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The bacterial flagellar motor is a molecular machine that couples proton or sodium influx to force generation
for driving rotation of the helical flagellar filament. In this study, we cloned a gene (motY) encoding a com-
ponent of the sodium-driven polar flagellar motor in Vibrio alginolyticus. Nucleotide sequence analysis revealed
that the gene encodes a 293-amino-acid polypeptide with a single putative transmembrane segment that is very
similar (94.5% identity) to the recently described MotY of V. parahaemolyticus. Their C-terminal domains were
similar to the C-terminal domains of many peptidoglycan-interacting proteins, e.g., Escherichia coli MotB and
OmpA, suggesting that MotY may interact with peptidoglycan for anchoring the motor. By using the lac
promoter-repressor system, motY expression was controlled in V. alginolyticus cells. Swimming ability increased
with increasing concentrations of the inducer isopropyl-B-p-thiogalactopyranoside, and the swimming fraction
increased after induction. These results are consistent with the notion that MotY is a component of the
force-generating unit. V. alginolyticus motY complemented the motY mutation of V. parahaemolyticus. However,
motY appeared to lack a region corresponding to the proposed motY promoter of V. parahaemolyticus. Instead,
sequences similar to the o°* consensus were found in the upstream regions of both species. We propose that
they are transcribed from the o>*-specific promoters.

The flagellar motor rotates the flagellar filament that ex-
tends from the cell body to propel the cell (for reviews, see
references 8, 21, 29, and 42). The energy source for motor
rotation is the electrochemical gradient of a specific ion (pro-
ton or sodium ion) across the cytoplasmic membrane. Thus,
the flagellar motor is a molecular machine that couples ion flux
to force generation. The genes (mot4 and motB) that code for
the transmembrane components of the proton-driven motors
of several species, including Escherichia coli, Bacillus subtilis,
and Vibrio parahaemolyticus, have been cloned and sequenced
(16, 34, 36, 48). It has been suggested that MotA constitutes a
proton-conducting channel (10) and MotB interacts with pep-
tidoglycan (also known as the cell wall or the murine layer) to
act as a stator (15). Three other proteins (FliG, FliM, and
FliN), which are located peripherally on the cytoplasmic side
of the basal body, are involved in motor rotation and switching
of the rotational sense (for details, see the reviews cited
above). However, the molecular mechanism of energy trans-
duction has not been elucidated.

For investigation of the energy-coupling mechanism, the
sodium-driven motor is promising (19), since sodium concen-
tration can be manipulated more readily than proton concen-
tration, and amiloride and its analogs inhibit motor rotation in
a fairly specific manner (3, 5, 41, 50). However, this type of
motor has been poorly characterized in terms of genetics and
biochemistry. We therefore wanted to clone and characterize
genes coding for components of the sodium-driven motor.

Certain marine Vibrio species are suitable organisms for this
purpose. Vibrio species have two types of flagella: a single polar
flagellum suited for swimming in liquids and numerous lateral
flagella suited for swarming over animate or inanimate sur-
faces (1, 32, 44). The polar flagellar motor is driven by sodium
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motive force, and the lateral flagellar motor is driven by proton
motive force (4, 23). A single cell possessing two types of
motors with two different coupling ions provides an excellent
experimental system. Moreover, the polar flagellar motor has
the following interesting properties. First, it is one of the fast-
est biological motors (up to 1,700 rps at 37°C) known to date
(28). Second, it functions not only as a locomotive organelle
but also as a viscosity sensor that regulates expression of lateral
flagellar genes which are induced only under viscous conditions
(7, 30).

Using transposon mutagenesis and a cosmid library, Mc-
Carter (32, 33) has recently identified two V. parahaemolyticus
genes (motX and motY) encoding components of the polar
flagellar motor. She has proposed that their gene products,
MotX and MotY, each of which has a single membrane-span-
ning segment, are a channel component and a stator compo-
nent, respectively. Surprisingly, they are not related to MotA
and MotB.

