
JOURNAL OF BACTERIOLOGY, Jan. 1994, p. 189-197
0021-9193/94/$04.00+0
Copyright C 1994, American Society for Microbiology

Molecular Characterization, Nucleotide Sequence,
and Expression of the fiO, fliP, fliQ, and fliR

Genes of Escherichia coli
JALEH MALAKOOTI,1t BERT ELY,2 AND PHILIP MATSUMURAl*

Laboratory of Molecular Biology, Department of Biological Sciences, University of Illinois at Chicago,
Chicago, Illinois 60680,1 and Department of Biological Sciences, University of South Carolina,

Columbia, South Carolina 292082

Received 30 August 1993/Accepted 27 October 1993

ThefliL operon ofEscherichia coli contains seven genes that are involved in the biosynthesis and functioning
of the flagellar organelle. DNA sequences for the first three genes of this operon have been reported previously.
A 2.2-kb PstI restriction fragment was shown to complement known mutant alleles of thefliO,fliP,fliQ, andfliR
genes, the four remaining genes of thefliL operon. Four open reading frames were identified by DNA sequence
analysis and correlated to their corresponding genes by complementation analysis. These genes were found to
encode very hydrophobic polypeptides with molecular masses of 11.1, 26.9, 9.6, and 28.5 kDa for FliO, FliP,
FliQ, and FliR, respectively. Analysis of recombinant plasmids in a T7 promoter-polymerase expression system
enabled us to identify three of the four gene products. On the basis of DNA sequence analysis and in vivo
protein expression, it appears that the fliP gene product is synthesized as a precursor protein with an
N-terminal signal peptide of 21 amino acids. The FliP protein was homologous to proteins encoded by a DNA
sequence upstream of theflaA gene of Rhizobium meliloti, to a gene involved in pathogenicity in Xanthomonas
campestris pv. glycines, and to the spa24 gene of the Shigellaflexneri. The latter two genes encode proteins that
appear to be involved in protein translocation, suggesting that the FliP protein may have a similar function.

The expression of flagellar and chemotaxis genes in Esche-
richia coli and Salmonella typhimurium is controlled by a

complex regulatory hierarchy (20, 21, 24). The first level of the
hierarchy is theflhDC master operon, whose protein products
are required for expression of all the other genes of the
regulon. Transcription of theflhD operon itself is controlled by
the cyclic AMP (cAMP)-cAMP receptor protein complex (1,
22, 41). The second level of the hierarchy is controlled directly
by the flhDC gene products and consists of seven operons
containing a total of 27 genes. Class II genes code for proteins
that are required for early stages of flagellum synthesis and
assembly. The third level contains the late genes. These are the
structural genes for the flagellar filament, the motility genes,
and the chemotaxis genes. The expression of the level III genes
is dependent on the expression and assembly of all of the early
genes in level II (27). The cascade of gene expression in this
regulatory scheme parallels the assembly of the gene products
in the same hierarchial manner, from a less complex to a more
complex structure (18, 43, 44).
Over 40 genes, clustered at four different regions on the

chromosome, are devoted to the processes involved in the
biogenesis or functioning of the bacterial flagellum. Electron
microscopic examination has revealed that this complex struc-
ture is composed of three sections: a filament that extends
beyond the cell envelope, a basal body that is embedded in the
cell wall, and a hook that acts as a universal joint, connecting
the filament to the basal body (2, 8). Additional structures on
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the cytoplasmic face of the MS ring have been identified in
electron micrographs (11). On the basis of genetic analysis, the
presence of two more substructures, the switch complex (50,
51) and a flagellum-specific export apparatus (49), has been
inferred. Three proteins, FliG, FliM, and FliN, have been
shown to be part of the switch complex (50), located in the
cytoplasmic face of the inner membrane and interfacing with
the basal body MS ring (12, 19). These proteins are involved in
the early stages of flagellum assembly, which is prior to MS ring
formation in the case of FliG and shortly after in the cases of
FliN and FliM (49). Very little is known about the flagellum-
specific transport machinery. Vogler et al. (49), using temper-
ature-sensitive flagellar mutants of S. typhimurium, have shown
that the flhA, fliH, fliI, and fliN gene products may be involved
in the process of flagellum-specific export. Of the flagellar
proteins, the FlgB, FlgC, FlgF, FlgG, FlgE, FlgK, FlgL, FliD,
and FliC proteins are believed to be transported to their final
destination via the flagellum-specific transport system (14, 25,
28). Thus far, only two flagellar proteins, FlgH and FlgI, have
been found to have canonical signal sequences that are trans-
ported to their final destinations (the L and P rings, respec-

tively) via the primary signal peptidase-dependent transport
pathway (8, 13, 16, 17). There are still about 10 genes in the
level II regulatory class whose gene products and roles in the
assembly pathway have not yet been identified (28). We have
determined the DNA nucleotide sequences for four of these
genes, fliO, fliP, fliQ, and fliR, and have identified all but the
fliR gene product. We show evidence that the FliP protein
appears to be a transmembrane protein that contains a cleav-
able signal sequence at its N terminus. Sequence homology of
the fliP gene product to proteins involved in the translocation
of the virulence factors suggests a role for this protein in the
flagellum-specific transport system.
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TABLE 1. Bacterial strains, plasmids, and phages used

