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Lipophilic cations (tetraphenylarsonium, tetraphenylphosphonium, and tri-
phenylmethylphosphonium) caused a number of major changes in the physiology
of Bacillus subtilis. Macromolecular synthesis was inhibited, adenosine 5'-tri-
phosphate concentration increased, swimming speed was reduced, tumbling was
suppressed, and the capacity to take up the cations was greatly enhanced;
respiration was not significantly altered. The effects occurred at lipophilic cation
concentrations in the range commonly employed for measurement of membrane
potential. Neither the enhancement of cation uptake nor the motility inhibition
was a consequence of alteration of membrane potential, since both effects were
still seen in the presence of valinomycin, with the extent of 'Rb+ uptake indicat-
ing a constant potential. Because suppression of tumbling accompanied speed
reduction, as has also been found when protonmotive force is reduced, it is likely
that lipophilic cations are perturbing the process of conversion of proton energy
into work, rather than simply causing structural damage.

Many bacterial species are motile and modu-
late their motility in response to environmental
cues such as chemical gradients (14, 22, 24; B. L.
Taylor and D. J. Laszlo, in The Perception of
Behavioral Chemicals, in press). Motility in
flagellated species derives from rotation of the
helical flagellar filaments (1, 45), and it is con-
trolled by switching ofthe motors between coun-
terclockwise (CCW) and clockwise (CW) rota-
tion (17). Sustained CCW rotation results in
swinmning (21), and brief intervals of CW rota-
tion result in tumbling (12, 26). Cells experienc-
ing a "favorable" gradient (e.g., a positive gra-
dient of glucose) suppress tumbling and hence
extend their trajectory in a favorable direction
(2, 25). Two questions of fundamental impor-
tance are the mechanism of rotation and the
mechanism of switching between the two senses
of rotation.
As a result of studies in a number of labora-

tories (7, 11, 16, 27-29, 32, 43, 44), it is now
evident that the energy for motor rotation is
proton electrochemical potential (protonmotive
force [PMF]). It is not known how this energy is
converted into the mechanical work of rotation,
although plausible models of a general sort have
been presented whereby the energy is stored in
specific hydrogen-bonded arrays between the
rotor and stator elements of the motor (7, 19, 23,
33). Such models presume that protons operate
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in the motor directly, but there is still only
negative evidence (the failure to demonstrate an
intermediate energy form) in support of the pre-
sumption. There are proteins (products of the
motA and motB genes) that do not form part of
the motor as presently isolated, but are neces-
sary for its rotation (9, 40); until their function
is understood, any model for the conversion of
PMF into rotational work must be viewed with
caution, and any circumstance in which motor
speed is shown to be altered in the absence of a
change ofPMF becomes particularly significant.
Likewise, any circumstance in which the switch-
ing probabilities between CCW and CW rotation
are perturbed is likely to assist in identification
of the elusive "tumble regulator" that is the final
output of the process of transduction of sensory
information from the environment.
Recent studies (10, 11, 18) have established

that any condition which lowers PMF suffi-
ciently to reduce motor speed affects switching
probabilities also. CCW -- CW events become
less probable, CW -- CCW events become more
probable, and thus, tumbling is suppressed. In
other words, PMF is the energy source for ro-
tation of the motor, but it also exerts a regula-
tory effect on switching properties.

Ordal (35) reported that the lipophilic cation
tetraphenylarsonium (TPAs+) caused a com-
plete and permanent suppression of tumbling in
Bacillus subtilis. de Jong and van der Drift (4)
confirmed this finding and noted that swimming
speed was reduced also. The effects were
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strongly pH dependent, with much higher cation
concentrations being required at pH 5.5 than at
neutral pH.
The membrane permeance of cations such as

