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Amiloride, a specific inhibitor for the Na*-driven flagellar motors of alkalophilic Bacillus strains, was found
to cause growth inhibition; therefore, the use of amiloride for the isolation of motility mutants was difficult. On
the other hand, phenamil, an amiloride analog, inhibited motor rotation without affecting cell growth. A
concentration of 50 uM phenamil completely inhibited the motility of strain RA-1 but showed no effect on the
membrane potential, the intracellular pH, or Na*-coupled amino acid transport, which was consistent with the
fact that there was no effect on cell growth. Kinetic analysis of the inhibition of metility by phenamil indicated
that the inhibition was noncompetitive with Na* in the medium. A motility mutant was isolated as a swarmer
on a swarm agar plate containing 50 pM phenamil. The motility of the mutant showed an increased resistance
to phenamil but normal sensitivity to amiloride. These results suggest that phenamil and amiloride interact at
different sites on the motor. By examining various bacterial species, phenamil was found to be a specific and
potent inhibitor for the Na*-driven flagellar motors not only in various strains of alkalophilic Bacillus spp. but

also in a marine Vibrio sp.

Flagellated bacteria swim by rotating their helical flagella
as screw propellers. At the base of each flagellum, a flagellar
motor is embedded in the cytoplasmic membrane and drives
the flagellar rotation. The search for the energy source of the
flagellar motors in various bacteria revealed that there are
two types of flagellar motors; one is the H*-driven type
found in neutrophiles (21-23). This type is powered by the
electrochemical potential gradient of protons across the
membrane, the so-called proton motive force. The second
type is the Na*-driven type found in alkalophilic Bacillus
spp. and a marine Vibrio sp. (7, 10-12) and is powered by the
electrochemical potential gradient of sodium across the
membrane, the so-called Na™ motive force.

To clarify the mechanism of energy coupling in the fla-
gellar motors, an important step is the identification of the
force-generating unit, which is assumed to have a channel
activity for the coupling ion in the motor. In the case of the
H™*-driven flagellar motors of Escherichia coli and Salmo-
nella typhimurium, genetic approaches revealed that the
products of the motA and motB genes are required for the
motor rotation (21, 26). Furthermore, Berg and colleagues
(5, 6) reported that a gradual increase in the product of either
the motA gene or the motB gene causes a stepwise increase
in the rotational speed of the E. coli motor up to about 10
steps, suggesting the presence of about 10 individual force-
generating units in each motor. Consistent with this, Khan
and Dapice (15) used freeze-fracture electron microscopy to
demonstrate that a ring structure of about 10 particles
apparently comprising motA and motB gene products sur-
rounds each motor of E. coli. Therefore, the motA and motB
gene products are the likely candidates for the force-gener-
ating unit with H* channel activity. However, Chun and
Parkinson (8) recently reported that the motB gene product
appears to traverse the cytoplasmic membrane only once.
Wilson and Macnab (32) reported that the increase of the
motA gene product in the membrane does not greatly affect
cell growth. These results appear to eliminate the possibility

* Corresponding author.

1634

that these gene products themselves have the H* channel
activity. In any case, more data are required to understand
how the H* channel activity in the force-generating unit is
constructed in the H* -driven motor.

In the instance of the Na*-driven flagellar motors, the
force-generating unit of the motor is the essential site for the
specific interaction with Na* . We therefore assumed that the
drugs which interfere with the interaction of Na* with the
motor could cause the inhibition of motor rotation. A search
for such drugs was successful, and Sugiyama et al. (27)
found that amiloride, a potent inhibitor for the Na* channel
in animal cells (2, 4, 18), specifically inhibits the rotation of
the Na*-driven flagellar motors of alkalophilic Bacillus spp.
by competing with Na™ in the medium. The results suggest
that the site of action of amiloride on the motor is the Na™
interaction site located at the outer side of the force-
generating unit. Thus, amiloride is expected to be a useful
tool for elucidating the energy conversion mechanism at the
force-generating unit of the motor.

