the chromosome (45), one
of which (region I) codes for all but one of the known
components of the flagellar basal body. The genes encoding
the L-, P-, and M-ring proteins have been identified asflgH,
flgl, and fliF, respectively (1, 23, 24, 26, 30, 40). The first two
of these genes are located in region I, while fliF is in region
III.

In this paper, we present the DNA sequences and deduced
product amino acid sequences of these three ring protein
genes. We also present the corresponding data for flgJ, a
flagellar gene of unknown function that followsflgI and is the
terminal gene of the flgB operon (41).

Flagellar gene symbols used in this paper follow the new
unified nomenclature for S. typhimurium and Escherichia
coli (28). The S. typhimurium genes whose sequences are
presented here, namely,flgH,flgl,flgJ, andfliF, correspond
to flaFVIII, flaFIX, flaFX, and flaAII.1, respectively, in the
old nomenclature.

MATERIALS AND METHODS
Plasmids. Plasmids pMH64 (containing flgE through flgG,

and part offlgH), pOH20 (containing flgH and flgI), pMH41

3890

JOURNAL OF BACTERIOLOGY, JUlY 1989, p. 3890-3900
0021-9193/89/073890-11$02.00/0
Copyright ©D 1989, American Society for Microbiology



FLAGELLAR BASAL-BODY RINGS OF S. TYPHIMURIUM 3891

PERIPLASM

CELL

-Li 1
MEMB

10 nm CYTOPLASM

FIG. 1. Cartoon of the flagellar basal body of S. typhimurium,
emphasizing the locations of the L, P, and M rings and the identities
of their component proteins, whose deduced sequences were ob-
tained in this study. Whether the S ring consists of a distinct protein
from FliF or simply represents a different domain of FliF is not
known. The proposed locations of the Mot proteins in the membrane
(memb) surrounding the M ring, and of the switch proteins as a

complex mounted onto the cytoplasmic face of the M ring, are

indicated in hatched outline.

(containing flgI through flgL), and its Bal 31 deletion deriv-
atives, and pAMH33 (containing fliF) have been described
before (25, 26, 33).

Chemicals and enzymes. Acrylamide and bisacrylamide
(Bio-Rad Laboratories, Rockville Centre, N.Y.) were elec-
trophoresis grade; urea (International Biotechnologies, Inc.,
New Haven, Conn.) was molecular-biology grade; all other
chemicals used were reagent grade. Restriction enzymes and
T4 DNA ligase were from standard commercial sources.

DNA sequencing of theflgH,flgI,flgJ, andfliF genes. DNA
sequencing offlgH through flgJ was performed on portions
of pMH64, pOH20, and various Bal 31 deletion derivatives
of pMH41. Restriction fragments were in some cases re-

duced in size by 5'-to-3' digestion either with exonuclease
(Exo1II) or by the single-stranded sequential method (11)
with the CYCLONE I Biosystem (International Biotechnol-
ogies, Inc.), according to manufacturer's instructions, ex-

cept that after the tailing reaction the DNA was extracted
with phenol. For ExollI digestion of the pMH41 Bal 31
derivatives, the plasmid was digested with EcoRI, cloned
into phage M13 mpl8 or mpl9, cut with BamHI and PstI at
the linker region, digested first with ExollI and then with

figH fi91 fIgJ

mung bean nuclease, and ligated with T4 DNA ligase.
Fragments were cloned into M13 and used to obtain the gene
sequences by the strategy shown in Fig. 2. ThefliF gene was
sequenced from a KpnI restriction fragment of plasmid
pAMH33 and restriction subfragments and CYCLONE de-
rivatives thereof (Fig. 2).

Manipulation of DNA was done by conventional proce-
dures (48). Sequencing was done by the dideoxynucleotide
method (55), with the modified T7 DNA polymerase (65)
Sequenase (U.S. Biochemical Corp., Cleveland, Ohio),
dITP in place of dGTP, and either universal primers or
special primers synthesized by a facility in the Department
of Chemistry, Yale University. In some instances, we used
purified Klenow fragment and 7-deaza-dGTP (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.). Labeling was
done with [35SJdATP (1,000 Ci/mmol; Amersham Corp.,
Arlington Heights, Ill.).

Sequence analyses. Routine sequence manipulations, anal-
ysis of DNA sequences for codon usage (57) and coding
probability (17), and analysis of protein sequences by the
algorithm of Engelman et al. (16) were all carried out on an
IBM personal computer. Sequence comparisons against the
GenBank DNA database (version 56) and the National
Biomedical Research Foundation protein data base (version
16) and analyses of protein sequences by the algorithms of
Chou and Fasman (10), Garnier et al. (18), and Kyte and
Doolittle (42) were made on a VAX computer in the Bio-
medical Computing Unit, Yale University.

RESULTS

Sequences of the flgH, figI, flgJ, and fliF genes. The DNA
sequences of the genes, together with the deduced amino
acid sequences of their products, are shown in Fig. 3 to 6.
These sequences have been deposited in GenBank under
accession numbers M24466 through M24469. In the case of
fliF, we also present a comparison with the homologous E.
coli gene (B. Frantz, D. Bartlett, and P. Matsumura, manu-
script in preparation).
The flgH, flgI, and flgJ genes were identified by the

following criteria. (i) All three genes are in the same operon
(37, 40, 41) and so must be transcribed from the same DNA
strand. An examination of all six possible reading frames of
the sequence revealed only three open reading frames that
were adjacent, in the same orientation, and large enough to
encode FIgH, FlgI, and FlgJ. (ii) The sizes of the genes were
consistent with the experimentally measured apparent mo-
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FIG. 2. Strategies used to obtain the DNA sequences of the flgH, flgI, and flgJ genes (left) and the fliF gene (right). flgH, flg!, and flgJ

are the last three genes of theflgB operon in flagellar region I of the chromosome, whilefliF is the first gene of thefliF operon in flagellar region
III. The fragments used for sequencing the nontemplate strand are shown above, and those for the template strand are shown below.
Fragments starting with a restriction site are indicated as follows: EcoRI (0), KpnI (C), MluI (-), Sall (*). Fragments generated by deletions
are shown as follows: CYCLONE (1), ExolIl ((D), Bal 31 (E). Fragments sequenced with a custom synthesized primer are shown (K>). Where
the limit to the sequence available from a fragment is a restriction site at its 3' end, this is shown by a bar at the head of the arrow. Sequence
beyond the region of interest is indicated by dashed lines.
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TABLE 1. Apparent and deduced molecular masses
of flagellar proteins

Molecular mass" (Da)
Protein

Apparent Deduced

FIgH precursor 29,000 24,681
FIgH mature (assumed Cys-22 start)" 27,000 22,392
FlgI precursor 40,000 38,125
FlgI mature (Glu-20 start) 38,000 36,235
FlgJ 36,000 34,346
FliF mature (Ser-2 start) 65,000 61,030
E. coli FliF mature (assumed Asn-2 start)' 60,000 60,390

" Apparent molecular masses are based on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis values reported in references 1, 4, 24, and 26,
except for that for FlgJ, which is from unpublished minicell data obtained
during an earlier study of the genetic region containing the hook-associated
protein genes flgK and flgL (25). The deduced molecular masses are from the
DNA sequences reported in the present study, except for that for E. coli FliF.
which is from data obtained by Frantz et al. (manuscript in preparation). The
N termini of the mature FlgI and FliF proteins have been determined by amino
acid sequence analysis (Jones et al., manuscript in preparation).

b Trp-24 is an alternative start (see text), which would give a deduced
molecular mass of 22,218 Da.