TPAs+ (8) results in a transfer of positive charge
into cells. The fact that tumble suppression was
accompanied by speed reduction suggested to us
that the phenomenon might be another example
of perturbation of motor switching as a result of
perturbation of PMF, as described above. How-
ever, measurements of fluorescence of the cy-

anine dye diS-C3(5) had indicated (4) that
TPAs+ at concentrations below 100 puM did not
cause significant depolarization. Since the pro-

ton chemical potential (ApH) component of
PMF in B. subtilis is negligible at pH 7.5 (11,
44), the fluorescence data implied that TPAs+
can reduce motor speed and suppress tumbling
without any reduction in the driving force. How-
ever, cyanine dye fluorescence as a technique for
measuring membrane potential is not fully un-
derstood (6a, 47); thus, we decided to examine
further the effect of TPAs+ on B. subtilis. An-
swering the question of whether TPAs+ affect
membrane potential in B. subtilis has not been
easy because of major artifacts this compound
introduces into the techniques available for po-

tential measurement in small cells; the topic of
potential measurement is treated in detail else-
where (A. Zaritsky, M. Kihara, and R. M. Mac-
nab, J. Membr. Biol., in press).

Here, we describe studies of the effects of
lipophilic cations on the motility and bioener-
getics of B. subtilis. Additionally, we report that
these lipophilic cations have profound physio-
logical effects, including inhibition of macromo-
lecular synthesis. The consequent reduction in
total energy demand causes an elevation ofATP
levels, and indirect evidence suggests that PMF
may also be slightly increased under these con-

ditions. The behavioral effects of TPAs+, how-
ever, occur even in the presence of valinomycin,
with the extent of 'Rb+ uptake indicating no

change in membrane potential. The reduction in
motor speed and the accompanying suppression
of tumbling must therefore result from inhibi-
tion of the process of conversion of PMF into
mechanical work, rather than from an inhibition
of PMF generation or from dissipation of PMF
by charge transfer across the membrane.

MATERIALS AND METHODS
Bacterial strains and growth conditions.

Spores of B. subtilis OIl (ilvCl, leu-1) (38), stored in
distilled water, were inoculated into Luria broth (20)
at 25°C at a low density (104 to 105 ml-'), and 4 to 5 h
later, the culture was diluted 100-fold into glycerol-
ammonia medium; this consists of the minimal salt
medium of Sargent (41), with glycerol (0.5%, vol/vol)
as a carbon source, supplemented with methionine,

tryptophan, leucine, isoleucine, and valine (50 jig ml-l
each). Cultures were grown aerobically at 25°C with
vigorous shaking. Appropriate dilutions with fresh
glycerol-ammonia medium were made as necessary to
avoid densities higher than about 2 x 108 cells ml-'
(optical density at 650 nm [ODwso], 0.5). Cells were
then centrifuged once (1,600 x g for 10 min at 250C)
and suspended at 250C in Bacillus chemotaxis me-
dium (37), pH 7.5, with glycerol (0.5%, vol/vol) as a
carbon source, for behavioral or energetic measure-
ments.

Behavioral observations. Observations of free
cells were made at about 2 x 107 cells ml-' under a
bridged cover slip, using a Zeiss RA microscope with
dark-field illumination. Swimming rates were deter-
mined by measuring tracks of single cells, either from
video records or from stroboscopic photographs, as
described previously (10).
Macromolecular synthesis. Total biosynthesis of

macromolecules was estimated by incorporation of
label from ['4C]glycerol into trichloroacetic acid-insol-
uble material. Samples (5 ml) of exponentially growing
cells (OD60, ca. 0.5) in glycerol-ammonia medium were
added to tubes containing 5 ml of the same medium,
plus ["4C]glycerol (ca. 1 ,Ci) and various concentra-
tions of TPAs+. Aliquots (1 ml) were taken at various
time points and added to equal volumes of an ice-cold
trichloroacetic acid solution. After at least 30 min in
the cold, each sample was filtered with a membrane
filter (0.45-pm pore, 25-mm diameter; Millipore Corp.)
and washed six times with 2 ml of cold 5% trichloro-
acetic acid. The filters were dried (50°C for 2 h), placed
in 6 ml of scintillation fluid (Aquasol), and counted.
Determination of PMF. Electrical potential (A#)