Strain, plasmid, or Relevant genotype or characteristic Reference or

phage source

E. coli strains
YK410 F- araD139 lac (U169) strA thi pyrC46 naDA thyA his 20
YK4150 fliP4150 Parent, YK410
YK4114 fliQJ083 Parent, YK410
YK4113 fliR871 Parent, YK410
RP4184 fliO52 2
JM103 F+ (traD proAB lacIq) thi rpsL supE endA sbcB hsdR4 48
XLI-Blue F+ (proAB lacIq M15 TnlO) recAl endAl gyrA95 thi hsdR17 (rK- MK+) Stratagene

Plasmids
pJM8 pRL31 derivative containing the entire.fliL operon 29
pJM9 2.2-kb PstI fragment from pJM8 cloned in M13 mp8; excised with HindIlI and BamHI cloned into 29

pRL22
pJM11 0.7-kb PstI-HaeIII fragment from pJM9 cloned into PstI-SmaI-digested pUC19 This study
pJM12 1.0-kb HaeIII fragment from pJM8 cloned into pUC18 in proper orientation with respect to lacZ This study

promoter
pJM13 0.8-kb Sau3A fragment was cloned into M13 mp8 at BamHI site, then excised as a 0.6-kb TaqI- This study

PstI fragment, and cloned into AccI-PstI-digested pUC18
pJM14 1.2-kb DraI-PstI fragment from pJM9 cloned in SmaI-PstI-digested pUC18 This study
pJM15 1.0-kb PstI-Hinfl fragment from pJM9 cloned in PstI-EcoRI-digested pUC19 This study
pJM91 2.2-kb PstI fragment from pJM9; excised with HindIII and BamHI cloned into pBluescript SK+ This study
pJM111 0.7-kb PstI-HaeIII fragment from pJM11; excised with PstI-SstI cloned in pBluescript SK+ This study
pJM121 1.0-kb HaeIII fragment from pJM12; excised with KpnI and BamHI cloned in pBluescript SK+ This study
pJM131 0.6-kb TaqI-PstI fragment from pJM13; excised with KpnI and PstI and cloned into pBluescript This study

SK+
pJM141 1.2-kb DraI-PstI fragment from pJM14; excised with KpnI and PstI and cloned into pBluescript This study

SK+
pJM171 Exonuclease IlI-generated deletions of pJM91 from PstI11 site; has a truncated fliP gene This study
pUC18 Ampr cloning vehicle 48
pUC19 Ampr cloning vehicle 48
pBluescript SK+ Ampr cloning vehicle Stratagene
pBluescript KS+ Ampr cloning vehicle Stratagene
pGP1-2 Kanr plasmid with T7 RNA polymerase gene under control of PL promoter and cIts 45

Phages
Ml3mpl8 Used for single-strand sequencing 31
M13mpl9 Used for single-strand sequencing 31
P1 Used for generalized transduction 31

MATERIALS AND METHODS

Bacterial strains, bacteriophages, plasmids, and media. The
bacterial strains, plasmids, and phages used in this study are

listed in Table 1. All E. coli strains were grown at 37°C in Luria
broth (L-broth) medium or minimal medium M9 (30). Difco
Bacto Agar was added to L broth at 1.7% for solid media and
0.35% for motility media. Antibiotic (Sigma Chemical Co., St.
Louis, Mo.) supplements were used at the following concen-

trations: penicillin, 100 mg/liter; tetracycline, 30 mg/liter; and
kanamycin, 51 mg/liter.
DNA manipulations. Restriction mapping, subcloning, and

transformation were carried out by standard procedures (30).
Restriction enzymes and other DNA-modifying enzymes were

used as recommended by the suppliers.
DNA sequence analysis. Subfragments of the 2.2-kb PstI

restriction fragment that were generated by digestion with
different restriction enzymes were isolated after electrophore-
sis and cloned into M13 mpl8 or M13 mpl9 phage vectors.
DNA sequences were determined by the dideoxy-chain termi-
nation method (39). Nucleotide sequences were determined
for both strands, using overlapping fragments. Sequence data
manipulations and analysis of the DNA and protein sequences
were carried out with the University of Wisconsin Genetics
Computer Group package (9).
Complementation analysis. To eliminate recombination be-

tween plasmids and the chromosome of the fli mutant strains,

a recA allele was introduced into mutants by P1 transduction
(32). Transformation-competent mutant strains were trans-
formed with plasmids pJM9, pJM11, pJM12, pJM13, pJM14,
and pJM15 (Table 1). The transformants were selected on
L-penicillin agar plates and screened for restoration of motility
and chemotaxis behavior on L-penicillin soft agar plates.