We have already established a reliable procedure for elec-
troporation of Vibrio alginolyticus (24), which is closely related
to but is less pathogenic than V. parahaemolyticus and is well
characterized in terms of respiration-coupled primary sodium
pumps (47, 51). In this study, we cloned and characterized a V.
alginolyticus gene coding for a component of the sodium-driven
motor, using a mutant defective in polar flagellar motor rota-
tion as a recipient for electroporation.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plasmids
used in this study are listed in Table 1. It should be noted that pSU38 and pSU41
have different multicloning sites. V. alginolyticus and V. parahaemolyticus cells
were cultured at 30°C in VC medium (0.5% polypeptone, 0.5% yeast extract,
0.4% K,HPO,, 3% NaCl, 0.2% glucose) or VPG medium (1% polypeptone,
0.4% K,HPO,, 3% NaCl, 0.5% glycerol). For compact colony formation and
swarm assays, a VC-1.5% agar plate and a VP (0.5% polypeptone, 0.4%
K,HPO,, 3% NaCl)-0.3% agar plate, respectively, were used. When necessary,
chloramphenicol and kanamycin were added at final concentrations of 1.25 and
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TABLE 1. Bacterial strains and plasmids used

Strain or Genotype or description” Reference
plasmid or source
V. alginolyticus
strains
138-2 Wild type 52
VIK4 138-2 rif (Rif* Pof™ Laf™) This work
VIOS5 VIK4 laf (Pof™ Laf™) This work
VIO542 VIOS5 motY (Pom™ Laf™) This work
V. parahaemolyticus
strains
BB22 Wild type 7
LM4170 lafX313::lux motX118::mini-Mu lac 33
(Tet®)
LM4171 lafX313::lux motY141::mini-Mu lac 32
(Tet®)
E. coli strains
DHS « recAl hsdR17 endAl supE44 thi-1 18
relA1 gyrA96 A(argF-lacZYA)U169
$80dlacZAM15
XL1-Blue recAl hsdR17 endAl supE44 A(lac- Stratagene
proAB) (F'::Tnl0 proAB
lacl'ZAM15)
S17-1 recA hsdR thi pro ara 46
RP-4-2-Tc::Mu-Km::Tn7 (Tp" Sm")
Plasmids
pSU21 cat (Cm") P, lacZa 6
pSU38 kan (Km") P,,. lacZo. (MCS different 6
from that in pSU21)
pSU41 kan (Km") P,,. lacZo. (MCS same as 6
that in pSU21)
plO2 pSU21 20-kb Sall fragment (motY*)  This work
plO3 pSU21 0.4- and 6.0-kb HindIII frag- This work
ments (motY™")
plO5 pSU21 977-bp HindIII-Sphl fragment  This work
(motY™)
pIO6 pSU38 1.0-kb HindIII-Xbal fragment  This work
(motY™)
plO7 pSU41 1.0-kb HindIII-Xbal fragment  This work
(motY™)
pMMB206 IncQ lacl? Abla cat (Cm") P,, .. 37
lacZo rrnB

¢ Cm', chloramphenicol resistant; Km", kanamycin resistant; MCS, multiclon-
ing site; P, lac promoter; P, ., tandemly located fac and lac promoters; Rif",
rifampin resistant; Sm’, streptomycin resistant; Tet®, tetracycline sensitive; Tp',
trimethoprim resistant.

100 pg/ml, respectively. E. coli cells were cultured at 30°C in LB medium (1%
tryptone, 0.5% yeast extract, 0.5% NaCl) or 2X YT medium (1.6% tryptone, 1%
yeast extract, 0.5% NaCl).

Isolation of Laf~ and Pom™ mutants. An overnight culture of V. alginolyticus
cells was inoculated into 1.5 ml of VC medium (1:50 dilution) and cultured for
2 h at 30°C with vigorous shaking. Cells were harvested by centrifugation (5,000
X g for 5 min) at room temperature and washed with 1 ml of ice-cold minimal
AV medium [3% NaCl, 1.05% K,HPO,, 0.45% KH,PO,, 0.1% (NH,),SO,,
0.05% sodium citrate]. Cells were resuspended in 1 ml of minimal AV, and 15 pl
of ethyl methanesulfonate was added. The suspension was incubated at 30°C for
1 h with gentle shaking. Cells were washed twice with 1 ml of minimal AV
medium and resuspended in 10 ml of VC medium. This suspension was divided
into 10 test tubes and cultured overnight. About 5 wl of each culture was spotted
at the center of a VC-1.5% agar or VM-0.3% agar plate, and the center of the
swarm was picked for single-colony isolation. Single colonies were inoculated on
plates to test for swimming or swarming abilities.

