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Thrust for propulsion of flagellated bacteria is generated by rotation of a propeller, the flagellum. The power

to drive the polar flagellar rotary motor of lbrioparahaemolyticus is derived from the transmembrane potential
of sodium ions. Force is generated by the motor on coupling of the movement of ions across the membrane to
rotation of the flagellum. A gene, motX, encoding one component of the torque generator has been cloned and
sequenced. The deduced protein sequence is 212 amino acids in length. MotX was localized to the membrane
and shown to interact with MotY, which is the presumed stationary component of the motor. Overproduction
of MotX, but not that of a nonfunctional mutant MotX, was lethal to Escherichia coli. The rate of lysis caused
by induction of motX was proportional to the sodium ion concentration. Li' and K+ substituted for Na+ to
promote lysis, while Ca2' did not enhance lysis. Protection from the lethal effects of induction of motX was

aforded by the sodium channel blocker amiloride. The data suggest that MotX forms a sodium channel. The
deduced protein sequence for MotX shows no homology to its ion-conducting counterpart in the proton-driven
motor, however, in possessing only one hydrophobic domain, it resembles other channels formed by small
proteins with single membrane-spanning domains.

Many bacteria swim by rotating semirigid helical propellers,
or flagellar filaments, that are powered by rotary motors (9, 32,
54). The flagellar filament is attached via a flexible coupling to
the core of the motor, the basal body. Surrounding the basal
body, in the cytoplasmic membrane, are approximately 8 to 10
force-generating units (11, 26). Energy to drive the motor is
not derived from ATP hydrolysis (29) but rather is from the
transmembrane electrochemical potential of specific ions.
Each torque-generating unit converts the electrochemical en-
ergy of the transmembrane potential to mechanical work.
Somehow there is coupling of the flow of specific ions down a
transmembrane potential gradient to rotation of the flagellum
(24, 35, 42). For bacteria like Escherichia coli and Bacillus
subtilis, the energy is supplied by the proton motive force, while
for some alkaliphilic and marine bacteria, the energy is derived
from the sodium motive force (25, 31). Thus, there are two
types of flagellar motors, H' and Na' driven.
The proton-type torque generator of E. coli has been

extensively studied. It is composed of two proteins, MotA and
MotB. These proteins have been overproduced and localized
to the cytoplasmic membrane (65). MotA contains four hydro-
phobic segments (16). A combination of genetic and biochem-
ical evidence indicating that these segments probably are
transmembrane domains and that MotA functions as a proton
channel has accumulated (12, 13). Overproduction of a fusion
protein containing MotA and part of the amino terminus of
MotB suppresses growth, presumably because of proton leak-
age across the cytoplasmic membrane. Genetic studies have
provided evidence for interaction between MotA and MotB
(58). The studies of Chun and Parkinson (14) coupled with the
deduced protein sequence (57) have allowed the development
of a clear topological picture of MotB: it traverses the mem-
brane once near its amino terminus, with the remainder of the
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protein localized in the periplasm. The protein is believed to
serve the role of a linker, or stator, connecting the motor to a
stationary component of the cell wall.

Until now, the sodium-type motor has not been described.
The bacterium Vibrio parahaemolticus possesses both proton-
and sodium-type flagellar motors (4). It is a versatile organism,
swimming in liquid environments by rotating a single polar
flagellum and moving, or swarming, on solid surfaces and
through viscous environments by using a second flagellar
system with a different set of flagella, lateral flagella (38).
These two types of flagella are powered by different energy
sources. Two genes encoding components, Laff and LafU, of
the proton-type force generator which drives the lateral fla-
gella have been identified, cloned, and sequenced (41). Their
deduced protein sequences resemble those ofE. coli MotA and
MotB, respectively. Recently, one component of the sodium-
type motor, MotY, has been identified. Features of the de-
duced protein sequence suggest that MotY functions as a
stator anchoring the force-generating unit to peptidoglycan,
analogous in manner to MotB (39). This work characterizes a
second component of the sodium-type motor, MotX. The data
suggest that MotX functions as the sodium channel.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and
plasmids used in this work are described in Table 1. The media
for propagation of E parahaemolyticus strains have been
described previously (39). LB, 2x YT, and NZCYM media for
propagation of E. coli strains and lambda were prepared as
described by Sambrook et al. (49). LBK medium for propaga-
tion of sodium-sensitive strains was adapted from that de-
scribed by Pinner et al. (46). LBK-K medium was LBK without
KCl. Amiloride, chloramphenicol, and 5-bromo-4-chloro-3-
indolyl phosphate (XP) were from Sigma Chemical Company.
Chloramphenicol was used at a final concentration of 10 jig/ml,
and XP was used at a final concentration of 40 ,ug/ml. A 225
mM stock solution of amiloride was prepared in dimethyl
sulfoxide.
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype or description Source, parent, and/or reference

V parahaemolyticus
BB22 Wild type 7
LM1017 lafX313::lux BB22; 37
LM4170 lafX313::1wc motX118::mini-Mu lac (Tets) 37
LM4171 laJX313::lux motY141::mini-Mu lac (Tets) 37
LM4262 motX1699::TnphoA (blue) BB22; this work
LM4292 lafX313::1ux motX1726::TnphoA (blue) LM1017; this work
LM4293 lafX313::lux motX1727::TnphoA (light blue) LM1017; this work
LM4286 laJX313::1ux hmp-1712::TnphoA LM1017; this work
LM4291 lafX313::lux hmp-1722::TnphoA LM1017; this work
LM4287 lafX313::lux purAI713::TnphoA LM1017; this work