' By analogy with S. typhimurium FliF.

lecular masses of the gene products (Table 1). (iii) The
combined molecular masses of the three proteins (101 kilo-
daltons [kDa]) requires a coding sequence of ca. 2.8 kilo-
bases (kb). The length of the cloned region that includes the
three genes (from the MluI site in pOH20 to the 3' terminus
of the insert of pMH41-17 [25]) was 3.2 kb, too small to
include any other genes of the appropriate size. (iv) flgH
contains an EcoRI site (26), seen at position 526 of the open

stem-loop structure
-~~-p- p 4 - +--

CTCTAAGGGGCCGCCGGTGGGGGATACGCCACCGGCTCCCTGATTMTGAAGATGAAMGTA -1
FigG end S-D

ATG CM AM TAC GCG CTT CAC GCT TAC CCi GTT ATG GCC CTG ATG GTC GCG ACG CTG ACA 60
f-Met Gln Lys Tyr Ala Leu His Ala Tyr Pro Val Met Ala Leu Met Val Ala Thr Leu Thr 20

FlgH start

GGA TGC GCC TGG ATA CCC GCT AM CCG CUT GTG CAG GGG GCG ACC ACG GCG CAG CCG ATA 120
Gly Cys Ala Trp Ile Pro Ala Lys Pro Leu Val Gln Gly Ala Thr Thr Ala Gln Pro Ile 40

t or t
CCT GGC CCG GTA CCG GTG GCG AAT GGC TCC ATA m CAG TCT GCG CAG CCG ATT MT TAT 180
Pro Gly Pro Val Pro Val Ala Asn. Gly Ser Ile Phe Gln Ser Ala Gin Pro Ile Asn Tyr 60

GGC TAT CAG CCG CTT TUAAGAT CGT CGi CCG CGT AAT ATC GGC GAT ACG CTC ACG ATT 240
Gly Tyr Gin Pro Leu Phe Glu Asp Arg Arg Pro Arg Asn Ile Gly Asp Thr Leu Thr Ile 80

GTG TTA CAG GAA MC GTC AGC GCC AGT MA AGC TCG TCG GCA MT GCC AGC CGC GAC GGC 300
Val Leu Gln Glu Asn Val Ser Ala Ser Lys Ser Ser Ser Ala Asn Ala Ser Arg Asp Gly 100

MA ACC AGT m GGT TTT GAT ACG GTA CCG CGT TAT CTG CAG GGA TTA TTC GGT AAT TCC 360
Lys Thr Ser Phe Gly Phe Asp Thr Val Pro Arg Tyr Leu Gln Gly Leu Phe Gly Asn Ser 120

CGC GCG GAT ATG GAG GCC TCC GGC GGC MC TCT TTT MC GGC MA GGC GGC GCG MT GCC 420
Arg Ala Asp Met Glu Ala Ser Gly Gly Asn Ser Phe Asn Gly Lys Gly Gly Ala Asn Ala 140

AGC MT ACC m AGC GGC ACG CTG ACC GTG ACC GTC GAT CAG GTT CTG GCC MT GGC MT 480
Ser Asn Thr Phe Ser Gly Thr Leu Thr Val Thr Val Asp Gin Val Leu Ala Asn Gly Asn 160

TTA CAC GTC GTG GGG GM MA CAG ATC GCG ATT MT CAG GGA ACG GM TTC ATC CGC TTC 540
Leu His Val Val Gly Glu Lys Gln Ile Ala Ile Asn Gln Gly Thr Glu Phe Ile Arg Phe 180

TCC GGC GTG GTA MT CCA CGC ACC ATC AGC GGC AGC MC TCT GTT CCC TCG ACA CAG GTG 600
Ser Gly Val Val Asn Pro Arg Thr Ile Ser Gly Ser Asn Ser Val Pro Ser Thr Gln Val 200

GCG GAT GCG CGG ATT GM TAT GTC GGG MC GGC TAT ATT MC GM GCG CM MT ATG GGC 660
Ala Asp Ala Arg Ile Glu Tyr Val Gly Asn Gly Tyr Ile Asn Glu Ala Gln Asn Met Gly 220

TGG CTG CM CGT TTC TTC CTT MT TTG TCG CCG ATG TM GCGAGGTGTATGTGTTTAAAG 720
Trp Leu Gln Arg Phe Phe Leu Asn Leu Ser Pro Met -E- 232

FIgH end Flgl start

FIG. 3. DNA sequence of theflgH gene and deduced amino acid
sequence of its product (the L-ring protein). Numbering of the
sequence commences with the presumed initiation codon. The
intergenic regions betweenflgG and flgH and betweenflgH and flgl
are also shown. Two possible sites of cleavage of the N-terminal
signal sequence are indicated by vertical arrows. A potential stem-
loop structure in the region between flgG and flgH is indicated and
discussed in the text. S-D, Potential ribosome-binding site (Shine-
Dalgarno sequence).

AAATATGGGCTGGCTGCAACGTTTCTTCCTTAATTTGTCGCCGATGTAAGC6UTGTAT
FigH end S-D

-1

GTG m AMA GCT CTT GCA GGA ATC GTT CTG GCA CTG GTT GCC ACT CTG GCG CAC GCC GAG 60
f-Met Phe Lys Ala Leu Ala Gly Ile Val Leu Ala Leu Val Ala Thr Leu Ala His Ala Glu 20

F1gI start t
CGT ATC CGG GAT CTG ACC AGT GTC CAG GGA GTA CGG GM AAC TCG CTG ATC GGC TAC GGG 120
Arg Ile Arg Asp Leu Thr Ser Val Gin Gly Val Arg Glu Asn Ser Leu Ile Gly Tyr Gly 40

CTG GTG GTC GGG TTG GAC GGT ACG GGC GAC CAG ACG ACC CAG ACG CCA TTT ACC ACT CAG 180
Leu Val Val Gly Leu Asp Gly Thr Gly Asp Gin Thr Thr Gin Thr Pro Phe Thr Thr Gln 60

ACG CTG MT MC ATG CTG TCA CM CTG GGG ATT ACG GTC CCC ACC GGC ACC MT ATG CAG 240
Thr Leu Asn Asn Met Leu Ser Gin Leu Gly Ile Thr Val Pro Thr Gly Thr Asn Met Gln 80

TTG MA MC GTG GCG GCG GTG ATG GTG ACG GCG TCG TAT CCG CCT m GCG CGA CAG GGA 300
Leu Lys Asn Val Ala Ala Val Met Val Thr Ala Ser Tyr Pro Pro Phe Ala Arg Gin Gly 100

CM ACG ATC GAT GTC GTT GTT TCC TCA ATG GGG MC GCT AM AGT CTG CGT GGC GGG ACG 360
Gin Thr Ile Asp Val Val Val Ser Ser Met Gly Asn Ala Lys Ser Leu Arg Gly Gly Thr 120

TTA TTA ATG ACG CCG TTA MA GGG GTG GAC AGC CAG GTG TAT GCT TTG GCG CAG GGC MT 420
Leu Leu Met Thr Pro Leu Lys Gly Val Asp Ser Gln Val Tyr Ala Leu Ala Gln Gly Asn 140

ATT CTG GTC GGT GGC GCG GGC GCT TCC GCA GGC GGC AGT AGC GTG CAG GTT MC CAG CTT 480
Ile Leu Val Gly Gly Ala Gly Ala Ser Ala Gly Gly Ser Ser Val Gin Val Asn Gin Leu 160

MT GGC GGG CGC ATC ACT MC GGC GCG ATU ATC GM CGC GAG TTG CCG ACT CAG TTC GGC 540
Asn Gly Gly Arg Ile Thr Asn Gly Ala Ile Ile Giu Arg Glu Leu Pro Thr Gln Phe Gly 180

GCT GGC MC ACC ATT MT CTG CM TTG MC GAC GM GAT m ACG ATG GCG CAG CM ATT 600
Ala Gly Asn Thr Ile Asn Leu Gln Leu Asn Asp Glu Asp Phe Thr Met Ala Gin Gin Ile 200

ACC GAC GCC ATC MC CGC GCG CGC GGT TAC GGC AGC GCC ACT GCG CTT GAT GCG CGA ACG 660
Thr Asp Ala Ile Asn Arg Ala Arg Gly Tyr Gly Ser Ala Thr Ala Leu Asp Ala Arg Thr 220

GTA CAG GTA CGC GTG CCC AGC GGC MC AGC TCG CAG GTG CGT m CTG GCG GAC ATT CM 720
Val Gin Val Arg Val Pro Ser Gly Asn Ser Ser Gin Val Arg Phe Leu Ala Asp Ile Gin 240

MT ATG GM GTC MC GTG ACG CCG CAG GAT GCA MA GTC GTG ATC MC TCG CGT ACC GGT 780
Asn Met Glu Val Asn Val Thr Pro Gln Asp Ala Lys Val Val Ile Asn Ser Arg Thr Gly 260

TCG GTG GTC ATG MT CGG GM GTC ACG CTG GAT AGC TGC GCT GTG GCG CAG GGC MT TTG 840
Ser Val Val Met Asn Arg Glu Val Thr Leu Asp Ser Cys Ala Val Ala Gln Gly Asn Leu 280

TCA GTG ACA GTC MT CGC CAG CTC MC GTIC MC CAG CCG MT ACG CCA TTT GGC GGC GGG 900
Ser Val Thr Val Asn Arg Gin Leu Asn Val Asn Gin Pro Asn Thr Pro Phe Gly Gly Gly 300