Measurement of motility. A fresh overnight culture was inoculated into VPG
medium (1:30 dilution) supplemented, if necessary, with 1.25 wg of chloram-
phenicol per ml and cultured for 3 h. Cells were harvested and suspended in
TNM buffer (50 mM Tris-HCI [pH 7.5], 5 mM glucose, 5 mM MgCl,, 50 mM
NaCl, 250 mM KCl) supplemented with 10 mM L-serine, a chemoattractant.
Addition of 10 mM serine suppressed the directional change of swimming for at
least 1 min. When the Na™ concentration in the medium was varied, KCI was
added to keep the salt concentration constant. Swimming speed and motile
fraction of the cells were measured by the photographic method described
previously (20).
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Electroporation. Transformation of Vibrio cells by electroporation was carried
out as described previously (24). In brief, Vibrio cells harvested at late exponen-
tial to early stationary phase were subjected to osmotic shock to remove the
periplasmic DNase and were washed thoroughly with 10 mM MgSO,. Plasmids
having the P15A replicon and the chloramphenicol or kanamycin resistance gene
were used for vectors. Electroporation was performed with a Gene Pulser elec-
troporation apparatus (Japan Bio-Rad Laboratories, Tokyo, Japan) at an electric
field strength of between 5.0 and 7.5 kV/cm.

DNA sequencing and PCR. The nucleotide sequence was determined by the
dideoxy-chain termination method, using a Sequenase version 2.0 DNA sequenc-
ing kit (United States Biochemical Corp., Cleveland, Ohio). [a-*?P]dCTP (3
mCi/mmol; Amersham Japan, Tokyo, Japan) was used for radioactive labeling.

Oligonucleotide primers for PCR were synthesized at the Center for Gene
Research at Nagoya University. PCR amplification was carried out with the
TaKaRa Taq kit (Takara Shuzo, Kyoto, Japan) and Thermal Cycler (Perkin-
Elmer Japan, Chiba, Japan) as recommended by the distributors. Reactions were
repeated for 25 cycles of 30 s at 94°C, 60 s at 60°C, and 60 s at 72°C. The PCR
products were analyzed by 1.7% agarose gel electrophoresis.

Conjugation. Aliquots (20 pl each) of fresh overnight cultures of E. coli S17-1
cells carrying plasmid pMMB206 (donor) and VIO54 cells carrying plasmid pIO6
or pIO7 (recipient) were mixed on a VC-1.5% agar plate and incubated at 30°C
overnight. Cells were scraped from the plate and suspended in 100 pl of VC
medium. To select transconjugants, the suspension was plated on a VC-1.5%
agar plate supplemented with 1.25 pg of chloramphenicol per ml and 100 pg of
kanamycin per ml. As a control, the cultures of the donor and recipient were
plated separately on VC-1.5% agar plates containing the two antibiotics. Neither
VI0542/pl106, VIO542/plO7, nor S17-1/pMMB206 cells grew on the selection
plate.

Nucleotide seq e accessi ber. The sequence data reported in this
paper have been deposited in the GenBank database.

RESULTS

Cloning of a pom gene required for polar flagellar rotation.
We isolated pom (polar flagellar motility) mutants, which have
paralyzed polar flagella, from strain VIOS, which is defective in
lateral flagellar formation (Pof"™ Laf™; Pof for polar flagella-
tion and Laf for lateral flagellation). VIOS cells were mu-
tagenized with ethyl methanesulfonate, and 65 mutants that
could not spread in a VP-0.3% agar plate were isolated. We
observed these mutant cells by high-intensity dark-field micros-
copy and identified four pomm mutants. One of them, strain
VIO542, was used as a recipient for shotgun cloning.

Plasmid pSU21 and chromosomal DNA from V. alginolyticus
138-2 were digested with EcoRI, Sall, or HindIII and ligated.
These DNA libraries were transferred into VIO542 cells by
electroporation, and the cells were plated onto a VC-1.5%
agar plate supplemented with chloramphenicol. Colonies were
then inoculated on a VP-0.3% agar plate containing chloram-
phenicol. Two colonies that spread in the plates were isolated,
and the plasmid DNA from these clones was recovered. They
contained the same 20-kb Sall fragment. One of them was
named pIO2 and used for further analysis. When plasmid pIO2
was introduced into VIOS542 cells, the resulting cells spread in
a VP-0.3% agar plate as fast as wild-type cells. Therefore, we
concluded that the Sal/l fragment contains the pom gene that is
defective in VIO542.