E. coli
CC118 araD139 A(ara leu)7697 AlacX74 AphoA20 galE galK thi rpsE rpoB argE(Am) recAI 22
DH5a F- end4l hsdR17 (rK ) supE44 thi-1 X- recAl deoR gyrA96 reLAl A(argF-lac- Bethesda Research Laboratories

ZYA)U169 4)80dlacZAMl5
LLM1693 CC118/pLM1693 This work
LLM1758 DH5ao/pLM1758 This work
LLM1766 DH5oa/pLM1766 This work
LLM1784 DH5a/pLM1784 This work
LLM1785 DH5a/pLM1785 This work

Plasmids
pKK388-1 Tetr; Apr expression vector (Ptrc) Clontech
pLAFRII Tetr; pLAFRI with polylinker 19
pMMB66EH Apr expression vector (Ptac); ColEl replicon; lacIq 20
pUC18CMR pUC18 with chloramphenicol resistance cassette 52
pLM1693 motX+; pLAFRII recombinant cosmid complementing strain LM4170 for motility V parahaemolyticus bank; 40
pLM1699 motX1699::TnphoA pLM1693
pLM1737 3.3-kb PstI fragment containing motX1699::TnphoA, Ptrc aligned pKK388-1 and pLM1699
pLM1751 2.3-kb EcoRI fragment containing motY with Ptrc promoter opposed 39
pLM1756 1.2-kb PstI fragment containing motX with Pt., aligned pLM1693 and pMMB66EH
pLM1758 Camr; 1.2-kb PstI fragment containing motX with Ptac aligned pLM1756 and pUC18CMR
pLM1766 Camr; pMMB66EH pMMB66EH and pUC18CMR
pLM1784 pLM1758 (motX+) plus 1.2-kb SphI fragment containing motY, Ptac aligned with pLM1758 and pLM1751

motY and motX
pLM1785 pLM1766 plus 1.2-kb SphI fragment containing motY, Ptac aligned with motY pLM1766 and pLM1751

Genetic techniques. Mutagenesis with XTnphoA (from C.
Manoil) (22) was performed by infecting a culture of E. coli
LLM1693. This procedure and the procedures for conjugation
and gene replacement in E parahaemolyticus have been de-
scribed elsewhere (51, 53). All strain constructions were con-
firmed by Southern blot analysis of restricted genomic DNA
(36, 40) on 0.45-jim Magna Charge nylon membranes (Micron
Separations Inc., Westborough, Mass.).

Plasmid constructions. Transformations, ligations, and other
general procedures were adapted from the methods of Sam-
brook et al. (49). The 1.2-kb PstI fragment encoding motXwas
cloned into the expression vector pMMB66EH to make pLM
1756. Plasmid pLM1756 was made into the chloramphenicol-
resistant derivative pLM1758 by cloning the 1.6-kb BamHI
fragment containing a Camr cassette from pUC18CMR (52)
into the BglII site following the motXgene. The motYgene was
incorporated into pLM1758 by cloning a 1.2-kb SphI fragment
from pLM1751 into the SphI site in the polylinker preceding
motX. The isopropyl-3-D-thiogalactopyranoside (IPTG)-induc-
ible promoter, Ptac, was aligned with motYand motX. A control
plasmid, pLM1766, was constructed by introducing the Camr
cassette into the BamHI site in pMMB66EH. The 1.2-kb SphI
fragment containing motY was also cloned into pLM1766 to
make pLM1785 (Ptac promoter aligned with motY). A 3.3-kb
PstI restriction fragment containing the fusion motXl699::
TnphoA was cloned into pKK388-1 to make pLM1737. The
wild-type allele on the 1.2-kb PstI fragment was also cloned
into this vector; however, because induction of motX was

lethal, it was preferable to work with the construct pLM1758,
in which the lad gene was incorporated directly into the clone
and not carried separately on an F-prime plasmid.

Cell fractionation and SDS-PAGE. Cells were fractionated
by using a variation of a method described previously for
preparation of outer membrane samples (40); i.e., to obtain
total membrane rather than outer membrane preparations,
cells were lysed in one-half the original volume cold H20
instead of 1% N-lauroyl sarkosine. Cytoplasmic fractions,
which were the supernatants to the membrane pellets, were
diluted 1:2 into 2x Laemmli sample buffer (LSB) (28), while
whole cells and membrane samples were resuspended in 1
volume of 1x LSB. Protein samples were boiled for 5 min
prior to separation by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (2) and visualized by the
method of Fairbanks et al. (17) for Coomassie blue staining
(Brilliant Blue R; U.S. Biochemicals, Cleveland, Ohio). The
resolving gels were 20 cm in length and were composed of
12.5% acrylamide. Acrylamide and SDS were from BDH
(Poole, England), glycine was from GIBCO BRL (Gaithers-
burg, Md.), and the molecular weight markers (low-molecular-
weight range) were from Bio-Rad Laboratories (Hercules,
Calif.). Western blot (immunoblot) analysis has been described
previously (41), and anti-alkaline phosphatase antiserum was
from 5 Prime 3 Prime Inc. (Boulder Colo.).
DNA sequencing analysis. Sequences were determined by