CAG ACC GTG GTG ACG CCA CAG ACT CAG ATA GAT TTG CGT CAG AGC GGC GGA TCG CTA CAG 960
Gin Thr Val Val Thr Pro Gln Thr Gln Ile Asp Leu Arg Gin Ser Gly Gly Ser Leu Gln 320

AGC GTG CGT TCC AGC GCC MT CTG MC AGC GTA GTG CGT GCG CTG MT GCG CTT GGC GCG 1020
Ser Val Arg Ser Ser Ala Asn Leu Asn Ser Val Val Arg Ala Leu Asn Ala Leu Gly Ala 340

ACG CCG ATG GAT CTG ATG TCG ATT TTG CA6 TCC ATG CAG AGC GCG GGC TGT CTA CGC GCC 1080
Thr Pro Met Asp Leu Met Ser Ile Leu Gin Ser Met Gin Ser Ala Gly Cys Leu Arg Ala 360

MA CTG GM ATC ATC TGA TGATCGGAGACGGTAAATTGCTGGCCAGCGCGGCCTGGGATG 1140
Lys Leu Glu Ile Ile -E- 365

FlgI and FlgJ start

FIG. 4. DNA sequence of theflgl gene and deduced amino acid
sequence of its product (the P-ring protein). Numbering of the
sequence commences with the presumed initiation codon; bp 1 in
this figure corresponds to bp 711 in Fig. 3. The intergenic region
betweenflgH andflgl and the region of overlap betweenflgI andflgJ
are also shown. The site of cleavage of the N-terminal signal
sequence, between Ala-19 and Glu-20 (Jones et al., manuscript in
preparation), is indicated by a vertical arrow. A 16-bp palindrome is
indicated by a double arrow. S-D, Shine-Dalgarno sequence.

reading frame in Fig. 3; flgI contains a single MluI site (24),
seen at position 669 in Fig. 4; andflgJ contains two such sites
(25), seen at positions 199 and 760 in Fig. 5. (v) The 3' end of
flgI lay between the 3' termini of the inserts of pMH41-21
and pMH41-41 (24). These endpoints lay about 200 bases
upstream and 60 bases downstream of the 3' end of the open
reading frame in Fig. 4. (vi) In all three cases, the open
reading frames were assessed at the 96% confidence level as
coding regions by the program TESTCODE (17).
fliF was identified as the open reading frame shown in Fig.

6 by the following criteria. (i) Restriction mapping (data not
shown) indicated that the gene contained two EcoRI sites,
seen at positions 74 and 1299 in Fig. 6. (ii) The size of the
gene is consistent with the experimentally measured appar-
ent molecular mass of its product (Table 1). (iii) The deduced
amino acid sequence of the N terminus of FliF agreed with
that obtained by experimental analysis (see below). (iv) The
DNA sequence closely resembled that of the homologous E.
coli gene (4, 40; Frantz et al., manuscript in preparation) (see
below). (v) The open reading frame was assessed at the 96%
confidence level as a coding region by the program
TESTCODE (17).

J. BACTERIOL.



FLAGELLAR BASAL-BODY RINGS OF S. TYPHIMURIUM 3893

S-D
GTCGATTTTGCAGTCCATGCAGAGCGCGGGCTGTCTACGCGCCAAACTGGAAATCATCTG -1

Flgl end

ATG ATC GGA GAC GGT AAA TTG CTG GCC AGC GCG GCC TGG GAT GCG CM TCT CTG MC GM 60
f-Met Ile Gly Asp Giy Lys Leu Leu Ala Ser Ala Ala Trp Asp Ala Gln Ser Leu Asn Glu 20

F1gJ start

CTG AAA GCG AM GCG GGC CAG GAC CCG GCG GCG MT ATC CGT CCT GTG GCC CGT CAG GTG 120
Leu Lys Ala Lys Ala Gly Gln Asp Pro Ala Ala Asn Ile Arg Pro Val Ala Arg Gln Val 40

GM GGG ATG m GTG CAG ATG ATG CTG MA AGT ATG CGC GAG GCT TTA CCC MA GAT GGT 180
Glu Gly Met Phe Val Gln Met Met Leu Lys Ser Met Arg Glu Ala Leu Pro Lys Asp Gly 60

TTA TTC AGC AGC GAT CAG ACG CGT CTG TAT ACC AGC ATG TAT GAC CAG CAG ATC GCC CAG 240
Leu Phe Ser Ser Asp Gln Thr Arg Leu Tyr Thr Ser Met Tyr Asp Gln Gln Ile Ala Gln 80

CAG ATG ACC GCC GGT MG GGA TTG GGG CTG GCG GAT ATG ATG GTT MA CAG ATG ACC AGC 300
Gln Met Thr Ala Gly Lys Gly Leu Gly Leu Ala Asp Met Met Val Lys Gin Met Thr Ser 100

GGG CAG ACG ATG CCT GCG GAT GAC GCG CCG CM GTA CCG CTT MA TTC TCC CTG GAG ACG 360
Gly Gln Thr Met Pro Ala Asp Asp Ala Pro Gln Val Pro Leu Lys Phe Ser Leu Glu Thr 120

GTA MC AGC TAT CM MT CAG GCG CTG ACC CM CTG GTG CGC MA GCC ATA CCG MA ACG 420
Val Asn Ser Tyr Gln Asn Gln Ala Leu Thr Gln Leu Val Arg Lys Ala Ile Pro Lys Thr 140

CCG GAC AGC AGC GAT GCG CCG CTC TCC GGC GAC AGT MA GAC m CTG GCC CGG CTT TCG 480
Pro Asp Ser Ser Asp Ala Pro Leu Ser Gly Asp Ser Lys Asp Phe Leu Ala Arg Leu Ser 160

CTC CCT GCG AGG CTG GCC AGC GM CM AGC GGG GTG CCG CAT CAT CTG ATT CTG GCG CAG 540
Leu Pro Ala Arg Leu Ala Ser Glu Gln Ser Gly Val Pro His His Leu Ile Leu Ala Gln 180

GCG GCA CTG GAG TCC GGC TGG GGG CAG CGG CM ATC CTG CGG GAG MT GGC GM CCC AGC 600
Ala Ala Leu Glu Ser Gly Trp Gly Gln Arg Gin Ile Leu Arg Giu Asn Gly Glu Pro Ser 200

TAT MC GTAm GGC GTG MA GCG ACC GCC AGT TGG AM GGG CCG GTG ACG GAG ATC ACC 660
Tyr Asn Val Phe Gly Val Lys Ala Thr Ala Ser Trp Lys Gly Pro Val Thr Glu Ile Thr 220

ACC ACT GM TAC GM MT GGC GM GCG AM MA GTG MA GCG MA TTC CGC GTC TAT AGC 720
Thr Thr Glu Tyr Glu Asn Gly Glu Ala Lys Lys Val Lys Ala Lys Phe Arg Val Tyr Ser 240

TCG TAT CTG GAG GCA TTA TCG GAT TAT GTC GCG CTG TTA ACG CGT MC CCA CGC TAC GCT 780
Ser Tyr Leu Giu Ala Leu Ser Asp Tyr Val Ala Leu Leu Thr Arg Asn Pro Arg Tyr Ala 260

GCC GTG ACC ACT GCC GCC ACG GCA GAG CAG GGC GCA GTG GCT CTG CM MC GCC GGA TAC 840
Ala Val Thr Thr Ala Ala Thr Ala Glu Gln Gly Ala Val Ala Leu Gln Asn Ala Gly Tyr 280

GCC ACT GAC CCG MT TAC GCG CGT MA TTG ACC AGC ATG ATT CAG CAG TTG MA GCG ATG 900
Ala Thr Asp Pro Asn Tyr Ala Arg Lys Leu Thr Ser Met Ile Gin Gin Leu Lys Ala Met 300

AGT GM MG GTC AGC MA ACC TAC AGC GCG MT CTC GAC MT CTC TTT TM ATTGCTCM 960
Ser Glu Lys Val Ser Lys Thr Tyr Ser Ala Asn Leu Asp Asn Leu Phe -E- 316

FlgJ end

GTCCACGTAGTCGCTGCCGGMTCMCGAGTATTGMGGATTAAAAGGMCCATCATGTC 1020
FlgK start

-v , - 4- vs

CAGCTTGATTAATCACGCCATGAGCGGACTTMCGCCGCGCAGGCCGCGTTMATACGGT 1080

FIG. 5. DNA sequence of the flgJ gene and deduced amino acid
sequence of its product (a flagellar protein of unknown function).
Numbering of the sequence commences with the presumed initiation
codon; bp 1 in this figure corresponds to bp 1098 in Fig. 4. The
region of overlap between flgI and flgJ, the interoperon region
between flgJ (the last gene of the flgB operon) and flgK (encoding
one of the hook-associated proteins, and the first gene of the flgK
operon), and a portion of the coding region of flgK that may

constitute the transcription termination signal for the flgB operon

are also shown. Palindromes and potential stem-loop structures are

indicated by arrows. The presumed promoter of the flgK operon is
indicated by solid squares. S-D, Shine-Dalgarno sequence.