We then subcloned the pom™ DNA fragment. Plasmid pIO2
DNA was digested with HindIII and ligated. The ligation mix-
ture was introduced into VIO542 cells, and 22 clones that
spread in a VP-0.3% agar plate containing chloramphenicol
were isolated. Three of the pom™ clones were found to carry
plasmids containing two HindIII (5.6- and 0.4-kb) fragments.
One of the plasmids was named pIO3 (Fig. 1A). It should be
noted that the two HindIll fragments and the HindIII-Sall
fragment may not be contiguous on the Vibrio chromosome.
Various deletion derivatives were constructed from plasmid
pIO3 (Fig. 1A). The complementation assays using the result-
ing plasmids located the pom gene in the 977-bp HindIII-Sphl
fragment (Fig. 1A and B). The plasmid containing the frag-
ment was named plOS.

VIOS542 cells carrying plasmid pIO303 or pIO304 did not



Vou. 178, 1996

(A) (MCS)
H H Sa E

H fo
Nj-! IIVh Nld N ASiSe ME | | E X |/ Swarm
T

plO3 S

plO301 :
pIO302
pIO303
pIO304
pI0305
p10306
pIO307
plO308
pIO309
pIO310
pIOS R

I+ + + + K H

®) ©

plo2 | plO3

vector vector

pIOS VIK4 plO303 plO304

FIG. 1. Deletion mapping of the pom gene. (A) Restriction map of plasmid
plO3 and its deletion derivatives. The plasmids carry the fragments indicated by
solid lines. Their abilities to complement the defect of strain VIOS542 are indi-
cated on the right. Note that the two HindIIl fragments and the HindIII-Sall
fragment may not be contiguous on the Vibrio chromosome. Symbols: A, Accl; E,
EcoRV; Ec, EcoRl; H, HindIll; M, Mlul; Nd, Ndel; Nh, Nhel; S, Sphl; Sa, Sall;
Se, Spel; X, Xhol; MCS, multicloning site in vector pSU21; +, swarmed in
VP-0.3% agar plates; —, did not swarm; *+, did not swarm initially but swarms
appeared after prolonged incubation. (B and C) Swimming abilities of VIO542
cells carrying various plasmids. Overnight cultures were spotted on VP-0.3%
agar plates containing chloramphenicol and incubated at 30°C.

swarm in a VP-0.3% agar plate, but tiny swarm colonies ap-
peared after a few hours of incubation (Fig. 1C). The cells
purified from these tiny swarm colonies spread in a VP-0.3%
agar plate as fast as wild-type cells (data not shown). These
results suggest that plasmids pIO303 and pIO304 do not have
intact pom genes but have parts of it and that the functional
pom gene was formed by homologous recombination between
the mutant pom gene on chromosome and the parts of pom
gene on the plasmids.

Effects of Na* concentration and inhibitors on the swim-
ming speed of VIO542 cells carrying the pom™ plasmid pIOS5.
To characterize the polar flagellar motor of strain VIO542
transformed with the pom™ plasmid, we examined the effects
of sodium ion concentrations and specific inhibitors on the
swimming speed of VIOS542 cells carrying plO5. VIO542/pI0O5
cells did not swim in the absence of external Na*, and their
average swimming speed increased as the Na™ concentration
increased (Fig. 2A). There was no significant difference in the
sodium dependency of swimming speed between VIO542/
plO5 and VIOS5 (Pom™ Laf™) cells. Effects of benzamil (Fig.
2B) and of amiloride and phenamil (data not shown) were also
examined. There was little difference, if any, in the effects of
the inhibitors between the two strains. These results suggest
that strain VIO542/pIO5 has a polar flagellar motor indistin-
guishable from that of strain VIOS and that the pom gene on
the multicopy plasmid pIOS5 can function normally in Vibrio
cells.

Nucleotide sequence of the pom gene. We determined the
nucleotide sequence of the 977-bp HindIII-Sphl fragment.
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Only one open reading frame of 293 amino acids was found in
the region. This gene was named motY because the nucleotide
sequence was found to be very similar to that of V. parahae-
molyticus motY (see below). The hydropathy analysis (26) of
MotY revealed that there is only one weakly hydrophobic
stretch of 21 amino acids very close to the N terminus. This
may constitute a membrane-spanning region. The C-terminal
region of MotY shows similarities to the C-terminal regions of
a number of membrane proteins, such as E. coli and B. subtilis
MotB, E. coli OmpA, and E. coli Pal (Fig. 3). The C-terminal
domains of these proteins are known or presumed to interact
with the cell wall peptidoglycan (14, 27). Therefore, the C-
terminal domain of MotY may also interact with peptidoglycan
to anchor the force-generating components.