using a shotgun strategy, as follows. An 8.0-kb EcoRI fragment
from pLM1693 was self-ligated and then sonicated to generate
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FIG. 1. Physical map of the motX locus. Restriction sites: R, EcoRI; P, PstI. TnphoA insertions are shown as flags on the restriction map. The
tip of the flag points in the direction of transcription ofphoA. Filled flags indicate transposons that confer a motility defect when introduced onto
the chromosome of V. parahaemolyticus. The intensity of the fill represents the intensity of alkaline phosphatase color reaction on plates with a
chromogenic substrate. Positions of the transposons were obtained by sequencing: 1713 is at bp 3938, 1727 is at bp 4440, 1726 is at bp 4623, 1699
is at bp 4980, 1722 is at bp 5213, and 1712 is at bp 5852. The locus is similar to the E. coli hflK-purA locus, and the ORFs are designated by the
names of their homologs. Arrows indicate directions of transcription. The shaded regions (encoding motX and hmp) appear to be inserted into this
locus. E. coli hmp encodes a hemoglobin-like protein (64). In the E. coli purA locus five ORFs have been sequenced (46, 66). Sequencing studies
of an overlapping region in S. flexneri extended the fifth ORF, called vacB (63). The similarities, determined by Genetics Computer Group Bestfit
analysis, of the deduced V/ parahaemolyticus gene products are as follows: HflK, 71% similar and 57% identical to E. coli HflK HflC, 73% similar
and 55% identical to E. coli HflC; PurA, 88% similar and 77% identical to E. coli PurA; Hmp, 74% similar and 62% identical to E. coli Hmp; ORF,
76% similar and 63% identical to E. coli ORF and 80% similar and 66% identical to S. flexneri ORF; and VacB, 78% similar and 66% identical
to E. coli VacB and 78% similar and 64% identical to S. flexneri VacB. The exact positions of the ORFs are as follows: 225..1427, 1430.2410,
2854..4170, 4400..5035, complement (5118..6302), 6461..6886, and 7002..>8150.

random subfragments 300 to 600 bp in length (5). After end
repair with T4 DNA polymerase, the subfragments were
ligated into the SmaI site of M13mp8 (43) and sequenced by
the dideoxy-chain termination procedure of Sanger et al. (50)
with the Sequenase 2.0 kit from U.S. Biochemicals. The source
of radioactivity was o35-S-dATP (Amersham). Nucleotide se-
quence was obtained for both strands. Synthetic oligonucleo-
tides, prepared by Integrated DNA Technologies, Inc. (Cor-
alville, Iowa), were occasionally used as primers on long
templates to obtain additional sequence. Sequence assembly
was performed by using Roger Staden's sequence assembly
program (SAP; version 5.0) (56), and the Genetics Computer
Group software package version 7.0 was used for sequence
analysis. Searches for homology were performed at the Na-
tional Center for Biotechnology Information with the BLAST
network service (1). TnphoA insertions in plasmid pLM1693
were sequenced directly by using oligonucleotide primers
specific to each unique end of TnphoA (primer L, 5' CAGA
GCGGCAGTCTGATCAC 3', and primer R, 5' CCGCAC
GATGAAGAGCAG 3').

Nucleotide sequence accession number. The entire nucle-
otide sequence of 8,152 bases shown in Fig. 1 has been
assigned GenBank accession number U09005.

RESULTS

Cloning of the motX locus. Screening of a collection of
mini-Mu transposon mutants defective in swimming motility
identified two strains with defects, mot-118 and mot-141,
potentially in the polar flagellar motor (37). These strains were
unable to move in semisolid motility agar or when viewed in
wet mounts in the light microscope. Inspection of electron
micrographs showed that these bacteria possessed single polar
flagella that were indistinguishable from the polar flagella of
the wild type. Thus, these strains produced flagella that seemed
paralyzed. Complementation of the motility defects in strains
LM4170 (mot-118) and LM4171 (mot-141) allowed the re-

trieval of clones from a cosmid bank of V. parahaemolyticus
DNA. Two families of cosmids were obtained: one that
restored swimming motility to strain LM4170 and one that
restored motility to LM4171. Therefore, the mutations were in
two unlinked genes, motX and motY, required for rotation of
the polar flagellum. A representative cosmid, pLM1693, of the
class complementing the motX118 defect was chosen for
further analysis.
motX maps alone. Cosmid pLM1693 contained greater than

20 kb of recombinant V. parahaemolyticus DNA. When this
cosmid was used to probe Southern blots of restricted chro-
mosomal DNAs prepared from the wild type and LM4170, an
8-kb EcoRI fragment was perturbed in the mutant strain but
not in the wild type. The motX gene was further localized by
using the transposon TnphoA. Transposon insertions that
mapped in the 8-kb EcoRI fragment were isolated on the
cosmid (Fig. 1). TnphoA can be used as a probe for transported
proteins (34). The transposons in blue clones (i.e., those that
formed active, transported fusions on indicator plates with a
chromogenic substrate) mapped to a 1.2-kb PstI restriction
fragment. All of the blue transposons yielded swimming mo-
tility-defective phenotypes when introduced into the V parah-
aemolyticus chromosome. Gene disruption with the remaining
transposons, which mapped in the 8-kb fragment and flanked
the 1.2-kb PstI fragment, had no effect on swimming motility.
Transposon mutagenesis suggested and DNA sequencing of

the 8-kb EcoRI restriction fragment confirmed that motX
mapped alone, in the absence of other flagellar genes. The
gene appears to be interposed at the equivalent of 95 min on
the E. coli chromosome in thepurA locus (Fig. 1). In E. coli five
open reading frames (ORFs) have been sequenced at that
locus (45). Sequencing studies of an overlapping region in
Shigella flexneri extended the fifth ORF, called vacB (63).
Sequencing of the V. parahaemolyticus motX locus revealed
homologs to these same five ORFs. The gene encoding MotX
appears to be inserted into this region, as does one other gene,
hmp, which codes for a potential hemoglobin-like protein (64).
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end of purA -->
4000 CCAGGTTGGTCTGAGAACACATTTGGTGCTAAGTCACTAGATGCTCTACCACAAGCAGCTCTAAACTACATCAAACGTATCGAAGAGCTAACGGGTGTAC