Translational initiation sites offlgH,flgI,flgJ, andfliF. The
identification of the initiation codons for the various genes is
based on the absence of other reasonable candidates nearby.
In the case offlg!, it was further supported by the knowledge
that the mature protein begins at Glu-20 (see below), placing
tight constraints on the start site of the precursor protein.
ForflgH, there was supporting evidence that is less direct;
the protein is processed (26), and the deduced N-terminal
region from the translation start shown in Fig. 3 contained a

consensus signal sequence. In the case of flgJ, the TTG
codon at position 19 could be the start in that it has an

acceptable ribosome-binding sequence, but we think it un-

likely since (in E. coli at least) TTG is used as a start codon
in only about 1% of the genes for which data are available
(20).
The presumed ribosome-binding site (AAGG) forflgH is

strong (58) but unusually close to the initiation codon (Fig.
3); it may be that the somewhat weaker site upstream
(GAAG) is the correct one. TheflgH-flgI intergenic distance
was only 11 base pairs (bp) and contained a strong consensus

ribosome-binding site (GAGG) 6 bp upstream from the start
codon of flg! (Fig. 4). figI terminated in a 1-bp overlap
(TGATG) with the start offlgJ, and so the ribosome-binding
site forflgJ, if it exists, must lie within the coding region of
flgI; the best candidate is weak (GGA, Fig. 5).fliF contained
a strong, well-placed ribosome-binding site (GAGG, Fig. 6).
Codon usage. We examined the codon usage of flgH, flg!,

flgJ, and fliF by using the codon adaptation index of Sharp
and Li (57). The calculated values (0.28, 0.28, 0.32, and 0.33,
respectively) predict fairly low levels of gene expression for
these proteins, a reasonable prediction since there are typi-
cally only about 6 flagella per cell, and the number of
subunits of each ring component in the basal body is ca. 26
(C. J. Jones, H. Okino, S.-I. Aizawa, and R. M. Macnab,
manuscript in preparation). Analyses using the optimal
codon frequency parameter of Ikemura (29), or the level of
rare and infrequent codon usage as described by Konigsberg
and Godson (38), yielded qualitatively similar results.

Transcriptional features. Upstream of flgH lies flgG (26,
37, 40; M. Homma and R. M. Macnab, unpublished data)
(Fig. 3). For two genes within the same operon (the flgB
operon), the intergenic region was unusually large, 54 bp,
and contained an inverted repeat sequence that would permit
the formation of a stem-loop structure with 14 paired bases
in the stem and 8 bases in the loop, with an estimated
stability of ca. -33 kcal/mol (66). The possible significance
of this will be discussed later.

FollowingflgJ (Fig. 5) was a noncoding region of 64 bp
before an extended open reading frame that corresponded to
flgK, the first gene of a two-gene operon (25, 41; M. Homma
and R. M. Macnab, unpublished data). For two genes be-
longing to different operons, this separation is quite short. A
moderately strong flagellum-specific promoter sequence (3)
for the flgK operon (TCAA and GCCGGAAT, separated by
15 bp) was evident within the intergenic region between flgJ
and flgK. There was no stem-loop sequence in the intergenic
region, such as might constitute a transcription terminator
for the flgB operon. However, just 8 bp into theflgK coding
sequence there was a palindromic sequence immediately
followed by a potential stem-loop sequence (with an esti-
mated stability of -12.6 kcal/mol), which may represent the
termination signal for the flgB operon.

fliF is the first gene of a six-gene operon. The gene
immediately upstream isfliE, which is an independent tran-
scriptional unit; its orientation (parallel or divergent) with
respect to the fliF operon is unknown (41). Because fliE is
partially deleted in the parent plasmid (33), we made no
attempt here to identify features associated with that gene.
Centered about 34 bp upstream of the start codon of fliF
(Fig. 6) was the sequence TTTGCAAAAAACG, whose
central portion represents a five of eight match to the
flagellum-specific -10 consensus promoter sequence (GC
CGATAA) described by Helmann and Chamberlin (22), and
whose complete sequence represents a 10 of 13 match to the
extended consensus described by Bartlett et al. (3). This
extended consensus, which is also present in the fliF operon
of E. coli, may represent a further level of refinement in the
control of flagellar gene expression, as has been discussed
(3). The sequence upstream of this (AGTG) bears no resem-
blance to the flagellum-specific -35 consensus (TAAA) seen
in a number of flagellar operons. However, there are several
other flagellar operons whose -35 regions do not conform to
the TAAA consensus (3, 33); indeed, evidence for the
consensus stems primarily from operons encoding products,
such as flagellin, the hook-associated proteins, and the Mot
and Che proteins, that are required at a late stage of the
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GGAMTGAGTCTTGTTCCACTMTGCAAAAAACGCCGTCCACGATCAGTCACGAGGTGCGAG -1
S-D

ATG AGT GCG ACT GCA TCG ACT GCA ACC CM CCT MA CCT CTC GAG TGG CTT MT CGC CTA 60
f-Net Ser Ala Thr Ala Ser Thr Ala Thr Gin Pro Lys Pro Leu Glu Trp Leu Asn Arg Leu 20

ec tAsn --- --- --- Ala * Thr Ser *
FliF start

CGC GCG MT CCC CGA ATT CCG TTA ATT GTI CG GGT TCC GCT GCC GTG GCG ATC GTC GTT 120
Arg Ala Asn Pro Arg Ile Pro Leu Ile Val Ala Gly Ser Ala Ala Val Ama Ile Val Val 40

ec * * Lys * * * * * * Val Met *

GCG ATG GTG CTG TGG GCC MA ACG CCC GAT TAC CGC ACG CTA TTT AGC MC CTT TCC GAT 180
Ala Net Val Leu Trp Ala Lys Thr Pro Asp Tyr Arg Thr Leu Phe Ser Asn Leu Ser Asp 60

ec *Leu Ie * Ala * * * *

CAG GAC GGC GGC GCG ATC 6TC GCG CAG TTG ACC CAG ATG MT ATC CCC TAT CGC TTT GCC 240
Gln Asp Gly Gly Ala Ile Vai Ala Gln Leu Thr Gln Net Asn Ile Pro Tyr Arg Phe Ala 80

ec * * * * Ser * * * * * * * * Ser

AAT GGC AGC GGC GCG ATT GM GTG CCC GCC GAC MA GTG CAT GM CTG CGT CTG CGT CTG 300
Asn Gly Ser Gly Ala Ile Glu Val Pro Ala Asp Lys Val His Glu Leu Arg Leu Arg Leu 100

ec Glu Ala * * * * * *

GCG CAG CAG GGG CTG CCT MA GGC GGC GC6 GTA GGC m GAM CTG CTT GAT CAG GM MA 360
Ala Gln Gln Gly Leu Pro Lys Gly Gly Ala Val Gly Phe Giu Leu Leu Asp Gln Glu Lys 120

ec * * * * * * * * *

TTC GGT ATC AGC CAG TTC AGC GAG CAG GTIG MT TAT CAG CGC GCG CTG GM GGT GM CTG 420
Phe Gly Ile Ser Gln Phe Ser Glu Gin Val Asn Tyr Gln Arg Ala Leu Glu Gly Glu Leu 140

ec * ***

GCC CGG ACG ATC GAG ACG CTG GGG CCG GTi MA AGC GCC CGC GTT CAC CTG GCG ATG CCA 480
Ala Arg Thr Ile Glu Thr Leu Gly Pro Val Lys Ser Ala Arg Val His Leu Ala Net Pro 160

ec Ser * * * * Ile * Gly * * * * *

MG CCG TCG CTA TTT GTG CGG GM CM AA TCC CCT TCC GCC TCC GTC ACC GTC ACA CTG 540
Lys Pro Ser Leu Phe Val Arg Glu Gln Lys Ser Pro Ser Ala Ser Val Thr Val Thr Leu 180