While this work was in progress, the nucleotide sequence of
V. parahaemolyticus motY was published (32). The amino acid
sequence of MotY was found to be strikingly similar (94.5%
identity) to that of MotY (data not shown). Interestingly, the
sequence similarity of the putative transmembrane region be-
tween the two proteins is relatively low (71.4% identity). To
test whether V. alginolyticus motY complements the motY mu-
tation of V. parahaemolyticus, plasmid pIO5 or the vector pSU21
was introduced into V. parahaemolyticus LM4171 (motY) and
LM4170 (motX). LM4171 cells carrying pIOS5 formed small
swarm colonies in VC 0.3% agar, whereas LM4170/pIO5 cells
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FIG. 2. Effects of sodium concentration and the inhibitor benzamil on swim-
ming speed of VIO542 cells carrying plasmid pIO5. (A) Effect of sodium con-
centration. VIO542/pIO5 or VIOS cells were grown at 30°C for 3 h in VPG
medium supplemented with chloramphenicol when necessary. Cells were washed
and resuspended in TNM buffer containing various concentrations of NaCl. The
total salt concentration was kept constant by adjusting the KCI concentration.
(B) Effect of benzamil. Cells were suspended in TNM medium containing 50 mM
NaCl and 250 mM KCl. Swimming speeds were measured immediately after the
addition of benzamil.
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:KRLSQIADYIRHNQUI LVLVATYTDSTDGKSASQSLSERhAESLRDYFQ
KRLAQIADYVRHNQDI LVLVATYTDSTDGKSESQSLS&RRA SLRTYFE

EMOTB  181:PVLNGI----PNRISLSGHTDDFPYASGEKGYSNWELSADRANASRRELM
BMOTB  165:N aLWINP———PRNIIISGHTDNMPIKNS EFQSNWHLSVMRAVNFMGLLI
BORFB  150:VLLQTI----PNDIQVEGHTDSRNISTY-RYPSNWELSAARASGVIQYFT
EPAL 93 : NFLRSNP- - - SYKVTVEGHADERGTPEY - - - - - NISLG &AMAV aYLQ
EOMPA 243:Sd&ﬁNLD-PKDGSVWVLGYTDRIGSDAY ----- NQGLSERRAQSVVDYLT
VAMOTY 249:SLErPEmnszVQGYGKRRPIAD GSPIGK

VPMOTY 249 : SLGLPEDRI QVQGYGKRRPIADF TPIGK

EMOTB  227:VGELDSGRVLRVVGMAATMRLSDRGPDD -~ - -~~~ -~~~

BMOTB  211:ENPKLDAKVFSAKGYGEYKPVASNKTAEGR

BORFB 195 : SKEKLPSKRFIAVGYADTKPVKDNKTNEHM

EPAL lBS:GKGVéAD@I SIVSYGKERPAVLGHDEAAY

EOMPA  282: SKGIPADKI-SARGMGESNPVTGNTCDNVKQRAALIDCLAPDRRY

FIG. 3. Alignment of the C-terminal regions of MotY, MotY, MotB, OmpA, Pal, and OrfB. Residues identical or similar to those in V. alginolyticus MotY are
indicated by boldface letters and enclosed by boxes. Abbreviations: VAMOTY, V. alginolyticus MotY; VPMOTY, V. parahaemolyticus MotY; EMOTB, E. coli MotB;
BMOTSB, B. subtilis MotB; BORFB, B. subtilis OrfB (a MotB-related protein but not a motor component); EPAL, E. coli peptidoglycan—associated protein (Pal);

EOMPA, E. coli OmpA.

did not spread at all (data not shown). Microscopic observation
revealed that LM4171/pIO5 cells swam by polar flagella with
notably low tumbling frequency. Although the reason for this
smooth-swimming bias is not clear, these results indicate that
the motY genes of the two species are functionally exchange-
able.

Comparison of the 5’ upstream sequences of the motY cod-
ing regions of the two Vibrio species. The V. alginolyticus motY
coding region starts with the ATG codon that is preceded by a
sequence resembling the E. coli ribosome binding site (43)
(Fig. 4). The HindIII-Sphl fragment contains only 70 bp of 5’
upstream sequence of the motY coding region, within which we
could not identify a possible promoter sequence. We therefore
determined 648 bp of additional upstream sequence. The V.
alginolyticus sequence (about 1.6 kb) matched well that of V.
parahaemolyticus. However, the sequence that was proposed to
be the o**-dependent promoter (TAATN,sGCGCTTGA) for
V. parahaemolyticus motY (32) was not identified in the motY
upstream region of V. alginolyticus (Fig. 4). The corresponding
region (about 80 bp) seemed to be deleted. Instead, we found
a sequence (TGGCGANS;TTGCA) similar to the ¢°*-depen-
dent promoter consensus sequence (TGGCACNSTTGCA)
(38) in the —85 to —71 region (when the first residue of the
putative initiation codon is numbered +1; Fig. 4). Also in V.
parahaemolyticus, a similar sequence (TGGCGGN;TTGCA)
was found in the bp —84 to —70 region (Fig. 4).