measurements, essentially as described previously
(10), were made on 1-ml cell suspensions (OD6w,, ca.
0.4) kept in small vials (12 by 35 mm) to prevent
excessive evaporation, stirred vigorously with a mag-
netic bar, and vigorously aerated via a hypodermic
needle. Uptake of 3H-labeled triphenylmethylphos-
phonium ions ([3H]TPMP+), or of MRb+ in the pres-
ence of4pM valinomycin, was determined by filtration
assay (42), using Unipore polycarbonate filters (0.6-,um
pore, 25-mm diameter; Bio-Rad). A value of 3.2 pA ml-'
OD` was used for cytoplasmic volume (10). The
extent of surface-associated label was estimated with
100 puM carbonyl cyanide-m-chlorophenyl hydrazone
(CCCP); for a critique of various correction proce-
dures, see Zaritsky et al., in press.

Proton chemical potential was measured as de-
scribed previously (10), by uptake of the weak acid
[14C]benzoate, using the technique offlow dialysis (39).
Measurement ofATP level. ATP was assayed by

the luciferin-luciferase method of Cole et al. (3), mod-
ified as described by Kimmich et al. (13).

Respiration rates. Respiration rates were mea-
sured with a Yellow Spring Instrument model 53 ox-
ygen monitor, equipped with a model 5331 oxygen
electrode. After measurement of the control rate,
TPAs+ was added to the same sample without admit-
ting any further oxygen, and a direct rate comparison
was made.

Chemicals. Chemicals were obtained from the fol-
lowing sources: CCCP, luciferin-luciferase extract
FLE-50, and valinomycin, Sigma Chemical Co.; diS-
C3(5), A. S. Waggoner, Amherst College, Amherst,
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Mass.; TPAs+ chloride, Strem; tetraphenylphospho-
nium (TPP+) chloride and TPMP+ bromide, Pfaltz
and Bauer; [7-14C]benzoic acid (26 mCi mmol'), [U-
"4C]-glycerol (135 mCi mmol-1), and 'rubidium chlo-
ride (146 mCi mmol-1), New England Nuclear Corp.;
[3H]TPMP+ bromide, nonradioactive material triti-
ated to 6 Ci mmol-1 by catalytic exchange, New Eng-
land Nuclear Corp.

RESULTS

Growth conditions, cell size, and motility
in B. 8ubtili8 Generally, it is desirable to study
cells harvested in exponential growth, when cell
parameters have reached steady state (15). How-
ever, under exponential growth conditions in
rich media, B. subtilis forms long filaments (41),
and the suppression of cell division is accompa-
nied by a suppression of flagellar assembly; both
features have been related to reduced activity of
autolytic enzymes (5, 6, 46). We have found that
growth-phase dependence of cell size and flag-
ellation can be avoided by cultivation in poorer
media. such as the glycerol-ammonia medium of

J. BACTERIOL.

Sargent (41); at the relatively slow growth rate
that this medium permits (130-min doubling
time at 2500), the great majority of cells exist as
short, highly motile rods at all stages of the cell
cycle (Fig. 1, insert).
At the other extreme, we found that the use

of a very small inoculum into rich medium re-
sulted in complex, helically-wound cell masses,
or "macrofibers" (Fig. 1). These structures have
been described in detail by Mendelson (30, 31)
and Fein (6) for division-suppressed or lytic-de-
fective mutants, but apparently can occur in
wild-type cells, too, provided the initial cell den-
sity is low enough. This result suggests that
exogenous autolysin concentration may be im-
portant in cell division of B. subtilis.
The restriction of flagellar synthesis, and

hence, tactic responsiveness, to situations in
which catabolism is limited (stationary phase or
poor media) is a regulatory feature not displayed
by gram-negative genera such as Escherichia or
Salmonella.
Behavioral effects of TPAs+ and related