During the studies with amiloride for the isolation of
mutants with an altered sensitivity of motility to amiloride,
we found that this agent caused an inhibition in the growth of
alkalophilic Bacillus spp. Here we report that an amiloride
analog, phenamil, specifically inhibits the Na*-driven fla-
gellar motors without any growth inhibition and that the drug
is quite useful for the isolation of motor-specific mutants.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The alkalophilic
Bacillus strain used for most experiments was a streptomy-
cin-resistant mutant of Bacillus firmus RAB (19), which was
isolated as a spontaneous mutant on an agar plate containing
200 pg of streptomycin per ml and was named RA-1.
Alkalophilic Bacillus sp. strains 202-1, YN-1, and 8-1 and
Bacillus alcalophilus ATCC 27647 have been described
previously (13). The other alkalophilic Bacillus strains used
in this study were Bacillus sp. strains YN-2000 (29), C59-2
(16), M-29 (1), and N-6 (17). Neutrophilic strains used in this
study were Bacillus subtilis RM125 (31), Bacillus sphaericus
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9602 (14), and E. coli RP487 (25). A marine Vibrio sp. that
was used in this study was Vibrio alginolyticus 138-2 (30).

For the growth of alkalophiles, AB-4 medium (13) was
used, unless otherwise noted. Neutrophiles were grown in
tryptone broth (1% tryptone, 0.5% NaCl) supplemented with
10 mM bpL-lactate. A marine Vibrio sp. was grown in a
complex medium as described previously (30), although 50
mM NacCl and 250 mM KCI were added instead of 500 mM
NaCl. Cells were grown at 35°C with shaking, and cell
growth was monitored by using a Klett-Summerson color-
imeter with a no. 66 filter.

For some experiments, RA-1 cells were grown in AB-5
medium (pH 9.5) consisting of 5 g of polypeptone, 0.75 g of
yeast extract, 5 g of glucose, and 0.75 g of KH,PO, per liter
of water supplemented with 0.01% MgCl,—0.5 mM NaCl-23
mM K,CO,;. The Na* concentration in AB-5 medium was
measured to be 5.0 mM by the atomic absorption method.

Measurement of swimming speed. The swimming speed of
cells was measured by the photographic method as described
previously (13). In some experiments, the speed was mea-
sured by direct tracing of the moving cells on the video
monitor.

Cells at the late logarithmic phase of growth were har-
vested by centrifugation and suspended as a dense cell
suspension in a motility medium. In the case of alkalophiles,
TG medium consisting of 25 mM Tris hydrochloride buffer
(pH 9.5) and 5 mM glucose supplemented with 5 mM NaCl
was used as the motility medium. For neutrophiles, TG
medium (pH 7.5) supplemented with 50 mM KCIl was used,
and for the marine Vibrio sp., TG medium (pH 7.5) supple-
mented with 50 mM NaCl and 350 mM KCl was used.

For the measurement of swimming speed, the concen-
trated cells were diluted 200-fold with the motility medium
supplemented with various concentrations of NaCl and
drugs. When the concentration of NaCl was varied, the total
salt concentration was adjusted by the addition of a suitable
amount of choline chloride. In some experiments, the cells in
the growth medium were used directly for the measurement
of swimming speed. In every instance, the swimming speed
was measured at 25°C.

Measurement of membrane potential, intracellular pH, and
o-aminoisobutyrate transport. The membrane potential, the
intracellular pH, and the transport of a-aminoisobutyrate
(AIB) were measured by the filtration method as described
previously (13).

RA-1 cells were grown in AB-5 medium (pH 9.5). For the
measurements of the membrane potential and the intracellu-
lar pH, the cells were harvested and suspended in the same
medium. After the cells were incubated for 4 min at 35°C
with various concentrations of phenamil, the membrane
potential of the cells (3 x 10® cells or 0.11 mg of protein per
ml) was measured 5 min after the addition of [*H]tri-
phenylmethylphosphonium ([PHITPMP*; 5 uM, 50 mCi/
mmol). Similarly, the intracellular pH was measured by
adding [**C]methylamine (20 pM, 1 mCi/mmol) instead of
PHITPMP™ to the cells (2 x 10° cells per ml). Cells treated
with 5 uM gramicidin D were used as a control.