We examined the motY upstream region on the chromo-
somes of the two Vibrio species by using PCR. The two PCR
primers were designed as shown in Fig. 5. PCR was performed
with pIO3 DNA and genomic DNAs of V. alginolyticus wild-
type strain 138-2 and V. parahaemolyticus wild-type strain
BB22. The products from pIO3 and genomic DNA of strain
138-2 were the same size (about 820 bp; Fig. 5). This size
agreed well with the size (823 bp) predicted from the nucleo-
tide sequence. On the other hand, the product from BB22
DNA was about 920 bp (Fig. 5). Again, the size agreed with the
predicted size (908 bp). These results indicate that the 80-bp
deletion described above was not a cloning artifact and that V.
alginolyticus motY does not have a sequence similar to that of
the o*%-dependent promoter.

PCR products from genomic DNAs of the motY mutant and
the wild-type strains were the same size (data not shown),
indicating that the motY mutation is a point mutation or small
deletion. The complementation assays described above indi-

cated that a part of motY gene on pIO303 but not on pI0302
can recombine with the mutant motY on VIO542 chromosome
to yield functional motY (Fig. 1A and C). Therefore, this mu-
tation site is presumed to be in the 462-bp Spel-Mlul region.

We also attempted to identify MotY protein expressed from
plasmids in V. alginolyticus and in E. coli. However, MotY
could not be detected in sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis with Coomassie brilliant blue staining
(data not shown). The amount of MotY may be too small for
detection in this system.

Controlled expression of motY in V. alginolyticus. To control
motY expression in V. alginolyticus, we constructed plasmid
plO6, in which motY is placed downstream of the lac promoter,
by subcloning the 982-bp HindIlI-Xbal fragment (containing
motY" HindIII-Sphl region) of plasmid pIO5 into vector
pSU38 carrying the kanamycin resistance gene. As a control,
plasmid pIO7, in which motY is in the opposite orientation, was
constructed by subcloning the same fragment into vector
pSU41. The relative positions of the unique HindIII and Xbal
cloning sites of pSU41 are opposite those of pSU38. Strain
V10542 carrying plasmid pIO6 or pIO7 was conjugated with E.
coli S17-1 carrying plasmid pMMB206 (resistant to chloram-
phenicol) which contained the lacI? gene. Swimming abilities
of the resulting strains, VIO542/pIO6/pMMB206 and VIO542/
pIO7/pMMB206, were examined in VP-0.3% agar plates sup-
plemented with chloramphenicol, kanamycin, and various con-
centrations of isopropyl-B-p-thiogalactopyranoside (IPTG)
(Fig. 6). In the absence of IPTG, VIOS542/pIO06/pMMB206
cells did not spread well from the position where they were
inoculated. As the IPTG concentration increased, the cells
spread better. The swimming ability was maximal in the pres-
ence of 10 uM or higher IPTG. However, IPTG did not affect
the swimming ability of VIO542/pIO7/pMMB206 cells. Swim-
ming of this strain was rapid at all IPTG concentrations, owing
to constitutive expression of motY from some promoter on
vector pSU41. These results indicate that expression of the
motY gene in Vibrio cells can be artificially controlled by using
a lac promoter-repressor system. The presence or absence of 1
mM IPTG did not affect growth of VIO542/pIO6/pMMB206
cells significantly (data not shown), indicating that expression
of the motY gene does not affect cell growth and that the
difference in swimming ability described above did not result
from the difference in growth rates.
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Sphl
6%4-dependent promoter? vP
vA -94 TTCGCACGTIT GGUGAGGTTT [TTGCATGCCA GGTGAAGTGG TTTTATTGAT TCAAATTGAC
PR n e M . aw N kk ok kExAR kkkk Ak AEkRE Ak
vp -93 TTAGAGCATT ‘GGCGGHATTT [PTGCATGACA ATCGTTGTAG TTTTAATGAT TCCAATTAAC
SD START MotY —»
VA -34 GGCAACAGAC TGCCGTTTAA GAGACAGTAC TTAGATGAAG AAATGGCTGA TTACTAGTGG
Wk R Kk Kk RRARAAAE K KARE KAKE KARRARAK KRR RAAKEA K Kk KK AAK
vep -33 GGCAAAAGAC TGCCGTTTGA GAGATTGTAC -TAGATGAAT AAATGGCTGA TAACCAGTGG
START MotY —»
va 27 CGTTGTATTT TCGTTGTTTA GCACAAGCAG TTTTGCTGTG ATGGGCAAAC GTTATGTTGC
Kk Kk kR Rk KKk Rk KKK KKK Ak Kk KKK KEKKERAK K KkkkAAK Kk
vp 27 TGTCATGCTT TCACTGCTTA GCGCAAACAG TTACGCGGTG ATGGGCAAGC GTTATGTCGC