ec * Asn

GM CCG GGA CGG GCG CTG GAT GM GGA CM ATT AGC GCC GTG GTA CAT CTG GTT TCC AGC 600
Glu Pro Gly Arg Ala Leu Asp Glu Gly Gln Ile Ser Ala Val Val His Leu Val Ser Ser 200

ac Leu * * * * * * Ile *

GCT GTC GCC GGT TTG CCG CCA GGA MC GTC ACT CTG GTC GAT CM TCC GGT CAT CTG CTC 660
Ala Val Ala Gly Leu Pro Pro Gly Asn Val Thr Leu Val Asp Gln Ser Gly His Leu Leu 220

ec * * * * * * * * Gly * *

ACG CM TCC MT ACC AGC GGT CGC GAC CTT MT GAC GCG CM TTA MA m GCT MT GAT 720
Thr Gln Ser Asn Thr Ser Gly Arg Asp Leu Asn Asp Ala Gln Leu Lys Phe Ala Asn Asp 240

ec * * * * * * * Tyr * Ser

GTG GM AGC CGT ATC CM CGC CGT ATC GAM GCC ATT CTG TCG CCT ATC GTC GGG MC GGT 780
Val Glu Ser Arg Ile Gln Arg Arg Ile Glu Ala Ile Leu Ser Pro Ile Val Gly Asn Gly 260

ec * Gly * * * * * * * * *

MT GTT CAC GCT CAG GTA ACC GCC CAG TTG GAT m GCC MT MA GAG CAG ACG GM GAG 840
Asn Val His Ala Gln Val Thr Ala Gln Leu Asp Phe Ala Asn Lys Glu Gln Thr Glu Glu 280

ec Ile * * * * * * * Ser * * *

CAC TAC AGC CCG AAC GGC GAT GCG TCG MG GCC ACT CTG CGT TCA CGT CAG TTG MT ATT 900
His Tyr Ser Pro Asn Gly Asp Ala Ser Lys Ala Thr Leu Arg Ser Arg Gln Leu Asn Ile 300

ec Gin * Arg * * Glu * His * Ala * * * Glu

AGC GM CAG GTA GGC GCG GGC TAT CCC GGC GGC GTG CCT GGC GCG CTG TCG MC CAA CCA 960
Ser Giu Gin Val Gly Ala Gly Tyr Pro Gly Gly Val Pro Gly Ala Leu Ser Asn Gin Pro 320

ec * * Ser * Ser * * * * * * * *

GCG CCG CCT MC GAG GCG CCG ATC GCC ACG CCG CCG ACC MT CM CM MC GCG CAG MT 1020
Ala Pro Pro Asn Giu Ala Pro Ile Ala Thr Pro Pro Thr Asn Gin Gin Asn Ala Gin Asn 340

ec * * Ala * Asn * Ser * Ala Asn --- --- ---

ACG CCA CM ACC AGC ACC AGT ACC AAC AMi MC AGT GCT GGC CCG CGT AMT ACA CAG CGT 1080
Thr Pro Gin Thr Ser Thr Ser Thr Asn Ser Asn Ser Ala Gly Pro Arg Ser Thr Gin Arg 360

ec --- Arg * Gln Gln Ala * Thr * * --- * Thr *

MT GAA ACC AGT MC TAC GAA GTG GAC CGC ACC ATT CGT CAC ACC MA ATG MT GTG GGC 1140
Asn Giu Thr Ser Asn Tyr Giu Val Asp Arg Thr Ile Arg His Thr Lys Met Asn Val Gly 380

ec * * * *

GAT ATT GAG CGT CTC TCC GTG GCC GTC GTI GTG MT TAC MA ACG CTG GCG GAT GGC AAA 1200
Asp Ile Giu Arg Leu Ser Val Ala Val Val Val Asn Tyr Lys Thr Leu Ala Asp Gly Lys 400

ec Val Gin * * * * Pro

CCG CTG CCA TTG ACC GCC GAT CAG ATG MA CAG ATC GAG GAT TTA ACC CGT GM GCG ATG 1260
Pro Leu Pro Leu Thr Ala Asp Gin Met Lys Gin Ile Giu Asp Leu Thr Arg Giu Ala Met 420

ec * * * Ser Asn Giu * * * * *
-* *--- *-<

GGT m TCT GAT AAA CGC GGC GAT ACG CTA MT GTG GTG MT TCA CCG m AGC GCA GTG 1320
Gly Phe Ser Asp Lys Arg Giy Asp Thr Leu Asn Val Val Asn Ser Pro Phe Ser Ala Vai 440

ec * GIu * * Ser * * * * * * Asn Ser Ser

GAT MC ACC GGC GGC GM CTG CCC TTC TGG CM CAG CAG TCC TTT ATC GAT CAG TTG CTC 1380
Asp Asn Thr Giy Giy Giu Leu Pro Phe Trp Gin Gin Gin Ser Phe Ile Asp Gin Leu Leu 460

ec * G6u Ser * * * Ala * *

GCG GCA GGT CGC TGG TTG CTG GTG CTG GTG GTG GCC TGG ATT CTG TGG CGC MA GCG GTA 1440
Aia Ala Gly Arg Trp Leu Leu Val Leu Val Val Ala Trp Ile Leu Trp Arg Lys Ala Val 480

ec * * * Leu * Leu *

CGT CCG CAG TTG ACG CGC CGC GTT MGM GCG MMA GCG GCG CAG GM CAG GCG CAG GTT 1500
Arg Pro Gin Leu Thr Arg Arg Val Giu Giu Ala Lys Ala Ala Gin Giu Gin Ala Gin Vai 500

ec * * * Ala * AlaNet * Val Gin Ala

CGC CAG GM ACC GM GM GCC GTG GM GTA CGC CTT AGC AM GAC GAG CAG CTC CAG CM 1560
Arg Gin Giu Thr Glu Giu Ala Vol Giu Val Arg Leu Ser Lys Asp Giu Gin Leu Gin Gin 520

ec Giu Val Asp* * * * * *

CGC CGG GCT MC CAG CGT CTG GGC GCT GAG GTG ATG AGC CAG CGT ATT CGC GM ATG TCA 1620
Arg Arg Ala Asn Gin Arg Leu Gly Ala Giu Val Net Ser Gin Arg Ile Arg Giu Net Ser 540

ec * * * * * * * * * *

GAC MC GAT CCG CGC GTG GTG GCG CTG GTC ATT CGC CAG TGG ATG AGT MC GAT CAT GAG 1680
Asp Asn Asp Pro Arg Val Val Ala Leu Val Ile Arg Gin Trp Met Ser Asn Asp His Giu 560

ec * * Val Ile Asn
FI1F end

FliG start

TAA TCTTAGCGGTACCGATAAAAGCGTCATTTTGTTGATGACCATTGGCGAAGACCGGGC 1740
-E-

FIG. 6. DNA sequence of the fliF gene and deduced amino acid sequence of its product (the M-ring protein). Numbering of the sequence
commences with the presumed initiation codon. The N-terminal methionine is cleaved (vertical arrow) to yield Ser-2 as the first residue of
the mature protein (Jones et al., manuscript in preparation). A portion of the interoperon region betweenfliE andfliF and the region of overlap
betweenfliF andfliG (one of the flagellar switch genes) are also shown (cf. Fig. 6 in reference 33). The presumed promoter of thefliF operon
is indicated by solid squares. Symmetry elements (palindromes and inverted repeats) are indicated by arrows. Below the S. typhimurium
amino acid sequence is shown the amino acid sequence of the homologous E. coli protein (ec; Frantz et al., manuscript in preparation). Only
differing residues are shown; where differences in DNA sequence exist but do not alter the amino acid sequence, this is indicated by an
asterisk. The S. typhimurium sequence contains 8 additional residues, indicated by dashes in the E. coli sequence. Alignment of the two
sequences between S. typhimurium Ala-338 and Thr-346 has been chosen arbitrarily. S-D, Shine-Dalgarno sequence.