P G W S E N T F G A K S L D A L P Q A A L N Y I K R I E E L T G V P

4100 CAGTAGACATCATCTCAACTGGTCCAGACCGTAACGAAACTATCATTAAGGTTCACCCATTCGAAGCTTAATAAGTACTCGTTAGAGATTTTAAAAGCCG
V D I I S T G P D R N E T I K V H P F E A *

4200 ACCTCAAGGTCGGCTTTTTTGTATCTGAGATAAAAATACCCACAGCGATAAATAATCTGCATATGGCAAGTTATTGCCGTTAAGCTTAAGGAAGAGGCAA

PstI RBS
4300 AAATTGTCTAAAGCTTAGCTGCAGATTGCCGATAAGTTTATCAAGCAGAGGAGATCCTTGGCTGATCTTTGGTTTCTCAGATACCTTGAAGAGTACGTTT

motX --> I Tnl727
4400 ATGAAGTTACGAACAGTGGCTGCTTCACTGTTACTGATGCTGTCTGCCACAACAGTGCGAGCGAGTGCTGCTGATGTTGGCGCGCCAGTCCCCATCTACA

M K L R T V A A S L L L M L S A T T V R A S A A D V G A P V P I Y T

4500 CCGAAGCAGAACTGATAAAGCTTATTGAGCAGAATAAGCATTTACAACGCGTGCGCGCTGATAACTGCCAGCTGGTGGAAGATATCGTAGCTCGTGCGAC
E A E L I K L I E Q N K H L Q R V R A D N C Q L V E D I V A R A T

I Tnl726
4600 TCGAATTAACTTGCCTGCTTACGAGTTCTTATATGGCGACATGTTGGCGTGGGGCGTATGTGTCGAGCAAGATGTCGAGCTGGGGCTCTACTACATGGAA

R I N L P A Y E F L Y G D M L A W G V C V E Q D V E L G L Y Y M E

4700 AATGCCGCGCAGCAAGGCTTACCTGCGGCATTAGAACAGATTGGACGTTACTATTCGCGCGGTACTTTGGTGCAACAAGACAAAGAGCGTGCGATTCCGT
N A A Q Q G L P A A L E Q I G R Y Y S R G T L V Q Q D K E R A I P Y

4800
L R E A A S M G N L N A R I H L A E L L L R D Y G S P L D Y E D A

I Tn1699
4900 TTACCGCTGGTTGTACAACTCGGTGACCGCCGATCAGCGTCAACACAAACGCATTGCCGTGTTAAGGCGTGGGCTAGAACAGCGTATGCCACAAAACATC

Y R W L Y N S V T A D Q R Q H K R I A V L R R G L E Q R M P Q N I

BglII >>>>>>>>>>>>> <<<<<<<<<<<<<<<<<
5000 ATTGCACGCGCAAAAAGGCGTGACATGTTCTGGTAGATCTCCAGAAAATTCTCGGTAACTTCATACAACAAAGCCCACACTTCGTGGGCTTTGTTGTTTT

I A R A K R R D M F W *

5100
5200
5300
5400

CCCGATAGGTGAACGCGCTTAAACCACCTTATGTGGGCCAAA.GCATTCGTAATGGAATTGTTCCTGAGGGACGCCAAGTTCTTGTAGCTGTTTCGCGACG
TGCTGCATAAAGCCCACCGGACCACAGAAGTACACTTGTACGTTGTCTTGTTTGAGTGCGGCTTCGATTTCATGCAGGTTTACAAAGCCGGTAAAGTGGA
AGTCTTCACCTATCTTGTCTTCTGCCGTTGGTTGGTTATACCAAATGAGCGCGTTCATGTTTTCTTTCGCCGTGACTAGCTGGTTTACGTGCTCTTTAAA
GGCGTGGTGTTTGCTGTTTTCTGTTGCATGTACCCAAGTCACTGGCGCGTGATGTTCCGTCAAGCTTTCTAGCATTGACAGTGTTGGCGTAAGGCCGACA
PstI

5500 CCTGCAG 5506

FIG. 2. DNA nucleotide and deduced amino acid sequences of motX. Selected restriction sites are shown to facilitate orientation to the physical
map. The features of a potential i28 promoter are double underlined. A site resembling the Shine-Dalgarno sequence of the E. coli ribosome
binding site (RBS) is underlined. Chevrons indicate structures that could serve as transcriptional terminators. Arrows indicate the points of
insertion of transposons, which are designated by their specific numbers.