28 consensus sequence

V. parahaemolyticus

054 consensus sequence
V. alginolyticus

V. parahaemolyticus

TAAA-N; 5-GCCGATAA
* kK * * *

TAAT-N{ 5-GCGCTTGA

TGGCAC-Ng—~TTGCA

* ok ok ok * ok ok k ok
TGGCGA-Ng-TTGCA
* kK K K * %k Kk K

TGGCEG-N5-TTGCA

FIG. 4. Alignment of 5" upstream regions of V. alginolyticus (VA) and V. parahaemolyticus (VP) motY. The first nucleotide of the initiation codon of each motY is
numbered +1. ATG and CAT in boldface indicate the initiation codons. Underlines indicate Shine-Dalgarno sequences and the motY promoter sequence proposed
by McCarter (32). In both species, a gene oriented divergently to morY and encoding RNase T is located 5’ upstream of motY (32). Sequences similar to the consensus

sequence for o>*-dependent promoters are indicated by boxes. Below the alignme

We next examined the effect of motY expression on free-
swimming cells (data not shown). VIO542/pIO6/pMMB206
cells were cultured in the absence of IPTG, and 1 mM IPTG
was added at late exponential phase. The motile fraction was
monitored before and after IPTG induction. Cells did not swim
at all in the absence of IPTG, suggesting that the recombina-
tion described above was negligible in this type of experiment.
After induction, the motile fraction reached a maximum within
20 min, although many cells remain nonmotile for unknown
reasons. At this time, essentially all motile cells swam at max-
imal speed. In contrast, when IPTG concentration was de-
creased, at least some fraction of cells was observed to swim at
significantly slower speeds. However, we have not done a quan-
titative analysis in this regard because the relatively low motile
fraction of the cells even after full induction of motY made it
difficult.

DISCUSSION

Using a previously established electroporation protocol (24),
we carried out shotgun cloning of a gene complementing a

nt, possible promoter sequences are listed together with the consensus sequences.

paralyzed polar flagellum mutation and identified and charac-
terized the gene motY, which codes for a putative stator com-
ponent of the sodium-driven flagellar motor.

The nucleotide sequence of V. alginolyticus motY is very
similar to that of V. parahaemolyticus motY. The 5’ upstream
regions are also similar, but there is a significant difference. A
o*8-dependent promoter sequence is suggested for the latter
species (32), but the sequence is not conserved in the 5" up-
stream region of motY in V. alginolyticus: the corresponding
region is deleted. We demonstrated by PCR that this deletion
is not a cloning artifact (Fig. 5). Instead, we found a sequence
(TGGCGANSTTGCA) that is very similar to the proposed
consensus sequence (TGGCACN;TTGCA) for o°*-dependent
promoter (38) (Fig. 4). A very similar sequence is found in V.
parahaemolyticus motY (Fig. 5). Within the consensus, a GG
motif is invariant and a GC motif is almost completely con-
served in the 6”*-dependent promoter family (35). Both motifs
are perfectly conserved in sequences upstream of motY in both
species. Furthermore, the V. alginolyticus gene (rpoN) encod-
ing o>* has recently been cloned as a gene essential for polar
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FIG. 5. PCR amplification of the 5’ upstream regions of V. alginolyticus and
V. parahaemolyticus motY from chromosomal DNAs. PCR primers MotY2 (dA
CCTTGTCTTTCGTAGTGCAAAATCG) and MotY3 (dTGTGTGACGAAG
GCTGC) were designed as indicated. This primer pair is presumed to amplify
the region containing the proposed promoter sequences and Spel and Miul
restriction sites. The gene rnt encodes a polypeptide similar to E. coli RNase T
(32; see also Fig. 4). Lanes: Marker, $X174 DNA digested with HaellI; pIO3,
PCR products from plasmid pIO3; 138-2, PCR products from chromosomal
DNA of V. alginolyticus wild-type strain 138-2; BB22, PCR products from chro-
mosomal DNA of V. parahaemolyticus wild-type strain BB22.