assembly process (3), whereas FliF is required at an early
stage (63; C. J. Jones and R. M. Macnab, unpublished data).
There were several extensive symmetry elements in these

genes. For example, there was a 16-bp palindrome in flg!
(Fig. 4) and 12-bp ones inflgJ and fliF (Fig. 5 and 6), as well
as a number of shorter ones. Two sequences existed in the
fliF transcript (Fig. 6) that could generate stem-loops, with
predicted stabilities of -26.6 and -17.0 kcal/mol (66).
N termini of the FlgH, FlgI, FlgJ, and FliF proteins. Both

flgH and flgI code for proteins that are known to be
processed during their export to the outer membrane and
periplasmic space, respectively (24, 26). That the processing
consists of cleavage of an N-terminal peptide was confirmed
by the N-terminal sequences (Fig. 3 and 4), which con-
formed well to the consensus for signal peptides (52): each
sequence had a single lysine residue near the N terminus,
followed by a predominantly hydrophobic sequence of 11 to
14 residues, a threonine residue, and one (FlgI) or two
(FlgH) possible cleavage sites. The predicted cleavage site of
the FlgI precursor protein before Glu-20 (24) (Fig. 4) was
verified by N-terminal amino acid analysis of the mature
form (Jones et al., manuscript in preparation). It has not
proved possible thus far to determine the N-terminal se-
quence of the mature form of FlgH, as it appears to be

blocked; we are therefore unable to state which of the
potential cleavage sites (before Cys-22 or Trp-24 of the
precursor form, Fig. 3) is correct.
The N terminus of FliF did not resemble a consensus

signal sequence (Fig. 6); this is the expected result for a
procaryotic cytoplasmic membrane protein (52). N-terminal
amino acid analysis verified that the mature protein had had
the initial methionine residue cleaved (as commonly occurs
in bacterial proteins) to yield Ser-2 as the first residue (Jones
et al., manuscript in preparation). FlgJ, whose cellular
location has not been determined, also lacked an N-terminal
signal sequence (Fig. 5).
The predicted molecular masses of FlgH, FlgI, FlgJ, and

FliF (Table 1) agree reasonably well with the values calcu-
lated from sodium dodecyl sulfate-polyacrylamide gels.
Primary structure and predictions of secondary structure.

The ring proteins are likely to conform partially to descrip-
tions of both soluble and membrane proteins (see Discus-
sion), and so we elected to examine them by several predic-
tive schemes, those of Chou and Fasman (10) and Garnier et
al. (18) for secondary structure of cytoplasmic proteins,
Kyte and Doolittle (42) for hydropathy, and Engelman et al.
(16) for transmembrane ao-helical secondary structure.
The FIgH protein was fairly hydrophilic (hydrophilicity
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FIG. 7. Analyses of the primary sequences of the membrane-
associated L- and M-ring proteins (FIgH and FliF) by the algorithm
of Engelman et al. (16), which predicts the portions of a membrane
protein that are likely to be membrane-spanning as an cx-helix. For
the FIgH protein, which is in the outer membrane, there is a
predicted span (H) that represents the N-terminal signal peptide, but
none in the mature protein. For the FliF protein, there is one
strongly predicted transmembrane helix (Hi) near the N terminus
and two weakly predicted ones (H2 and H3), centered at about
residues 200 and 470, respectively.

index for the mature protein of 0.16 on the Kyte-Doolittle
scale). The Chou-Fasman and Garnier et al. algorithms both
indicated a fairly high 1-sheet content for the mature protein
(26 and 30%, respectively), although with extensive dis-
agreement as to where it occurs in the primary sequence
(data not shown). The (x-helical content is predicted to be
either comparable to (27% by Chou-Fasman) or much lower
than (4% by Garnier et al.) the 1-sheet content. The only
transmembrane ox-helix strongly predicted by the scheme of
Engelman et al. (Fig. 7) corresponded to the signal peptide.
The N terminus of FlgH was notably deficient in charged
residues (Fig. 3); there was only one (Lys-28) in the first 45
residues of the mature protein. This uncharged region was
immediately followed by a short region of very high charge
density (Glu-Asp-Arg-Arg-Pro-Arg, positions 67 to 72).
Within the uncharged N-terminal region of FlgH was a
segment in which prolines alternated with other amino acids
(Pro-Ile-Pro-Gly-Pro-Val-Pro, positions 39 to 45). The FIgH
sequence also had several segments where serines or thre-
onines alternated with other amino acids (Ser-Ala-Ser-Lys-
Ser-Ser-Ser, positions 87 to 93; Ser-Asn-Thr-Phe-Ser-Gly-
Thr-Leu-Thr-Val-Thr, positions 141 to 151; and Thr-Ile-
Ser-Gly-Ser-Asn-Ser, positions 188 to 194).
The FlgI sequence was weakly hydrophilic (hydrophilicity

index of 0.08 for the mature protein). As expected from its
location in the aqueous periplasmic space, it had no pre-
dicted membrane-spanning cx-helices other than that of its
signal peptide (data not shown). The mature protein is
predicted to have a large amount of 1-structure (42% [Chou-
Fasman] or 36% [Garnier et al.]). Four of the five N-terminal
amino acids of the mature FlgI protein were charged (Glu-
Arg-Ile-Arg-Asp, positions 20 to 24, Fig. 4); the C terminus
was also charged (three of the seven terminal residues). Near
the center of the sequence were two sets of three sequential
charged residues (positions 172 to 174 and 191 to 193). There
were three large regions containing at most one charged
residue (positions 51 to 97, 131 to 163, and 272 to 310) which
together accounted for 34% of the mature protein. The
protein contained just two cysteine residues, in the C-
terminal region of the protein (positions 273 and 357).

FlgJ was hydrophilic (hydrophilicity index of 0.31) and
was not predicted to have any transmembrane (x-helices, but
was predicted to have a high cs-helical content (58% [Chou-
Fasman] or 36% [Garnier et al.]). In one predicted helix-
turn-helix region (Leu-178 to Gly-197, Fig. 5), the sequence
conformed to the consensus for a DNA-binding motif (53).
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FIG. 8. Comparison of the amino acid sequences of the FliF

proteins of S. tvphirnurium (this study) and E. coli (Frantz et al.,
manuscript in preparation). The histogram shows the percent differ-
ence in the sequence of a window of 20 residues as a function of
position of the window within the sequence. (For clarity, only every
fourth data point is shown.) The two longest stretches of identity
contain 58 and 42 residues, beginning at Ser-83 and Ala-507,
respectively. The maximum divergence of the two sequences occurs
from about the middle until close to the C terminus, reaching as high
as 55%.

The sequence also had a highly charged region (Glu-223 to
Arg-237) that contained three acidic residues and then five
basic ones.

FliF was hydrophilic (hydrophilicity index of 0.43), espe-
cially in its C-terminal half; from about residue 274 on, there
was a marked increase in hydrophilicity, giving rise to a
hydrophilicity index of 0.77, whereas the N-terminal region
(residues 1 to 273) had an index of only 0.08. The protein had
one strongly predicted transmembrane sx-helix (Hi, Fig. 7) at
the N terminus, and two other possible ones, centered
around positions 200 (H2) and 470 (H3). There were also
shorter stretches of hydrophobic sequence (such as Leu-
Ser-Val-Ala-Val-Val-Val, positions 385 to 391, or Val-Val-
Ala-Leu-Val-Ile, just before the C terminus at positions 546
to 551; Fig. 6). The secondary structure predictions used
agree on assignments for 40% of the protein outside these
putative transmembrane helices and indicate a protein with a
much higher ox-helical content (46% [Chou-Fasman] or 35%
[Garnier et al.]) than the L-ring protein, FlgH. The charge
distribution throughout the sequence was quite uneven:
there was a stretch of 53 amino acids from Gln-303 to
Pro-355 that-though quite hydrophilic-contained just one
charged residue, Glu-325, which was flanked on both sides
by sequence rich in proline residues (6 residues out of 13).
Following this large uncharged region was a highly charged
portion of the molecule (24 charged residues out of 73
between Arg-356 and Asp-428), a region of low charge that
included the possible transmembrane helix H3, and a second
highly charged region (28 charged residues out of 69 between
Arg-477 and Arg-545). Together, the two charged regions
near the C terminus constituted 25% of the protein but
contained 44%c of its charged amino acids. There were two
regions where serine or threonine residues alternated with
other residues, one (Ser-Pro-Ser-Ala-Ser-Val-Thr-Val-Thr)
at positions 171 to 177, and the other (Thr-Ser-Thr-Ser-
Thr-Asn-Ser-Asn-Ser) at positions 344 to 352, as was noted
above for FlgH.