Protein labeling and detection. For T7 protein expression,
the method of Tabor and Richardson (45) was used. The
flagellar genes were cloned downstream from the T7 promoter
in Bluescript plasmids and introduced into XL1-Blue(pGP1-2)
by transformation. Plasmid pGP1-2 contains the T7 RNA
polymerase gene attached to strong A PL promoter and the
temperature-sensitive X repressor gene. To express the cloned
gene product, cells were grown at 33°C in L broth to an optical
density of 0.5 at 600 nm. Cells from 0.2 ml of this culture were
pelleted and then washed with 10 volumes of M9 medium. The
cells were collected by centrifugation and resuspended in 1 ml
of M9 medium supplemented with 20 pLg of thiamine per ml,
0.4% glycerol, and all amino acids minus methionine and
cysteine at a final concentration of 20 p,g/ml. This cell suspen-
sion was incubated at 33°C for 90 min. The expression of genes
controlled by the T7 promoter was induced by heat induction
at 42°C for 20 min. To inactivate host RNA polymerase,
rifampin was added to the cell culture at a concentration of 200
pLg/ml, and incubation was continued at 42°C for another 10
min. Next, the cells were incubated at 33°C for 20 min, labeled
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.PstII fliO start
1 TAGTGATGAATAACCACGCTACTGTGCAATCTTCCGCGCCGGTTTCTCGTGCGCCAGTGCTGCAGGTGAGCGGCGCACTCATCGCCATTATTGCCCTGAT

M S G A L I A I I A L I

1 01 CCTCGCTGCTGCCTGGCTGGTAAAACGGTTGGGATTTGCCCCTAAACGCACTGGCGTTAACGGTCTGAAAATTAGCGCCAGTGCTTCACTGGGCGCGCGT
L A A A W L V K R L G F A P K R T G V N G L K I S A S A S L G A R

201 GAAAGGGTTGTGGTGGTCGATGTGGAAGATGCACGGCTGGTGCTCGGCGTTACCGCAGGTCAAATCATCTGCTGCATAAACTTCCCCCTTCTGCACCR
E R V V V V D V E D A R L V L G V T A G Q I N L L H K L P P S A P

* . . . . .rbs .fliP start .
301 CGGAAGAGATACCGCAGACCGATTTTCAGTCGGTCATGAAMMTTTGCTTMAGCGTAGCGGGAGATCCTGATGCGTCGTTTATTGTCTG'TCGCACCTGTC

T E E I P Q T D F O S V N K N L L K R S G R S * R R L L S V A P V

401 CTTCTCTGGCTGATTACGCCCCTCGCCTTCGCGCAACTGCCGGGTATCACCAGCCAGCCGCTGCCTGGCGGTGGACAAAGCTGGTCGCTCCCGGTGCAGA
;L L U L I T P L A F A Q L P G I T S Q P L P G G G Q S WJ S L P V Q* * * 1 * * * * **

501 CGCTGGTGTTCATCACCTCGTTGACGTTTATTCCGGCAATTTTACTGATGATGACCAGTTTCACCCGCATCATCATTGTTTTTGGTTTATTGCGTAACGC
T L V F I T S L T F I P A I L L M M T S F T R I I I V F G L L R N A

601 GCTGGGAACACCCTCCGCGCCACCTAACCAGGTATTGCTGGGGCTGGCACTGTTTTTGACCTTTTTTATTATGTCACCGGTGATCGACAAAMTTTATGTA
L G T P S A P P N Q V L L G L A L F L T F F I M S P V I D K I Y V

701 GATGCGTACCAGCCATTCAGCGAAGAGAAAATATCAATGCAGGAGGCGCTGGAAAAGGGGCGCAGCCGCTGCGTGAGTTTATGCTGCGTCAGACCCGTG
D A Y Q P F S E E K I S M Q E A L E K G A Q P L R E F M L R Q T R

801 AGGCAGATTTAGGGTTGTTTGCCAGACTGGCGAATACCGGCCCGTTGCAGGGACCTGAAGCCGTGCCGATGCGCATTTTGCTCCCGGCCTACGTGACCAG
E A D L G L F A R L A N T G P L Q G P E A V P M R I L L P A Y V T S

901 CGAGTTGAAAACCGCATTTCAGATAGGCTTCACGATTTTCATCCCTTTTTTGATTATCGACCTGGTGATAGCCAGCGTGTTGATGGCATTGGGGATGATG
E L K T A F Q I G F T I F I P F L I I D L V I A S V L M A L G M M

100 1 ATGGTTCCCCCAGCCACCATTGCTCTGCCCTTTAAACTGATGCTGTTTGTACTGGTGGATGGCTGGCAATTGCTGGTCGGTTCGCTGGCGCAGAGCTTTT
M V P P A T I A L P F K L M L F V L V D G W Q L L V G S L A Q S F

.rbs fLiQ start . . . . .
1101 ACAGCTAGAGAGGCAAAATGACACCTGAATCGGTCATGATGATGGGGACTGAAGCGATGAAAGTCGCGCTGGCACTGGCTGCCCCGCTATTGTTGGTAGC