DNA nucleotide sequence and predicted amino acid se-
quence. The DNA sequence corresponding to bp 4000 to 5506
on the map in Fig. 1 is presented in Fig. 2 along with the
deduced amino acid sequence for MotX. The ORF starts with
an ATG codon that is preceded by features resembling those of
an E. coli ribosome binding site. Upstream of motX are
sequences that match the consensus derived for a28 flagellar
promoters: TAAAN15GCCGATAA (N15 represents 15 nucleo-
tides) (23). Downstream of motX are sequences that resemble an
E. coli rho-independent terminator. Disruption of this ORF by
transposons 1727, 1726, and 1699 resulted in motility-defective
phenotypes when the transposons were transferred to the
chromosome. The exact point of insertion of each transposon
is shown in Fig. 2 and was determined by DNA sequencing

from the ends of each transposon. The insertion of these three
transposons resulted in the formation of fusion proteins with
alkaline phosphatase. This enzyme is not active unless it is
transported out of the cytoplasm, i.e., to the cytoplasmic
membrane or beyond. Strains carrying clones with transposons
1726 and 1699 exhibited high levels of alkaline phosphatase
activity, indicated by a deep blue color on plates with a
chromogenic substrate, whereas a strain with transposon 1727
was lighter blue. The motX gene encodes a potential polypep-
tide 212 amino acids in length. It contains one potential
membrane-spanning domain, composed of 27 predominantly
hydrophobic amino acids, located near the amino terminus.
Both transposons 1699 and 1726 map to the carboxyl-terminal
side of the hydrophobic domain. The fusion joint created by
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FIG. 3. Identification and localization of MotX. An exponentially
growing culture of a strain with plasmid pLM1758, which contains
motX under the control of an IPTG-inducible promoter, was diluted
into fresh LBK-K medium (plus chloramphenicol) with and without 2
mM IPTG. Samples were harvested by centrifugation 100 min postin-
duction. The control strain, LLM1766, harbored the vector without an
insert. Samples were resuspended directly into LSB (whole cells [WC])
or were fractionated into cytoplasmic (C) and total membrane (M)
fractions. Proteins were visualized on SDS-PAGE stained with Coo-
massie blue. Lanes: 1, LLM1758 without IPTG (WC); 2, LLM1758
with IPTG (WC); 3, LLM1766 with IPTG (WC); 4, LLM1758 without
IPTG (C); 5, LLM1758 with IPTG (C); 6, LLM1758 without IPTG
(M); 7, LLM1758 with IPTG (M); 8, LLM1766 without IPTG (M); 9,
LLM1766 with IPTG (M); and 10, molecular weight standards.
Membrane samples were loaded with samples concentrated approxi-
mately fivefold compared with whole-cell and cytoplasmic prepara-
tions. MotX is indicated by the arrow and arrowhead, and the sizes of
the molecular weight standards are given in thousands on the right.

transposon 1727 occurs at the ninth amino acid in the hydro-
phobic domain. When the deduced sequence for MotX was
used to search data banks, the protein appeared to be novel.
No significant similarities were found.

Identification and localization of MotX. The 1.2-kb PstI
fragment containing motX was subcloned into the expression
vector pMMB66EH, which has the IPTG-inducible Ptac pro-
moter and carries its own repressor gene, lacI. Exponentially
growing cultures of strains LLM1758 and LLM1766 (carrying
the control plasmid with no insert) were diluted into fresh
medium with and without 2 mM IPTG. Optical density was
measured to monitor growth rate, and samples were periodi-
cally harvested for fractionation and analysis on protein gels.
No new protein bands were seen when whole-cell profiles of
strain LLM1758 grown with the inducer were compared with
those of the same strain grown without the inducer (Fig. 3,
lanes 2 and 1, respectively) or with those of an induced culture
of control strain LLM1766 (lane 3). Proteins in the cytoplasmic
fractions harvested from LLM1758 grown with or without
inducer also looked similar (Fig. 3, lanes 5 and 4, respectively);
however, there was a new protein synthesized that is visible in

1 2 3 4 5 6 7 8 9 10 11 1213 141516 17 18
-97.4

-66.2

-45.0

-31.0

-21.5

-21.5

FIG. 4. Localization of MotY coproduced with MotX. Exponen-
tially growing cultures of strains with pLM1784 (motr+ motX+),
pLM1785 (motY+), pLM1758 (motX+), and pLM1766 (vector alone)
were diluted into fresh LBK-K medium (plus chloramphenicol) with
and without 2 mM IPTG, and the samples were harvested by centrif-
ugation 100 min postinduction. Samples were resuspended directly
into LSB (whole cells [WC]) or were fractionated into cytoplasmic (C)
and membrane (M) fractions. Lanes: 1, LLM1785 without IPTG
(WC); 2, LLM1785 with IPTG (WC); 3, LLM1784 without IPTG
(WC); 4, LLM1784 with IPTG (WC); 5, molecular weight standards; 6,
LLM1785 without IPTG (M); 7, LLM1784 without IPTG (M); 8,
LLM1785 with IPTG (M); 9, LLM1784 with IPTG (M); 10, LLM1758
with IPTG (M); 11, LLM1758 without IPTG (M); 12, LLM1766 with
IPTG (M); 13 and 14, molecular weight standards; 15, LLM1785
without IPTG (C); 16, LLM1785 with IPTG (C); 17, LLM1784 without
IPTG (C); and 18, LLM1784 with IPTG (C). Membrane samples were
loaded with samples concentrated approximately fivefold compared
with whole-cell and cytoplasmic preparations. MotX and MotY are
indicated by arrows and arrowheads, and the sizes of the molecular
weight standards are given in thousands on the right.

the membrane fraction harvested from the induced culture
(lane 7) but that was not present in the uninduced membrane
fraction (lane 6) or in the uninduced and induced membrane
fractions from the control strain (lanes 8 and 9, respectively).
This protein migrated with an apparent molecular mass of 28
kDa (the predicted molecular mass is 24.1 kDa).