For the measurement of AIB transport, cells were sus-
pended in TG medium (pH 9.5) containing 5 mM NaCl and
45 mM choline chloride and were incubated with phenamil
for 6 min. The AIB uptake was measured by incubating the
cells (8 x 10° cells per ml) with [**C]JAIB (100 pM, 0.2
mCi/mmol) for 5 min.

Isolation of motility mutants. Mutagenesis was carried out
by using ethyl methanesulfonate (24). RA-1 cells were sus-
pended in 25 mM Tris hydrochloride buffer (pH 7.5) contain-
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FIG. 1. Effect of amiloride and phenamil on the growth of an
alkalophilic Bacillus strain, RA-1. Cells were grown at 35°C in AB-5
medium (pH 9.5), and at the times indicated by the arrows, 400 pM
amiloride (A) or 50 uM phenamil (B) was added. Symbols: O, no
addition; @, growth with the drug.

ing 150 mM NaCl, and the cells (2 ml, 9 X 108 cells per ml)
were mixed with 7.6 ml of 1 M Tris hydrochloride buffer (pH
7.4) containing 0.4 ml of ethyl methanesulfonate and incu-
bated for 5 min at 35°C. After the cells were diluted 30-fold
with AB-5 medium, they were incubated overnight at 35°C
with shaking.

For the selection of the mutants with phenamil-resistant
motility, AB-5 swarm agar (AB-5 medium [pH 9.5] contain-
ing 0.45% agar) supplemented with 50 uM phenamil was
used. A drop of overnight culture was spotted onto the
center of the swarm agar plate, and the plates were incu-
bated at 35°C for 12 h. The mutants, which produced a
distinct swarm on the plate, were isolated and purified.
Then, the mutants were tested for streptomycin resistance
and also for sensitivity to the anti-RA-1 flagellar antibody, by
which motility of RA-1 was specifically inhibited. One such
mutant was named RA-30.

Chemicals and anti-flagellar antibody. Amiloride and phe-
namil were prepared as described previously (9). Radioac-
tive materials were the products of DuPont, NEN Research
Products (Boston, Mass.), and [*’H]TPMP* was a gift from
R. M. Macnab (Yale University, New Haven, Conn.).
Anti-RA-1 flagellar antibody was prepared by injecting a
rabbit with purified RA-1 flagella.

RESULTS

Effect of amiloride and phenamil on cell growth. We have
previously reported (27) that amiloride specifically inhibits
the Na*-driven flagellar motors of alkalophilic Bacillus spp.
by competing with Na* at the Na™ interaction site of the
motor. Therefore, amiloride was expected to be useful for
isolating the motor-specific mutants. It was found, however,
that amiloride caused a delayed inhibition in the growth of
alkalophilic Bacillus spp. As shown in Fig. 1A, the growth of
RA-1 cells at 5 mM Na™ was inhibited by 400 pM amiloride,
although the inhibition started about 30 min after the addi-
tion of amiloride. Under this condition, motility was imme-
diately and completely inhibited (27). The increase in Na*
concentration up to 150 mM restored motility but not cell
growth (data not shown). Similar results were obtained with
other alkalophilic Bacillus strains, YN-1 and 202-1. These
results indicate that the growth inhibition by amiloride is a
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FIG. 2. Inhibition by phenamil of motility of RA-1 under condi-
tions of growth. At the time indicated by the arrow in Fig. 1B,
various concentrations of phenamil were added to the cells, and
cultivation was continued at 35°C. The swimming speeds of the cells
were measured after incubation for 5 min (O) or 1 h (@).

secondary effect of amiloride action on some unknown
processes in cell growth. It is noteworthy that the cells
grown in amiloride showed some elongation and some
irregularity in shape, suggesting that the growth inhibition by
amiloride occurs at least somewhere in the sequence of cell
wall synthesis.