Y S *M T P E S V M M M G T E A M K V A L A L A A P L L L VJ A

1201 GTTGGTCACGGGCCTTATCATCAGTATTTTGCAGGCCGCCACGCAGATTAACGAAATGACGCTGTCGTTTATTCCGAAATCATCGCCGTATTTATCGCC
L V T G L I I S I L Q A A T Q I N E N T L S F I P K I I A V F I A

* . . . . . . . rbs f(iR start
1301 ATTATTATTGCCGGACCGTGGATGCTCAATCTGTTGCTGGATTACGTCCGCACCTTGTTCACTAACCTGCCGTATATCATCGGGTAGCCGTACTATGTTG

I I I A G P W M L N L L L D Y V R T L F T N L P Y I I G* M L

1401 CAGGTGACAGCGAACATGGCTATCCTGGTTAAACCTGTACTTCTGGCCGTTACTGCGCGTGCTGGCGCTGATCTCCACCGCGCCGATTCTGAGCGAAC
Q V T S E Q W L S W L N L Y F W P L L R V L A L I S T A P I L S E

1501 GCAGCGTACCGAAMCGGGTAAAACTGGGTCTGGCAATGATGATCACGTTCGCCATTGCCCCATCATTACCTGCCAACGATGTTCCTGTTTTTTCGTTCTT
R S V P K R V K L G L A M M I T F A I A P S L P A N D V P V F S F F

1601 TGCTCTGTGGCTGGCCGTGCAGCAGATCCTGATCGGCATTGCGCTTGGTTTTACCATGCAATTTGCCTTTGCCGCTGTGCGAACCGCTGGCGAAATTATC
A L W L A V Q Q I L I G I A L G F T M Q F A F A A V R T A G E I I

1701 GGTCTGCMAATGGGGCTGT'CATTTGCGACGTTTGTCGATCCGGCCAGCCATCTTAATATGCCCGTTTTAGCGCGTATCATGGATATGCTGGCGTTACTGC
G L Q N G L S F A T F V D P A S H L N M P V L A R I N D M L A L L

1801 TGTTCCTGACAtTTTACGGTCATTTATGGTTGATTTCACTGCTGGTCGATACCTTTCACACCCTGCCGATTGGTGGCGAACCGTTGAACAGCAATGCGTT
L F L T F N G H L WJ L I S L L V D T F H T L P I G G E P L N S N A F

1901 TCTGGCACTCACCAAAGCAGGGAGTTTGATTTTCCTTAACGGGCTGATGCTGGCGTTAC'CGCTCATTACTCTGCTGCTGA'CACTGAATCT'GGCATTAGGT
L A L T K A G S L I F L N G L 14 L A L P L I T L L L T L N L A L G

2001 TTACTTAATCGTATGGCCCCGCAATTATCCATTrTTTGTTATTGGATTTCCATTAACTCTGGCTGTCGGCATCTCTTTAATGGCGGCATTAATGCCGTTAA
L L N R M A P Q L S I F V I G F P L T L A V G I S L M A A L M P L

2101 TTGCACCTTTTTGCGAACATTTATTCAGTGAAATTTTTAATTTGCTGGCTGATATTATTAGTGAATTGCCATTAATATAATTCCGTAACGTTTATCATGT
I A P F C E H L F S E I F N L L A D I I S E L P L I*

PstI II
2201 TATCCTAAGGATTATCCGAAAAATVTACCTACGAACATCTTCCAGGATACTCCTGCAG
FIG. 1. DNA nucleotide and deduced amino acid sequences of thefliO,fliP,fliQ, andfliR genes. Numbers at the left refer to DNA nucleotides.

Potential ribosome binding sites (rbs) are overlined. DNA sequences corresponding to the potential secondary structure in the fliO gene are
underlined. Stop codons are indicated by asterisks. Two PstI restriction sites are shown (proximal [PstI] and distal [PstIll]). The potential signal
peptide and its cleavage site are shown by a thick underline and a vertical arrow, respectively. The initiator codon for the fliO gene, GTG, which
normally codes for a valine residue, is shown by an M for formylmethionine.
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FIG. 2. (A) Physical map of the F1iL operon. All seven genes of the operon are indicated. The solid bars represent the DNA fragments cloned
in pxpression vehicles pUC18 and pUC19. All of the flagellar insert DNA in the expression vectors is transcribed through the lacZ promoter. (B)
Complementation analysis. The ability (+) or inability ( - ) of the plasmids to complement mutation in the genes which were assigned to this region
of DNA by genetic analysis is indicated.

by the addition of 10 pCi of Tran-35S label (ICN Pharmaceu-
ticls, Inc.), and incubated for an additional 5 min at 33°C.
After labeling, the cells were pelleted and disrupted by addi-
tion of 2 x sample buffer. The expression products were
fractionated on sodium dodecyl sulfate (SDS)-polyacrylamide
gels (4).