Interaction of MotX and MotY. Previously, the gene product
of motYwas identified as a protein with an apparent molecular
mass of 33 kDa on SDS-PAGE. In order to compare and
investigate the functions of MotX and MotY, the genes
encoding these proteins were cloned separately and together
under the control of the Ptac promoter in the vector
pMMB66EH. Plasmid pLM1785 contains motY, and plasmid
pLM1784 contains motY and motX. Induction of strain
LLM1785 and LLM1784 with IPTG led to production of a
33-kDa protein that can be seen in whole-cell profiles on
SDS-PAGE (Fig. 4, lanes 1 through 4). Membrane samples
prepared from induced strain LLM1785 (lane 8) resembled the
preparations from uninduced strains LLM1785 and LLM1784
and from the induced control strain LLM1766 (lanes 6, 7, and

1 2 3 4 5 6 7 8 9 10
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FIG. 5. Induction of motX kills the cell. Strains containing plasmids with mofX and/or motY under the control of an IPTG-inducible promoter
were grown in 2x YT medium plus chloramphenicol with aeration to mid-exponential phase, at which time (indicated by arrows) the cultures were
diluted into 2X YT-chloramphenicol medium supplemented (triangles) or not supplemented (squares) with 2 mM IPTG. Growth of the cultures
was monitored by measuring the optical density at 600 nm (O.D.600.m).

12, respectively). Unlike MotX (lane 10), MotY failed to
localize to the membrane fraction of strain LLM1785 and
could be detected in the cytoplasmic fraction (uninduced
versus induced; lanes 15 and 16, respectively). However, its
cellular location was changed when MotY was coproduced
with MotX on induction of strain LLM1784. MotY was not
observed in the cytoplasmic fraction (uninduced versus in-
duced; lanes 17 and 18, respectively), but rather both MotX
and MotY were found in the membrane fraction of induced
LLM1784 (lane 9). When the membranes were extracted with
N-lauroyl sarkosine, which selectively solubilizes inner mem-
brane proteins, MotX and MotY disappeared from the prep-
arations (data not shown). Thus, MotY localizes to the cyto-
plasmic membrane in the presence of MotX.

Overproduction of MotX, but not MotY, kills the cell. When
exponentially growing cultures of LLM1758 (motX+) or LLM
1784 (motX+ motY+) were diluted into fresh medium and
induced with IPTG, induction of Mot protein synthesis was
deleterious to cell growth. As shown in Fig. 5A and C, when
growth was monitored by measuring the optical density at 600
nm, cultures continued to grow postinduction for approxi-
mately 1.5 doubling times, at which point the rate of exponen-

tial growth began to decline, and after a certain point cell lysis
became apparent. This was not true for strains with motY alone
(LLM1785; Fig. SB) or with the control plasmid (LLM1766;
Fig. SD). Induction did not affect growth of the cultures. Thus,
induction of motX, but not induction of motY, was lethal to the
cell.
The killing resulting from induction of motX seemed to be

specific for the function of the induced protein rather than a
nonspecific effect of overproduction of a membrane protein. A
PstI fragment containing the MotX-alkaline phosphatase fu-
sion created by transposon 1699 was subcloned into an expres-
sion vector. Fusion 1699 was exported, as indicated both by a

deep blue color on plates with a chromogenic alkaline phos-
phatase substrate and by localization experiments using anti-
serum directed against alkaline phosphatase to detect the
fusion protein in Western blots. The fusion product was not
functional, since transposon 1699 caused a motility defect
when it was introduced into the V parahaemolyticus chromo-
some. Overproduction of the fusion protein, which is function-
ally inactive but which localizes to the membrane, did not affect
the growth curve: induced and uninduced cultures were indis-

B. LLM1785 (mot Y)
_-

E

8
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FIG. 6. (A) Effect of NaCl on postinduction growth. Strain LLM1758, which contains motX under the control of an IPTG-inducible promoter,

was diluted into LBK (LB medium with KCl substituted for NaCl) plus chloramphenicol and grown with aeration to mid-exponential phase, at
which time (indicated by arrows) the culture was diluted into LBK-chloramphenicol medium supplemented as indicated with inducer and various
concentrations of NaCl. IPTG, when added, was at a final concentration of 2 mM. Growth of the cultures was monitored by measuring the optical
density at 600 nm (O.D.wnm). (B) Effect of other ions on postinduction growth. The experimental design was similar to that for panel A except
that LLM1758 was grown in LBK medium without KCl (LBK-K). Supplements were as indicated.

tinguishable from each other and from cultures with the vector
alone.

Evidence that MotX forms an ion channel. To investigate
the nature of the growth inhibition and cell lysis resulting from
overproduction of MotX, the effect of sodium ion concentra-
tion on postinduction growth was examined by using a medium
appropriate for sodium-sensitive strains, i.e., L broth in which
the sodium was replaced by KCl (LBK; 46). Medium with no
added sodium ions was most permissive for growth in the
presence of inducer (Fig. 6A). The postinduction rate of
decrease in optical density was enhanced by an increased
concentration of NaCl in the medium. Increasing concentra-
tions of sodium ions led to increasing rates of decline in the
optical density at 600 nm.