Sequence similarity comparisons. None of the gene se-
quences or deduced protein sequences described here
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showed any extended similarities to each other, such as have
been found among the rod and hook proteins of the hook-
basal body complex (D. J. DeRosier, M. Homma, and R. M.
Macnab, unpublished data). There was weak but possibly
significant similarity between FIgH and FlgI toward their C
termini (Val-Thr-[Leu/Val]-Asp at positions 150 and 268,
respectively, Gly-Asn-Leu-X-Val at positions 159 and 278,
respectively, and Val-Val-X-Pro-X-Thr at positions 183 and
303, respectively); between FIgH and FliF ([Val/Phe]-Ala-
Asn-Gly-Ser at positions 46 and 79, respectively); and be-
tween FlgI and FliF (Arg-Gln-Leu-Asn-[Val/Ile], at positions
286 and 296, respectively). Although FlgH, FlgI, and FliF
are all basal-body ring proteins, they are in quite different
cellular locations (outer membrane, periplasm, and cytoplas-
mic membrane, respectively), and so the lack of strong
similarity is not surprising. Hahnenberger and Shapiro (21)
have published the deduced sequence of a Caulobacter
crescentus flagellar protein, FlaD, which is thought to be the
P-ring protein of that species; aside from the presence of a
consensus signal sequence, we detected no similarity to the
S. typhimurium P-ring protein (FlgI) or to the other proteins
described here. In comparisons with sequence data bases
and unpublished sequence data for several other flagellar
genes, the only strong similarity we encountered was the
anticipated one between fliF and the homologous E. coli
gene (Frantz et al., manuscript in preparation), which we
discuss next.
Comparison between the FliF proteins of S. typhimurium

and E. coli. The deduced FliF amino acid sequence showed
86% identity (47% from the use of identical codons, and 39%
from the use of synonymous ones) to that of the homologous
E. coli protein (4; Frantz et al., manuscript in preparation)
(Fig. 6). The homology between the two genes had been
deduced on the basis of complementation (40) and gene
order (4) and is now fully established by the sequence
comparison. The FliF protein of S. typhimurium contained
only 8 more residues than that of E. coli (559 versus 551 after
cleavage of the N-terminal methionine), and so the deduced
molecular masses were similar (61,030 versus 60,390 Da); for
unknown reasons, the apparent molecular masses show a
larger difference (65 versus 60 kDa [1, 4]). The sequence
differences between the two proteins were fairly uniformly
scattered throughout (Fig. 8), the most divergent region
being between residues 270 and 500. There were two exten-
sive regions of identity, one centered around residue 110 and
the other close to the C terminus.
The only substantial difference in amino acid content

between the two proteins was in the number of threonine
residues (33 in S. typhimurium FliF and 23 in E. coli FliF).
Since the additional threonine residues in the S. typhimu-
rium protein are scattered throughout the protein sequence,
we doubt that the difference is functionally significant.

DISCUSSION

The L, P, and M rings are major features of the flagellar
basal body of S. typhimurium. We have obtained the se-
quences of the genes (flgH, flg!, and fliF) that encode the
subunits of these rings; we have also obtained the sequence
of an adjacent gene, flgJ. We discuss first the properties of
the genes and then those of the deduced gene products.
TheflgJ gene belongs to theflgB operon. Earlier studies of

flagellar gene expression in E. coli (35, 36) had suggested that
flgJ was transcriptionally independent of the operon up-
stream and played a regulatory role in the later stages of
morphogenesis, a result that was difficult to reconcile with

the fact that FlgJ was needed for the earliest detectable
basal-body structure (64). A recent study of flagellar gene
expression in S. typhimurium (41) concluded that the genes
from flgB through flgJ constitute a single operon. Our data
strongly support the latter conclusion. (i) Not only is there
no appreciable intergenic distance between flgI and flgJ,
they in fact overlap. (ii) There is no likely promoter sequence
near the 3' end of flgI. (iii) There is no evidence for
transcription termination at figI; although there are two
examples of inverted repeats in the region, they are both
only 7 bp in length and the distance between the repeats is
much larger than usual for transcription termination se-
quences. Therefore, in S. typhimurium at least, the evidence
indicates that fligJ belongs to the same operon as flgI. We
anticipate that this will also prove to be true of E. coli. No
structural role has been assigned to the FlgJ protein; the
presence of a consensus DNA-binding sequence within the
protein provides weak support for a postulated regulatory
role (35, 36).

Evidence for regulation of these flagellar genes. Multicis-
tronic operons that encode products which must interact in
complex kinetic pathways or macromolecular assemblies
often display complex patterns of gene regulation. We ex-
pect the flagellar regulon to be a prime example of this. One
aspect that may have to be regulated is the relative stoichi-
ometries of the various gene products. For example, it seems
highly likely that the cell will synthesize more filament
protein than hook protein and more hook protein than ring
protein. As well as regulation of the strength of gene
expression, one can imagine that in the case of a complex
macromolecular structure such as the flagellum, other types
of control may be needed. For example, spatial and temporal
control of synthesis clearly plays a role in flagellar assembly
of C. crescentus (8) and may play such a role in S. typhimu-
rium (70). We have therefore scrutinized theflgH, flg!,figJ,
and fliF gene sequences for any suggestions of potential
regulatory features.

Overlap of the coding regions of two genes have been
shown in at least some cases to cause coupling of translation,
with the ribosome failing to dissociate fully upon reaching
the first termination codon (19). The fgI-figJ gene boundary
contains a 1-bp overlap (IGATG), while that of fliF-fliG
contains an 8-bp one (ATGAGTAA), and a number of other
examples are known to exist elsewhere within the flagellar
regulon (12, 33, 39, 46, 47, 59).
Another possible form of regulation is modulation of

transcription of different parts of the same operon. We failed
to find any sequences suggestive of internal promoters
(primary or flagellum specific) within the portions of thefigB
and fliF operons described here. However, we found one
striking example of an intergenic sequence that is likely to
play a regulatory role. This is the potential stem-loop struc-
ture followed by a run of 4 T's that exists between genesflgG
and flgH (Fig. 3). This sequence has the characteristics of a
rho-independent transcription terminator (68), in spite of the
fact that these two genes belong to the same operon. The
sequence does not show any similarity to the repetitive
extragenic palindromic sequences that have been described
(61).

Similar structures within operons have been observed
before, for example in (i) the macromolecular synthesis
(rpsU) operon of E. coli (7, 43); (ii) the ribosomal protein/
RNA polymerase (rpl-rpo) gene cluster (54); (iii) the trp
operon, where the partially effective trp t rho-independent
terminator is followed by a strong rho-dependent terminator
(49); (iv) the bacteriophage lambda sib site, which is respon-
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sible for retroregulation of the upstream integrase gene int
(56); and (v) the rxcA operon of Rhodopseudomonas capsii-
lata, which encodes the subunits of the light-harvesting
complexes and the reaction center (5). In these various
systems, the existence of such stem-loop structures has been
shown to play a role in partial termination, protection of
upstream message sequence from degradation, or both.
Interestingly, RNase III, which has been shown to cleave at
stem-loop structures within some of the operons mentioned
above, is involved in motility in E. coli (2), supporting the
idea that message processing may contribute to control of
the flagellar regulon.

Is there anything special about the location-betweenflgG
and flgH-of this potential regulatory feature? The three
genes upstream from the site (flgE, flgF, and flgG) encode
hook and rod proteins of the hook-basal body complex (Fig.
1) (1, 26, 31, 51), while the two genes downstream from the
site (flgH and flgI) encode the L and P rings of the complex
(1, 24, 26, 30, 40). These represent two rather different
classes of structure, in several regards. (i) The rod and hook
structures are relatively narrow (ca. 15 to 20 nm in diameter)
cylindrical structures, with presumably only a narrow cen-
tral core (for flagellin export [15, 27]), whereas the L and P
rings together constitute the outer cylinder, with an external
diameter of 30 nm and an internal diameter of ca. 15 nm. (ii)
The L- and P-ring proteins are exported by the main N-
terminal signal peptide-dependent pathway, while the rod
and hook proteins lack conventional signal peptides and are
not processed (except for the removal, in some cases, of the
N-terminal methionine [Jones et al., manuscript in prepara-
tion]). (iii) The L- and P-ring proteins can be synthesized and
transferred to their destinations in the outer membrane and
periplasmic space, respectively, regardless of the availability
of other flagellar structures, whereas the rod and hook
proteins are not detected in mutants blocked in earlier
components of the structure (C. J. Jones and R. M. Macnab,
unpublished data). Given these differences between the
products of the upstream and downstream genes surround-
ing this stem-loop sequence, it would not be surprising if the
genes required different regulation.
As well as the stem-loop sequence just described, there

are other symmetry elements that might play regulatory
roles. For example, there is a 16-bp palindrome in flgI (Fig.
4), 12-bp palindromes in flgJ and fliF (Fig. 5 and 6), and two
potential stem-loop structures in fliF (Fig. 6).