RESULTS AND DISCUSSION
DNA sequence analysis. The nucleotide sequence of a 2.2-kb

PseI DNA fragment that corresponds to the second half of the
flit operon was determined. The DNA and deduced amino
acid sequences are shown in Fig. 1. Four open reading frames
(ORFs), oriented in the same direction, were found within this
region. This region adjoined the previously sequenced portion
of thefliL operon (23, 29), resulting in a continuous sequenced
DNA region of 4,404 bp, from a HindIII restriction site
preceding the promoter to the distal PstI site downstream from
ORF4. The DNA sequence shown in Fig. 1 begins at the stop
codon of the fliN gene (29), the third gene in the operon.
Characterization of the ORFs and their corresponding genes is
described below.
ORF1, thefliO gene. ORF1 starts with a GTG codon at bp

66 and extends to a TGA codon at bp 371. A 62-bp intercis-
tronic DNA region is located between the end of theflJN gene
and the proposed initiator codon for ORF1. Complementation
tests with pJM9, pJM11, and pJM12 (Table 1 and Fig. 2)
revealed that the DNA region downstream from the proximal
PstI site (PstI1) was capable of complementing afliO mutant to
wild-type motility and chemotaxis. Thus, ORFI was assigned to
the fliO gene. Initially, the ATG codon at bp 6 was thought to
be the start codon for ORF1. However, since pJM11 is deleted
of the first start codon at bp 6 and still is able to complement
a fliO mutation (Fig. 2), it was concluded that the GTG at bp
66 was the most probable start codon for the ff1O gene. In
addition, in pJM11, the DNA sequence downstream from the
Psal, site was fused to the first four amino acid residues of the
lacZ gene, which resulted in an out-of-phase fusion followed by
a stop codon at position 67 (Fig. 1). Therefore, if translation is
initiated at the lacZ start codon, it would not restore the FliO
activity to this plasmid unless there is another start codon
beyond the Pstal restriction site. These data support the
conclusion that the GTG codon downstream from the PstI
restriction site at position 66 is the initiator codon for the fliO
gene. There is no obvious sequence homology to the consensus

ribosome binding site, TAAGGAGGT (40), upstream from
thefliO start codon except for anAGGT that overlaps the start
codon. The fliO gene is 306 bp, encoding for a protein of 101
amino acid residues with a calculated molecular mass of 11.1
kDa. The 62-bp intercistronic region between thefliN andfliO
genes, although not uncommon in bacterial operons, seems
peculiar for an operon with an otherwise compact organiza-
tion. Only a few such cases- have been reported for flagellar
operons (17). This region also contains a potential stem-loop
structure, which if formed would overlap with the first 13
nucleotides of ORF1. A long intergenic region containing a
similar structure has also been reported for the flgG and flgH
genes (20). The role of this region and whether it has any
regulatory significance are unclear. However, the presence of
the secondary structure and a less efficient GTG initiation
codon may indicate some role in the differential expression of
the members of this operon. Differential expression is preva-
lent among operons with one or more genes encoding for
integral membrane proteins (34, 38).
ORF2, the fliP gene. Complementation tests (Fig. 2) dem-

onstrated that plasmid pJM15, which carries both ORFI and
ORF2, was capable of complementing the fliO and fliP mu-
tants. Since pJMll and pJM12, containing ORF1, comple-
mented only thefliO defect, ORF2 must correspond to thefliP
gene. Analysis of the DNA sequence (Fig. 1) showed that the
initiation codon of the fliP gene overlapped with the termina-
tion codon of the upstream fliO gene, suggesting that the two
genes may be coupled translationally (3). This potential cou-
pling represents the second instance within the fliL operon,
since the fliN start codon also overlaps with the stop codon of
the fliM gene (29). The fliP gene is 738 nucleotides in length
and is preceded by a DNA region, GGAG, which has homol-
ogy to the consensus ribosome binding site (Fig. 1). The amino
acid sequence deduced from the nucleotide sequence is 245
amino acid residues, with a calculated molecular mass of 26.9
kDa. The N-terminal amino acid sequence of the fliP gene
product has the characteristics of a signal peptide (33). The
putative signal sequence contains a long, predominantly hydro-
phobic region preceded by a short, positively charged N-
terminal sequence. It is followed by a potential recognition site
for signal peptidase cleavage. A helix-breaking proline is
present four residues before the A-F-A cleavage site (Fig. 1)
(35). Therefore, the predicted signal peptide consists of 21
amino acid residues, and the mature FliP protein would have a

A.
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1 50

Eco MRRLLSVAPV LLWLITPLAF AQLPGITSQP LPGGGQSWSL PV',QTIIFI.T.S
Sty MRRLLFLSIA GLWLFSPAAA AQLPGLISQP LAGGGQSW$L SV ThVFITS
Bs .................... .. MNEFINIF SSSDPENVSS TYK-LLLLTV

Rhm .......... ............... ............... ..................... .........

Shf .................... .......... .......MLS DMSLIATLSF

Xc .................... .......... .....MQMPD VGSLLWIM

51 100

Sty P QVL t FA
Bs FSVA GTIL M'I,,,IV LSFV,TSLAT QSMPPtTQVLI GI

Rhm ........ .. ........ .............. .......... ....... .......