To avoid this secondary effect of amiloride, we have
tested several amiloride analogs and found that phenamil,
which is also a potent inhibitor of the Na* channels in animal
cells (3, 18) and the Na™*-driven flagellar motors of alkalo-
philic Bacillus spp. (27), showed almost no growth inhibi-
tion. As shown in Fig. 1B, the growth of RA-1 cells at 5 mM
Na™ was almost normal in the presence of 50 uM phenamil.
Under this condition, motility was immediately and com-
pletely inhibited, but cell shape and colony-forming ability
were normal. Figure 2 shows the relationship between
phenamil concentration and motility inhibition. Phenamil, at
a concentration of 5 or 10 uM, caused considerable inhibi-
tion of motility, and the inhibition continued after a doubling
of the cell concentration. Motility was not restored even
after continued exposure to phenamil for 6 h (data not
shown). These results indicate that the cell growth observed
in the presence of phenamil is not due to a rapid decrease in
the effective concentration of phenamil in the growth me-
dium during cultivation.

Effect of phenamil on cellular physiology. Since cell growth
was not affected by phenamil, this agent is assumed to have
an inhibitory effect on motility without affecting other as-
pects of cellular physiology. Consistent with this, the mem-
brane potential, which is a major component of the driving
force of the Na*-coupled systems in alkalophiles (20), was
not affected by phenamil in concentrations up to 50 uM.
Similarly, the intracellular pH, which is maintained at about
8 in alkalophiles by the function of the Na*/H™ antiporter
(20, 28), was not affected by the same concentration of
phenamil. The latter result is consistent with the finding that
phenamil is a weak inhibitor of the Na*/H* antiporter in
animal cells (18). Furthermore, as shown in Fig. 3, Na™*-
coupled AIB transport was not affected by phenamil. These
results indicate that the inhibition of motility of alkalophilic
Bacillus spp. by phenamil is not due to the decrease in the
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FIG. 3. Effect of phenamil on Na*-coupled AIB transport in
RA-1.

Na™ motive force or to an abnormality of the intracellular
conditions. Thus, it is concluded that phenamil is a truly
specific and potent inhibitor of the Na*-driven flagellar
motors of alkalophilic Bacillus spp.

Mechanism of motility inhibition by phenamil. The motility
of alkalophiles is inhibited by the competition of amiloride
with Na* (27). We investigated whether the inhibition of
motility by phenamil is caused by the same mechanism.

Figure 4 shows the reversibility of the inhibition. The
addition of 5 pM phenamil to RA-1 cells caused an immedi-
ate reduction in the swimming speed of the cells to 50% of
that of controls, and it remained at about this level for
several minutes. When the phenamil concentration was
decreased to 1 uM by diluting the cells fivefold, the swim-
ming speed of the cells was immediately increased to the
value observed in the presence of 1 M phenamil. These
results indicate that the inhibitory action of phenamil on the
Na*-driven flagellar motors is caused by a rapid and revers-
ible interaction between phenamil and the binding site of the
motor.

For amiloride, the increase in Na* but not other cations in
the medium resulted in a clear restoration of motility (27).
However, the increase in concentration of any cations,
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FIG. 4. Reversibility of the inhibition of motility by phenamil.
RA-1 cells in TG medium (pH 9.5) supplemented with S mM NaCl
were treated with 1 uM (O) or 5 uM (@) phenamil, as indicated by
the first arrow. At the second arrow, the cells treated with 5 uM
phenamil were diluted fivefold with the same medium without
phenamil (A).
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FIG. 5. Effect of Na* concentration on the inhibition of motility
by phenamil in RA-1 cells. Cells were suspended in TG medium (pH
9.5) supplemented with various concentrations of NaCl. The total
salt concentration added to TG medium was adjusted to 50 mM by
varying the concentration of choline chloride. Various concentra-
tions of phenamil were then added, and after 1 min, the swimming
speed of the cells was measured. Phenamil concentrations of 0 pM
(O),1(A), 2 (W), 5(V¥), and 10 uM (@) were used. (A) Measured
data; (B) double-reciprocal plot of the data shown in panel A after
the kinetic treatment described previously (27). The inverse of the
estimated Na* influx through the motor shown in the ordinate
corresponds to the inverse of v¥/e X Na* motive force, where v is
the swimming speed and ¢ is the efficiency. For this estimation, &
was assumed to be constant. The units are given as mV s? pm~2 (27).