Cell death could also be promoted by the addition of lithium
ions to the induction medium (Fig. 6B). As was the case for
Na', the rate of decline in postinduction optical density was

proportional to the concentration of Li' (data not shown).
Cells were able to grow in LBK medium without supplemen-
tation with KCl (LBK-K). This allowed examination of the
effect of K+ on growth. As can be seen in Fig. 6B, addition of
K+ to the postinduction medium promoted a decline in the
optical density of the culture. In contrast, addition of CaCl2 to
the induction medium did not increase the rate of lysis and in
fact provided some protection. CaCl2 did not affect the level of
induction of motX: the protein product could be found in
membrane fractions prepared from cells grown with inducer in
the presence of CaCl2.
The drug amiloride is a known inhibitor of sodium channels

in animal cells and is a specific inhibitor of Na'-driven flagellar
motors (60). When amiloride was added to the medium in
induction experiments similar to those described above, there
was some protection against the deleterious effects of induc-
tion of motX. The rate of lysis was diminished by increasing
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FIG. 7. Amiloride protection. Strain LLM1758, which contains
motX under the control of an IPTG-inducible promoter, was diluted
into fresh LBK medium plus chloramphenicol and grown with aeration
to mid-exponential phase, at which time the culture was diluted into
LBK-chloramphenicol medium supplemented as indicated (open bars,
no NaCl added; solid bars, 250mM NaCl added). Cultures were grown

for 5.5 h postdilution, and the optical density at 600 nm was measured.
Results are expressed as the percent ratio of the final optical density
achieved with inducer added to that without inducer in a particular
concentration of amiloride. The effect of amiloride was examined at
two concentrations of inducer, 50 and 100 piM IPTG. The values are

the averages from two experiments. The highest concentration of
amiloride (2.25 mM) approaches the limits of amiloride solubility in
growth medium.

amiloride concentrations. Cells continued to grow, albeit very

slowly, in the presence of inducer plus amiloride. The results
presented in Fig. 7 are expressed as percent growth, or the
ratio of the optical density of a culture grown in a particular
amiloride concentration with IPTG to the optical density of the
culture grown in the same medium without IPTG measured 5.5
h postinduction; thus, they are essentially survival rates. In-
creasing concentrations of amiloride gave increasing survival
rates. The amount of protection afforded by amiloride was a

function of the degree of induction of MotX. Less protection
by equivalent concentrations of amiloride was seen at higher
concentrations of inducer (e.g., 100 versus 50 puM). At even

higher concentrations of inducer (1 mM), no protection was

seen (data not shown). The protective effect of amiloride was

antagonized in the presence of NaCl. Approximately the same,

low levels of survival were attained at all concentrations of
amiloride when 250 mM NaCl was added to the medium. It is
known that amiloride inhibits rotation of the polar flagellum in
a competitive manner with sodium ions.

DISCUSSION

To swim, some bacteria use a flagellar propeller and a

reversible, rotary motor. Electrochemical energy stored as

membrane potential is converted to mechanical energy used to

rotate the propeller. Some types of motors use the proton

motive force, while others use the sodium motive force. The

mechanism of energy conversion is still a mystery, although the
components of proton-type motors have been well studied.
Characterization of the sodium-driven torque generator of the
polar flagellum of V parahaemolyticus has just begun. In
addition to chemomechanical coupling, other transducing
events occur at this flagellum. The polar flagellum is thought to
also function as a dynamometer (37). The bacterium senses a
flagellum unable to rotate, perhaps by detecting a stalled
motor. By sensing forces that restrict movement of the flagel-
lum, the bacterium detects physical aspects of its environment,
namely, a surface or highly viscous layer. This physical infor-
mation is somehow transduced to reprogram gene expression,
directing differentiation to a new cell type, the swarmer cell,
that is adapted for growth on and colonization of surfaces.
Thus, for a number of reasons, it is of interest to gain more
information about the polar, sodium-type flagellar motor of V.
parahaemolyticus.
A multitude of genes are involved in flagellar motility, and

flagellar genes are generally found organized in large clusters
(33). Moreover, motor genes previously characterized are
organized in operons. In E. coli and B. subtilis, the mot operons
are linked to chemotaxis genes (3, 44, 55, 67). In V parahae-
molyticus, the lateral flagellar (proton-type) motor genes are
linked and are in an operon with the lateral flagellar sigma
gene and some other flagellar genes (41). Two genes encoding
components of the polar flagellar (sodium-type) motor have
been identified, and they appear to be novel with respect to
operon organization, genetic linkage, and gene structure. The
genes encoding MotX and MotY are not in an operon. They do
not map together, and they do not map near other flagellar
components. MotY appears to be inserted into a locus similar
to the E. coli mt locus, and MotX appears to be inserted into
the equivalent of the E. coli purA locus. Finally, nucleotide and
deduced protein sequences do not resemble those of known
motility or flagellar genes.