Shf FTLtP-jM,",FLVAA GTCYIKFS.I.-.V. FVI4VRNALL "N'MTLN AIMA

Xc LCLtPFAAMV V?YKV = V QQVP11 OWVLVSCPV
101 150

Eco ~ S DDK ....I FSEEK1--S.MQ~ AtEL( QTu
Sty KSPVIbI,YV ...Q . FSEQW-W A Q

Bs KTFSENK .....LMDTLNKISLDE AYTRAEE IK

Rhm .......... ................................ K

Shf tjK tEAG2E NYLNGPQKFD TISD... IVR FSDSGLMEYK QYLKKDLE
Xc ,'APSGMEAF. ...KAAQNYG AGSDNSRVVV LWACRE'PFQRLQ

151 200
Eco ....1ANTGP LGRPE. A.AV. MRILL!AYVT
Sty . .... NSGP WQGP. .ATMI VT

Bs ......N MDK PEELK. DIP LTTMVE AI

Rhm fLIDIAI E ..... . KGQT VVVDR. . KV'D MVVPFMI $ZIRRG E.
Shf LARFQSEE E.......NAD L,hKAENNDYS IFS-AL
Xc EK SA QIWPKDKAAT KD ...D. LVLAFTL

Eco
Sty
Bs

Rhm
Shf
Xc

DKV {0H L PPBVM XSLPFKThLB VIVGW LV

VI lIATITKA ......TA.S....ICSSC*.......
IVV DIATIS SILLA TA IS V?IK VAL.....GII.S

PTN VA I SM LI

251 263
Eco 0S1XAt..FYS*
Sty G$AQ
Bs F

Rhm .......... ...

Shf KALIEQYINI PA*
Xc HGIVLSYR*.

FIG. 4. Amino acid alignment of the FliP protein. The alignment
was made by using the Pileup program of the University of Wisconsin
Genetics Computer Group package (9). Gaps were introduced to
improve the alignments. Residues that are conserved between the E.
coli (Eco) FliP protein and at least two of the other proteins are
shaded. Only identical residues are included in the shaded area. The S.
typhimurium (Sty) fliP gene has been sequenced up to a HindIll
restriction site, which is only 10 bp short of the end of thefliP gene. Bs,
B. subtilis; Rhm, R. meliloti; Shf, S. flexneri; Xc, X campestris.

calculated molecular mass of 24.1 kDa. The FliP protein
contains a very high proportion (82.5%) of nonpolar amino
acids. Leucine is the most abundant residue, comprising 17%
of the total amino acids. The hydropathy profile of the FliP
protein indicates that in addition.to the N-terminal signal
peptide, this polypeptide contains three hydrophobic segments
that have the characteristics of membrane-spanning regions
(Fig. 3) (26). Furthermore, the hydrophobic C-terminal seg-
ment is long enough to span the membrane at least two times.
Proline residues are prevalent in the hydrophobic segments of
the fliP gene product. Although proline residues are known to
break a helices, they have been found in the membrane-
located a helices of many proteins that function as transporters
(6). The majority of the total charged amino acids (20 of 27)
are distributed in a central hydrophilic region among amino
acids 105 to 180.

ORF3, thefliQ gene. Immediately downstream from thefliP
gene, a 270-bp ORF (ORF3) was detected (Fig. 1). Comple-
mentation analysis (Fig. 2) revealed that pJM13, which con-
tains only the ORF3 DNA region, was capable of restoring
motility to a fliQ mutant. A strong ribosome binding site,
GAGG, was located 4 bp upstream from the start codon (Fig.
1). The predicted amino acid sequence consists of 89 residues,
with a calculated molecular mass of 9.6 kDa. Two regions of
high hydrophobicity, at residues 16 to 40 and 55 to 75,
suggested that the FliQ protein contains two transmembrane
segments (Fig. 3) (26).
ORF4, thefliR gene. Seven base pairs downstream from the

end of thefliQ gene, ORF4 begins at bp 1395 and ends with a
TAA codon 786 bp away. Complementation tests (Fig. 2)
showed that pJM14, which carries both ORF3 and ORF4, was
capable of complementing the fliQ and fliR defects. Since the
fliQ mutant was complemented by a clone containing ORF3,
ORF4 was designated the fliR gene. The fliR gene is preceded
by a weak ribosome binding site 7 bp upstream from the ATG
start codon (Fig. 1). The deduced amino acid sequence is
extremely hydrophobic, with an unusually high leucine content
of 22%. The hydropathy profile of this gene suggests that it
contains at least five membrane-spanning regions (Fig. 3). The
average hydrophobicity value for these segments was greater
than 1.6, suggesting that they are all membrane-spanning
regions (26). ThefliR gene product has a calculated molecular
mass of 28.5 kDa. No typical rho-independent transcription
termination site (37) was observed in the DNA nucleotides
following the translation stop codon for the fliR gene. How-
ever, the DNA region downstream from the distal PstI (PstI1)
restriction site includes the rcsA gene (42, 46). The DNA
sequences from bp 2254 to a NruI site 130 bp downstream were
100% identical to the upstream region of the reported rcsA
gene (42) (data not shown). Since there is no space for
additional genes between the termination codon of the fliR
gene and the start of the rcsA gene, we conclude that the fliR
gene is the last gene in the fliL operon.
Comparison of the amino acid sequences of the FliO, FliP,