including Na*, Li*, and K*, did not alter the inhibitory
action of phenamil (data not shown). This suggests that
amiloride and phenamil inhibit motility by different mecha-
nisms. To clarify this point, the relationship between swim-
ming speed and Na* concentration in the medium at various
phenamil concentrations was analyzed. As shown in Fig.
5A, the motility of RA-1 cells showed a clear Na* depen-
dence, and the addition of phenamil caused reductions in
motility. However, the motility inhibition by phenamil was
not restored significantly by increasing the Na* concentra-
tion in the medium. These data were further analyzed by the
previously described kinetic treatment method (27), in which
the influx of Na* for motor rotation was estimated from the
swimming speed. The kinetic data shown in Fig. 5B indicate
that phenamil inhibits the rotation of the Na*-driven flagellar
motors in a noncompetitive manner with Na* in the me-
dium; namely, the inhibition by phenamil on the motor
rotation is not due to the alteration in the affinity of Na* to
the motor.

From the Dixon plot of the data presented in Fig. SA, the
K; of phenamil for the motor was calculated to be 1.5 uM.
The data presented in Fig. 5B show that the X, value of Na™
for the motor is estimated to be 2.2 mM, irrespective of the
presence or absence of phenamil.

A mutant with phenamil-resistant motility. On a swarm
plate containing 50 uM phenamil, RA-1 cells showed almost
no swarming, and therefore we could isolate mutants with
phenamil-resistant motility as swarmers on the plate. As
shown in Fig. 6A, the motility of RA-30, a swarmer isolated
from RA-1, showed a clear resistance to phenamil. At 50 pM
phenamil, the motility of wild-type cells was completely
inhibited, whereas that of the mutant cells was reduced only
by half. In contrast, the motilities of RA-1 and RA-30
showed almost the same sensitivity to amiloride (Fig. 6B).
These results strongly suggest that amiloride and phenamil
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FIG. 6. Effect of phenamil and amiloride on the swimming speed
of a wild-type swarmer (RA-1 [O]) and a phenamil-resistant swarmer
(RA-30 [@]). Cells in TG medium (pH 9.5) containing 5 mM NaCl
and 45 mM choline chloride were treated with various concentra-
tions of phenamil (A) or amiloride (B).

interact at different sites on the motor. In consideration of
these facts and the results presented above, it is concluded
that, unlike amiloride, the site of action of phenamil on the
motor is not simply the Na™ interaction site on the motor.

Phenamil specifically inhibits the Na*-driven flagellar mo-
tors. When using amiloride, an increase in the ionic strength
of the medium significantly reduced the inhibitory action on
motility (27). However, this was not seen with phenamil
(data not shown). Therefore, phenamil can be applied to
various bacterial species with different salt concentration
requirements.

The effects of phenamil on the motility of various bacterial
species are summarized in Table 1. Phenamil caused a potent
inhibition of motility in bacterial species such as obligately
alkalophilic Bacillus strains RAB, 202-1, 8-1, and YN-1; a
facultatively alkalophilic Bacillus strain; YN-2000; and a
marine Vibrio sp., V. alginolyticus. All of these species are
known to have Na*-driven flagellar motors (7, 13, 29, 30). In
contrast, the motility of bacterial species with H*-driven
flagellar motors, such as E. coli and neutrophilic Bacillus
spp. (21), was not affected by phenamil. It is noteworthy that
the growth of these bacteria was also not affected by this
concentration of phenamil (data not shown).

As shown in Table 1, it is noteworthy that some alkalo-
philic Bacillus strains showed weak or no Na*-dependent
motility and that the motility of these strains was found to be
rather resistant to phenamil. We observed that the optimal
pH for their motility was in the alkaline region (data not
shown). However, even at the optimal pH, they showed
considerably slower swimming speeds compared with the
swimming speeds of other alkalophiles with tightly Na*-
dependent motility (Table 1).