Recall also that the putative transcription termination
sequence of the flgB operon lay within the coding region of
the first gene, flgK, of the next operon. This could cause an
interaction between the two operons, with translation initi-
ation offlgK from the flgB transcript interfering with termi-
nation of transcription.
As more of the sequence of the flagellar regulon becomes

available, further patterns may emerge to suggest experi-
mental tests of its regulation.

Physical environment of the ring proteins. Before discuss-
ing possible structural implications of the sequences of these
flagellar proteins, we review briefly the context in which the
proteins are to be found within the organelle (Fig. 1). FIgH
and FlgI together constitute the outer cylinder, which ap-
pears in electron micrographs as a doubly-flanged cylinder
with the distal flange constituting the L ring (in the plane of
the outer membrane), the proximal flange constituting the P
ring (in the periplasmic space), and the remainder of the
structure constituting the cylinder wall, which appears quite
thin in electron micrographs and is at a right angle to the
flanged surfaces. The rod penetrates the outer cylinder and is

presumed to be free to rotate within it. In figH mutants,
basal bodies possessing the P ring but lacking the L ring have
been observed (30, 50, 63, 64); in these, the cylinder wall is
missing, indicating that FlgH contributes largely to that
structure. For the FIgH protein, we therefore anticipate that
(i) it will have quaternary interactions with other FlgH
subunits, to form the cylindrical structure, (ii) its L-ring
portion will interact with the outer membrane, (iii) the outer
surface of its wall portion will be exposed to the aqueous
periplasmic space, (iv) the inner surface of its wall portion
will be facing the rod (perhaps with an aqueous space
intervening between the two), and (v) its cell-proximal edge
will be in a strong quaternary interaction with FlgI.

FlgI will have (i) quaternary interactions with other FlgI
subunits, (ii) the interaction with FIgH just described, (iii) a
P-ring surface exposed to the periplasmic space, and (iv) an
inner surface facing the rod. It may also have (v) interactions
with the peptidoglycan layer.
Nothing is known experimentally of the location of FlgJ.
Although the location of FliF as the major M-ring protein

has been established (23), its detailed environment is difficult
to describe for several reasons. First, it is unclear whether
the S-ring feature of the M,S-ring pair (Fig. 1) is contributed
by the FliF protein or by the product of another flagellar
gene (60). Second, it is not known with certainty whether
there is a direct juxtaposition of the M ring and the rod and,
if so, whether the interface is engaged in mutual rotation.
Third, although there is evidence for other flagellar compo-
nents adjacent to the M ring at its circumference (the Mot
proteins [32]) and its inner surface (the switch proteins [69]),
the relationship is not known in any detail. It is known that
the outer edge of the M ring is hydrophobic (1), that the
entire M,S-ring structure can exist in the membrane as part
of the basal body even when the Mot proteins are lacking,
and that the structure is thick enough that it probably
extends into both the periplasmic and cytoplasmic spaces.
We tentatively suggest therefore that the FliF protein will
have (i) quaternary interactions with other FliF subunits, (ii)
surfaces exposed to water on both sides of the cell mem-
brane, (iii) a hydrophobic surface at the outer radius that
may, depending on circumstances, contact lipid or another
hydrophobic protein surface, (iv) sites of quaternary inter-
action with the rod, and (v) sites of interaction with periph-
erally mounted switch proteins in the cytoplasm.

Structural features of the ring proteins. FIgH has a cleaved
N-terminal sequence, but the N terminus of the mature
protein appears to be blocked. Of the two possible candi-
dates for the signal sequence cleavage site, one would
generate cysteine as the N-terminal residue; cleavage at this
site is favored by other evidence (Jones et al., manuscript in
preparation). It is interesting that the predominant outer
membrane protein of gram-negative bacteria, lipoprotein,
has lipid covalently attached to its N-terminal residue,
cysteine (6). It remains to be seen whether the apparent
N-terminal block of FIgH (also an outer membrane protein)
is a consequence of a similar modification.
The mature form of FlgH, although a membrane protein,

shows no evidence of transmembrane a-helical structure,
but is predicted to have extensive 1-structure. In a variety of
other outer membrane proteins, 1-sheets appear to be the
dominant transmembrane structural motif (34, 67). The
region of alternating prolines in FlgH resembles a sequence
in OmpA, a porin protein located in the outer membrane of
E. coli (9). This segment in OmpA resides at the inner
surface of the outer membrane, dividing the protein into two
domains. While it is tempting to assign such a role to the
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proline-rich segment in FlgH, separating the membrane-
associated L ring from the wall of the outer cylinder, this
would leave little more than a dozen amino acids to form the
membrane-associated portion of the proteins. Perhaps this
proline-rich segment allows the larger uncharged region to
double back on itself, forming a more compact domain which
might interact with the outer membrane. The three regions of
alternating serines or threonines in FIgH, if arranged as
,B-sheets, would have the potential for extensive hydrogen
bonding on one side, and indeed such a structure could be
extended by the use of available asparagine and glutamine
residues (Fig. 3). We tentatively suggest that FlgH is orga-
nized with its N terminus at the periplasmic side of the
membrane, the largely uncharged region forming the bulk of
the transmembrane structure (the distal flange of the L,P-
ring cylinder), and the more polar C-terminal region of the
molecule constituting the cylinder wall that faces the peri-
plasm and the rod.

FlgI has a high predicted ,-content. It is not obvious
whether this would generate sheets parallel to the flagellar
axis, parallel to the ring plane, or neither. The two sets of
charged triplets near the center of the sequence might
represent the boundaries between N-terminal and C-terminal
domains. One indication that the C-terminal region consti-
tutes a domain is the fact that it contains the only two
cysteine residues in the protein, and these are presumed to
form a disulfide bridge (since FlgI, uniquely among all of the
known flagellar proteins, shows anomalous electrophoretic
mobility in the absence of 2-mercaptoethanol [1, 24]).
On the basis of its hydrophilic primary sequence, its lack

of any predicted transmembrane a-helices, and its lack of a
consensus signal sequence for export across the cell mem-
brane (Fig. 5), we suggest that FlgJ is likely to be either in
the cytoplasm or peripheral to the cytoplasmic membrane.
In spite of the fact that its gene is adjacent to those of the two
outer rings of the basal body, there is no information to
suggest it plays a related role. Weak evidence for a regula-
tory role is provided by the presence of a consensus DNA-
binding motif.

FliF is remarkably hydrophilic for a membrane protein
and has a high predicted a-helical content. A simple inter-
pretation of this would be that the only membrane-spanning
regions of FliF are the three predicted ot-helices shown in
Fig. 7, in which case only about 10% of the protein would be
in the lipid bilayer and the remainder would constitute large
aqueous domains. We think this interpretation is unlikely,
since the M ring appears as a substantial structure in isolated
basal bodies and is hydrophobic at its bulkiest point, as
judged by association of the M ring and the hydrophobic L
ring in head-to-tail dimers in electron micrographs (1). We
therefore imagine that there must be a number of additional
membrane spans, either as hydrophobic p-sheet (perhaps the
hydrophobic sequences noted in Results) and therefore
consisting of too few residues to be predicted by the method
of Engelman et al., or as a-helices too polar to be predicted
by the method. It is important to remember that even in the
transmembrane region, the FliF protein is in quaternary
interaction with other proteins (itself, and possibly rod
proteins and the Mot proteins). The regions of high charge
density towards the C terminus may well constitute aqueous
domains. If the intervening region is, as predicted, mem-
brane-spanning, this would place the two charged regions on
opposite sides of the membrane.

Axial versus ring components of the hook-basal body com-
plex. Evidence is accumulating that a subset of the proteins
in the hook-basal body complex (the rod, hook, and the

hook-associated proteins) are related structurally as an axial
family (DeRosier et al., unpublished data) and are probably
exported by a special flagellum-specific pathway. The amino
acid sequence data presented here for the ring proteins, the
processing of the L- and P-ring proteins (24, 26), and the
location of the M ring all argue that they are unrelated to this
axial family of proteins and that they are exported (L- and
P-ring proteins) or inserted into the cytoplasmic membrane
(M-ring protein) by conventional pathways.
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