FliQ, and FliR proteins of E. col with sequences of other
proteins. The fliO, fliP, fliQ, and fliR gene and deduced amino
acid sequences were compared with DNA and protein se-
quences available in data banks. A partial DNA sequence of an
unidentified gene located upstream of the flaA gene of Rhizo-
bium meliloti (36) showed 48 and 64% identities to the fliP
amino acid and DNA sequences, respectively. Inspection of the
R. meliloti DNA sequence suggested that it was missing one
nucleotide. The addition of one nucleotide at position 271 of
the R. meliloti sequence, corresponding to position 1040 of the
E. coli DNA sequence (Fig. 1), would eliminate the early
termination of the R. meliloti polypeptide and extend the
region of homology to the end of the fliP gene (Fig. 4).
Therefore, we suggest that the corresponding gene is the fliP
counterpart in R. meliloti. This search also revealed very strong
homologies between FliP and two other proteins that belong to
virulence systems in plant and mammalian pathogens (15, 47).
In the first case, 39% identity over a 228-amino-acid overlap
was observed between FliP and the ORF2 gene product, which
is involved in pathogenicity of Xanthomonas campestris pv.
glycines 8ra (15) (Fig. 4). It is suggested that the pathogenicity
genes in X campestris pv. campestris may be involved in the
secretion of proteins from these microorganisms by controlling
translocation across the outer membrane (10). Hwang et al.
(15) have indicated that the pathogenicity gene, ORF2, ofX
campestris pv. glycines 8ra was similar to the gamma subunit of
oxaloacetate decarboxylase from Klebsiella pneumoniae, which
is involved in sodium ion transport. However, we could not find
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FIG. 5. Autoradiograph of polypeptides labeled with [35S]methionine and resolved by SDS-polyacrylamide gel electrophoresis. Samples were
prepared from E. coli XL1-Blue containing pGP1-2 plus the indicated plasmids as described in Materials and Methods. (A) Lanes: 1 to 3, samples
containing pJM91; 4 and 5, control sample containing pBluescript SK+; 6, control sample containing only pPG1-2. In lanes 1 and 5, cells were
labeled without heat induction or rifampin treatment; in lane 3, cells were labeled after heat induction without rifampin treatment; in lanes 2, 4,
and 6, cells were heat induced and treated with rifampin prior to labeling. Positions of molecular size markers are given on the right. (B) Expression
of pJM131 (lane 1) and pJM111 (lane 2). (C) Expression of pJM91 (lane 1) and pJM171 (lane 2). The insert-specific proteins are indicated.

any significant homology between the oxaloacetate decarbox-
ylase and FliP amino acid sequences. In the second case, 39%
identity was shown between the FliP protein and the Shigella
flexneri Spa24 protein (47). Spa24 is a member of a series of
proteins involved in surface presentation of the invasion
plasmid antigens. These comparisons suggest thatfliP may play
some role in the transport of flagellar proteins.

Recently, sequences homologous to those of the E. coli fliP
and fliQ genes have been identified in Bacillus subtilis (5), and
sequences homologous to those of the fliQ and fliR genes have
been identified in Caulobacter crescentus (52). Interestingly, a
conventional cleavable signal peptide is not present at the N
terminus of the B. subtilis FliP protein, suggesting a location in
the inner membrane for this polypeptide. Lastly, FliO and FliP
of E. coli and S. typhimurium (26a) show 67 and 91% amino
acid identity, respectively.

Identification of proteins encoded byfliO,fliP,fliQ, andfliR.
To determine gene-polypeptide correlation, the 2.2-kb PstI

a- m

00c

FIG. 6. Processing of the signal sequence of the FliP protein.
pJM91-containing cells were labeled in the T7 RNA polymerase
expression system as described in Materials and Methods. Cells were
labeled for 1 min with [35S]methionine. At this point, 100-,ul aliquots
were removed and incubation was continued for 30 min with (+ CCCP)
or without (- CCCP) addition of CCCP (15 mmol/ml) and 2 volumes
of L broth containing excess unlabeled methionine. A pulse-chase
experiment was performed by addition of 100 ,ul of the 1-min-labeled
sample to 200 RIl of L broth containing excess cold methionine and
incubation at 35°C for 0 min (0'), 3 min (3'), and 5 min (5'). Samples
were centrifuged briefly, suspended in loading buffer, and boiled for 5
min prior to gel electrophoresis.