For the proton-type motor of E. coli, two cytoplasmic
membrane proteins, MotA and MotB, are required for torque
generation. MotA is the proton conductor (12). It possesses
four potential membrane-spanning domains believed to be
important for proton movement (16). Dominant, nonfunc-
tional mutations map to all four of these hydrophobic regions
(13). Although the physical nature of the interaction has not
been elucidated, the coupling between the passage of ions and
flagellar rotation appears to be very tight (10, 42). The role of
MotB is postulated to be one of a stator, linking MotA to some
stationary component, such as the cell wall (14). Such a
configuration would enable the torque generator to remain
stationary when force is applied to the filament base; however,
there is no evidence for what component MotB is specifically
anchored to. MotY seems to fulfill the stator function for the
sodium-type flagellar motor, and the data suggest that it
interacts directly with peptidoglycan (39). Although it shows
no sequence similarity to MotB, it does possess, like MotB, a
single potential membrane-spanning domain. In addition, it
has a carboxyl-terminal domain that shows striking similarity to
those of a number of proteins known to interact with pepti-
doglycan, e.g., OmpA and peptidoglycan-associated lipopro-
tein. This domain is not readily recognizable in E. coli. In this
report a second component, MotX, required for sodium-type
motor function is characterized. The gene was cloned and
sequenced. The deduced product is a small, 212-amino-acid
polypeptide with a single potential membrane-spanning do-
main. The protein was localized to the cytoplasmic membrane.
TnphoA fusions mapping distal to this domain exhibited alka-
line phosphatase activity. On overproduction of MotX, a new
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protein that migrated at 28 kDa appeared in membrane
preparations.
The dramatic result of overproduction of MotX in E. coli

was cell death. This damaging effect was specific to the
function of the protein rather than due to general effects on
growth caused by overproduction of a membrane protein.
Overproduction of a nonfunctional fusion protein had no
detrimental effect on growth. MotX alone was sufficient to
cause severe growth impairment; MotY coproduction was not
required. The results suggest that MotX forms the sodium-
conducting component of the torque generator. Cells induced
for the production of MotX became sensitive to the NaCl
concentration of the growth medium. Increasing concentra-
tions of NaCl lead to faster rates of cell death on induction of
MotX. The sodium channel blocker amiloride (6, 8) provided
protection to the cell on induction of MotX. When the drug
amiloride, which is a known competitive inhibitor of the
sodium-type flagellar motor (24), was present in the inducing
medium, lysis was prevented and the cells continued to slowly
grow. The protection was concentration dependent and could
be titrated by the amount of MotX produced. Furthermore,
protection by amiloride was removed in the presence of 250
mM NaCl. Specificity for monovalent ions could be demon-
strated. In addition to Na', Li' and K+ were effective at
promoting lysis on induction, while Ca2+ was not. By measur-
ing the swimming motility of the closely related bacterium
Vibrio alginolyticus, Liu and colleagues (30) found that lithium
but not potassium could substitute for sodium, whereas Imae
and Atsumi (24) reported that lithium could not substitute for
sodium for alkaliphilic Bacillus species. It will be interesting to
study the ion-conducting properties of the sodium-type motor
for V parahaemolyticus. Perhaps specificity is simply organism
dependent or, more interestingly, ion translocation and torque
generation can be separable events. It also seems possible that
ion selectivity is conferred by additional components of the
motor.
There is precedent for the existence of channels formed by

small polypeptides with single membrane-spanning domains. A
voltage-gated potassium channel found in mammals is gener-
ated by a protein 130 amino acids in length (Utl or MinK) (18,
21, 48, 59, 62), and a proton-conducting channel of the
influenza virus is formed by M2, which is 97 amino acids in
length (47). M2, like both MotX and MotY, contains two
cysteine residues, and the pore of M2 is formed by a homo-
tetramer composed of two disulfide-linked dimers (61). M2,
MinK, and MotX possess single hydrophobic domains
bounded on each side by charged moieties. In this respect they
resemble the bacterial pore-forming colicins (15). The mini-
mum length of an active peptide fragment of colicin El is 88
residues; however, unlike that of M2, the colicin pore is formed
by a single molecule.
MotX and MotY look more like each other than they look

like other proteins (Fig. 8). Data bank searches for homology
revealed significant matches with only the carboxyl-terminal
region of MotY, which seems to contain a domain important
for peptidoglycan interaction. Both molecules have a stretch of
predominantly hydrophobic residues at their amino termini
that are of sufficient length to be membrane spanning and are
bounded on either side by charged residues. Approximately
equidistant from the amino terminus of each molecule is the
identical tetrapeptide CQLV, and both molecules have a
second cysteine residue. MotX and MotY interact. MotY,
when produced in E. coli, localized to the membrane only when
it was coproduced with MotX and not when it was produced by
itself. The hydrophobicity of the putative membrane-spanning
domain as determined from a Kyte-Doolittle hydropathy plot
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FIG. 8. Comparison of MotX and MotY. Both MotX and MotY

possess single hydrophobic domains of sufficient length to span a
membrane. The MotX domain has the greater hydrophobic character.
The potential transmembrane domains are bounded on each side by
charged amino acids, indicated by + or -. MotX localizes to the
cytoplasmic membrane, and TnphoA fusions that map to the carboxyl
side of the hydrophobic domain are active. Interaction of MotY with
MotX may direct or stabilize insertion of MotY in the membrane, for
MotY localizes to the membrane only in the presence of MotX. At its
carboxyl terminus MotY possesses a domain that may be important for
interaction with peptidoglycan (PG). Note that each molecule has two
cysteine residues and a homologous tetrapeptide equidistant from the
hydrophobic domains. The GenBank accession number for MotX is
U09005, and that for MotY is U06949.

(27) is considerably greater for MotX than for MotY. MotX
may direct or stabilize MotY in the cytoplasmic membrane.
This laboratory hopes to probe the interactions between these
proteins and to determine the architecture of the force gener-
ator, as well as to gain insight as to the nature of the sodium
channel itself. It should be possible to identify the amiloride
interaction site. How Na+ is conducted through the membrane
and whether MotX forms an open pore-like channel or is more
like a carrier/porter protein will be of much interest.
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