flagellar synthesis (23a). From the available data, we suggest
that motY is transcribed from o>*-dependent promoters in
both species. In several other polarly flagellated bacteria, such
as Caulobacter crescentus and Pseudomonas aeruginosa, some
flagellar genes are transcribed from o>*-dependent promoters
(13, 39, 49, 53).

As demonstrated for V. parahaemolyticus MotB by McCarter
(32), the amino acid sequence of the carboxyl-terminal region
of V. alginolyticus MotY (about 60 amino acids in length)
shows remarkable similarity to sequences of a number of outer
membrane proteins known to associate with peptidoglycan,
including a major outer membrane protein OmpA and pepti-
doglycan-associated lipoprotein Pal. The C-terminal portions
of OmpA and Pal are believed to be located in the periplasm
to interact with peptidoglycan (14, 27). As discussed by De
Mont and Vanderleyden (17), the motB products of E. coli (a

1000

[IPTG ] (uM)

0 1 10
plO6
plO7

Host : VIO542 (motY ") / pMMB206 (lacI )

Prac motY

plo6 —>—
plo7 —P—< —

FIG. 6. Controlled expression of motY in V. alginolyticus. VIO542/pIO6/
pPMMB206 and VIO542/pIO7/pMMB206 colonies were picked and inoculated
onto VP-0.3% agar plates containing chloramphenicol, kanamycin, and various
concentrations of IPTG. The plates were incubated at 30°C for 5 h. Orientation
of motY relative to the lacUV5 promoter is indicated below the photographs.
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J. BACTERIOL.

gram-negative bacterium) and B. subtilis (a gram-positive bac-
terium), the former of which has been shown to span the
cytoplasmic membrane once in the region close to its N ter-
minus and the C-terminal domain is located in the periplasmic
space (15), have features in common with this C-terminal do-
main. The positively charged arginine residues in this domain
are postulated to be involved in noncovalent linkage of Pal
with peptidoglycan (27) and are essential for MotB function in
E. coli (11). As in MotB (17), almost all of these residues are
conserved in MotY. Therefore, MotY is likely to interact with
peptidoglycan to anchor the sodium-driven flagellar motor.

McCarter (33) has identified motX encoding another com-
ponent of the V. parahaemolyticus polar flagellar motor that
has a single putative transmembrane segment and suggested
that MotX forms a sodium channel because expression of
motX in E. coli resulted in growth retardation and this inhib-
itory effect was reversed by amiloride. We identified by PCR a
motX-related gene in V. alginolyticus (unpublished results).

Why are MotX and MotY so different from MotA and
MotB? Difference of the coupling ions may be one reason.
However, for example, sodium-translocating F,F;-ATP syn-
thetase of Propionigenium modestum is related to the proton-
translocating enzyme of E. coli (2, 22). Therefore, we may also
have to account for the facts that the polar flagellum of Vibrio
cells is covered by a sheath (1) and that its rotation is very fast
(28, 40). These motor components might be evolved to meet
with a large mechanical force required for rotation. In this
regard, it is interesting that MotX and MotY are similar in
membrane topology and have identical four-residue sequences
at the corresponding positions (33). These residues are per-
fectly conserved in MotY.

As an initial step for further investigations of these motor
components, we succeeded in regulating motY gene expression
in V. alginolyticus by using a lac promoter-repressor system (to
our knowledge, this is the first case in which expression of any
gene is controlled artificially in marine Vibrio cells). Swimming
ability increased with increasing concentrations of the inducer
IPTG, and swimming fraction increased after addition of
IPTG. Using this system, we observed that some cells swam
with suboptimal speeds at lower concentrations of IPTG. This
finding is consistent with the prediction that MotY may be a
constituent of the force-generating unit. To clarify this, it will
be necessary to examine in detail the relation between motY
expression and torque generation. It will be interesting to see
whether the rotation rate of a single motor, which can be
monitored by a tethered cell method (45) or by laser dark-field
microscopy (25, 40), increases stepwise when increasing num-
bers of MotY subunits are incorporated into a motor, as ob-
served for E. coli MotA and MotB (9, 12).
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