fragment containing the fliOPQR genes was cloned in pBlue-
script SK+ in the orientation whereby the genes would be
transcribed via the strong T7 phage promoter. The expression
of this plasmid (pJM91) resulted in the synthesis of four
insert-specific proteins of 25, 23, 13, and 10 kDa (Fig. 5). To
determine which gene corresponded to each of these polypep-
tides, a number of pBluescript derivative plasmids carrying
different portions of the 2.2-kb PstI fragment were constructed.
When plasmid pJM131, containing only the fliQ gene, was
expressed, only one protein band of 10 kDa was observed (Fig.
5). Also, this polypeptide was no longer expressed by a
fliQ-deleted pJM91 derivative, pJM171. Therefore, the fliQ
gene encodes the 10-kDa protein. A weakly expressed 13-kDa
protein of the predicted molecular weight of the FliO protein
was present in pJM111 (Fig. SB, lane 2) and in pJM121 (data
not shown). Plasmid pJM121 contained the 3' end of the
neighboring fliN gene and the entire fliO gene, and it also had
both possible translation initiation codons for the fliO gene
(see above). In contrast, in pJM111, the region upstream from
the PstIl site containing the fliN-fliO intercistronic region and
the ATG codon at bp 6 was missing (Table 1). Since the two
plasmids encoded polypeptides of the same size, we feel
confident that the GTG at position 66 bp is the functional start
codon and the 13 kDa protein is the gene product of the fliO
gene (Fig. 5).

Plasmid pJM171 is a 3'-deletion product of pJM91 in which
the DNA region beyond bp 971 (Fig. 1) is deleted, and the
remaining DNA fragment is ligated with the vector DNA. As a
result of this ligation, six in-frame amino acid codons are
added to the end of the truncated FliP before a stop codon is
encountered. The expression of pJM171 resulted in synthesis
of the 13 kDa FliO protein and two proteins of 20 and 18 kDa
in place of the 25- and 23-kDa proteins synthesized by pJM91.
If the 25- and 23-kDa protein bands in pJM91 expression (Fig.
5) were two different forms of the FliP polypeptide (i.e.,
precursor and mature forms as suggested by DNA sequence
analysis), deletion of the 3' end of the fliP gene would be

A.

25 Kd-
23 Kd-

13 Kd-

10 Kd-
-truncated Fli P
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expected to result in the replacement of both protein bands by
smaller proteins. Thus, these results indicated that both the 25-
and 23-kDa protein bands were encoded by the fliP gene.
Although multiple methionine residues were present in the
predicted amino acid sequence of FliR, attempts to visualize
the fliR gene product in minicells or the T7 expression system
by using Tran-35S methionine for protein labeling were unsuc-
cessful.

Processing of the FliP protein. It has been shown that
processing of outer membrane proteins or periplasmic proteins
requires a membrane potential for proper processing of the
signal peptides (7, 35). To determine whether the two closely
migrating bands at 25 and 23 kDa were products of the signal
peptide processing of the fliP gene product, we treated the
labeled cells with carboxycyanide m-chlorophenylhydrazone
(CCCP), which inhibits signal sequence processing (7). As
shown in Fig. 6, in the presence of CCCP, processing of the
precursor protein was prevented. However, instead of the
expected accumulation of more slowly migrating unprocessed
protein, increased levels of a faster-migrating protein were
seen. Similarly, a pulse-chase experiment done in the absence
of CCCP resulted in accumulation of increased levels of the
more slowly migrating protein over the time course, which was
concomitant with loss of the fast-migrating protein (Fig. 6).
These data suggested that the fast-migrating protein is the
precursor form and the slowly migrating polypeptide is the
mature form of the FliP protein.

In addition to performing the CCCP treatment, we treated
cells carrying the pGP1-2 and pJM91 with sodium azide prior
to pulse-labeling. Sodium azide is an inhibitor of SecA-
dependent protein translocation and causes the accumulation
of the precursor form of the transported proteins (34). This
experiment revealed that FliP precursor processing was inhib-
ited in the presence of sodium azide and that the precursor
form of the FliP protein is, in fact, the fast-migrating band
under the conditions used for gel electrophoresis (data not
shown). The reason for this abnormal migration of the pro-
cessed and unprocessed forms of the FliP protein remains to
be determined.
The existence of an N-terminal signal sequence at the

beginning of the FliP protein is the third incidence of a signal
sequence in the flagellar system. The only flagellar proteins
known previously to have canonical signal sequences were
FlgH and FlgI, the structural protein components of the L and
P rings, respectively (13, 16). Jones and Macnab (18) have
shown that fliP and fliQ are expressed prior to the expression
of any of the basal body or hook proteins. They have also
shown that in partial basal body structures containing only the
MS ring, two additional FlhD/C-dependent proteins of 23 and
26 kDa are present. It is tempting to suggest that the FliP
protein may be a structural component of the basal body,
because fliP expression is also regulated by the flhD and flhC
gene products, and fliP encodes proteins with molecular
weights similar to those seen on partial basal body prepara-
tions. However, strong homologies between the FliP protein
and proteins involved in translocation of the virulence factors
of different systems may be an indication of its direct or
indirect involvement in the flagellum-specific transport appa-
ratus.
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