DISCUSSION

In a previous report (27), we showed that amiloride
inhibits rotation of the Na*-driven flagellar motors by com-
peting with Na* in the medium, and therefore, it was
expected to be useful for the isolation of motor-specific
mutants. However, we found that amiloride also caused the
growth inhibition of alkalophilic Bacillus spp. (Fig. 1A). This
result does not affect the interpretation of the mode of action
of amiloride on the motors, since the motility inhibition by
amiloride begins almost instantaneously, but growth inhibi-
tion by amiloride is observed only about 30 min after the
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TABLE 1. Effect of phenamil on the motility of various
bacterial species

Swimming speed (pnm/s)*

Strain

. + +Na* +
~Na®  +Na phenamil
Motility tightly Na* dependent
Alkalophilic Bacillus strains:
RAB (RA-1)® 0 22 0
202-1 0 41 0
8-1 0 19 0
YN-1 0 28 6
YN-2000 0 21 6
Marine Vibrio sp., V. alginolyticus 0 69 1
Motility weakly or not Na* dependent
Alkalophilic Bacillus strains:
M-29 8 11 11
ATCC 27647 7 11 7
C59-2 3 4 2
N-6 7 7 4
Neutrophiles
E. coli 28 29 33
B. subtilis 22 21 22
B. sphaericus 35 37 36

“ Motility was measured in TG medium. The pH of the medium was 9.5 for
alkalophiles and 7.5 for neutrophiles and the Vibrio sp. For alkalophiles and
neutrophiles, the medium was supplemented with 50 mM KCl (—Na*) or 50
mM NaCl (+Na*). For the Vibrio sp., the medium was supplemented with 400
mM KCI (-Na™*) or 400 mM NaCl (+Na*). Phenamil was added to a final
concentration of 100 uM.

® Motility at pH 7.5 was also tightly Na* dependent and was completely
inhibited by 100 uM phenamil.

addition of amiloride. It was noted that cells grown in the
presence of amiloride showed some morphological abnor-
malities, suggesting that one of the sites for this secondary
effect of amiloride occurs in the sequence of cell wall
synthesis. In any event, it is clear that the use of amiloride is
not appropriate for the isolation of motor-specific mutants.
To avoid this secondary effect of amiloride, we have
examined several amiloride analogs and found that phe-
namil, a more potent inhibitor for the Na*-driven flagellar
motors of alkalophilic Bacillus spp. (27), did not cause any
growth inhibition (Fig. 1B). Then, we showed that it was
possible to isolate motor-specific mutants by using phenamil.
From the kinetic analysis of the inhibition of motility of
alkalophilic Bacillus spp. by phenamil, phenamil was shown
to inhibit the Na™-driven flagellar motors in a noncompeti-
tive manner with Na* in the medium. This indicates that,
unlike amiloride, a major interaction site of phenamil on the
motor is not identical to the Na* interaction site of the
motor. Furthermore, a mutant of an alkalophilic Bacillus sp.
that was isolated as a phenamil-resistant swarmer showed no
change in the sensitivity of its motility to amiloride. Thus, it
is quite likely that the interaction site for phenamil on the
motor is different from the site for amiloride, since the latter
is strictly located at the Na* interaction site of the motor.
The inhibitory action of amiloride is strongly affected by
not only the Na* concentration but also the ionic strength of
the medium (27). However, we found that the changes in
both ionic strength and NaCl concentration in the medium
did not affect the inhibitory potency of phenamil on motility.
This indicates that as a motility inhibitor, phenamil is more
widely usable than amiloride is. By examining the inhibitory
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effect of phenamil on the motility of various bacterial spe-
cies, it was found that phenamil has no inhibitory effect on
the H*-driven flagellar motors of various neutrophiles but
inhibits the Na*-driven flagellar motors of various species of
alkalophilic Bacillus and also that of a marine Vibrio sp.
These results suggest that the interaction site of phenamil on
Na*-driven flagellar motors has a common and rather uni-
form structure among various bacterial species.

Although many strains of alkalophilic Bacillus showed
tightly Na*-dependent and phenamil-sensitive motility, sev-
eral strains whose growth appears to have weak or no Na*
dependence (1, 16, 17, 19) also showed weak or no Na™-
dependent motility. Furthermore, phenamil showed a weak
or almost no inhibitory effect on the motility of these strains.
Thus, the flagellar motors of these bacteria seem to be
different from typical Na*-driven flagellar motors. It will be
interesting if these strains, although they live in alkaline
environments and show optimal motility in the alkaline pH
range, do not have Na*-driven flagellar motors.
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