FIG. 1. Light micrographs of B. subtilis OII (wild-tye) under different growth conditions. Main figure:
Long, helically wound macrofiber structure obtained after exponential growth in tryptone broth at 25°C for
at least 20 generations from a very small inoculum. Inset: short, motile rods obtained during exponential
growth in glycerol-ammonia medium at 25°C. Bar, 20 pm.
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cations. TPAs+, at concentrations of 2 AM or
higher, completely and permanently suppressed
tumbling in B. subtilis OIl. Swnmming speed
was not greatly affected at concentrations below
5 JlM (Fig. 2), but at higher concentrations it
was progressively reduced, and by about 250,uM,
most cells were paralyzed. The suppression of
tumbling upon addition of the cation was instan-
taneous; the reduction in speed occurred more
gradually but was almost complete by 2 min.

Populations of cells treated with TPAs+ were
strikingly homogeneous. All cells swam without
tumbling; body wobble or precessional motion
was pronounced in some cells, but except at very
low speeds, this was clearly distinguishable from
tumbling. The standard deviation in speed was
small (19% at 50 AM TPAs+; mean of 45 cells).
Cells partially deenergized by CCCP or valino-
mycin were more heterogeneous, ranging from
totally immotile to quite vigorous. For example,
cells treated with 1 tM valinomycin at 18 mM
K+ had a standard deviation in speed of 36%
(mean of 35 cells). Also, whereas the most vig-
orous cells in valinomycin-treated cultures were
aerotactic, accumulating at the edge of the sam-
ple, cells treated with 2 MuM TPAs+, though
vigorous, remained uniformly distributed.
TPAs+ locked the motor strongly in the CCW

(swimming) state; a negative attractant gradient
(1 - 0.01 mM glutamine), which caused a 30-s

50

40
E

20

E
.i i

U)Im

tumbling response in untreated cells, had no
effect in the presence of 5 MM TPAs+. (A nega-
tive attractant gradient was chosen, because all
known repellents for B. subtilis are themselves
membrane-active agents [34, 38]). The effects of
TPAs+ on the motor were readily reversible: 20
min after treatment with 50 ,uM TPAs+, cells
were filtered, washed, and suspended in chemo-
taxis buffer; 3 min later, all cells had resumed
tumbling and were swimming at close to normal
speed.
Two other lipophilic cations, TPP+ and

TPMP+, had similar effects on motility of B.
subtilis (Table 1), although in the case of
TPMP+, much higher concentrations were
needed.
No interaction with magnesium or calcium ion

was detected: cells washed twice and suspended
in magnesium-free, calcium-free chemotaxis
buffer (which nornally contains 0.1 mM EDTA
and 0.14 mM calcium, but no magnesium) re-
tained vigorous wild-type motility, but became
completely smooth swimming upon addition of
5 MM TPAs+, whether or not magnesium (up to
100 mM) or calcium (up to 3 mM) was added.
Inhibition of growth and macromolecu-

lar synthesis by TPAs+. Growth was appre-
ciably slowed by TPAs+ at concentrations as low
as 1 MM (Fig. 3), when no changes in motility
were apparent; at concentrations higher than 3

0 5 10 15
Time (min)

FIG. 2. Swimming speed at various TPAs+ concentrations. The data points are means of at least 20 cells.
The speed at zero concentration was measured on cells swimming smoothly in response to an attractant
(alanine, at 10 mM).
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TABLE 1. Comparison of the effects of lipophilic
cations on B. subtilis

Concn required (uM)
Effect

TPAs+ TPP+ TPMP+

Stimulation of uptake .... <3b 1 20
Growth inhibitionc ........ 1 1 20
Macromolecular synthesisd 3.2 NTe NT
Tumble suppression ...... 2 2 30
Swimming speed reduction

(threshold) ............ <5 NT NT
Swimming speed reduction

(50%) ................. 35 20 125
' The threshold concentration of unlabeled cation

for enhancement of uptake of the same radiolabeled
cation; based on results in Zaritsky et al., in press.

b Testing of lower concentrations was not possible
because of low specific activity.
'A 50% reduction in growth rate.
d Ki for glycerol incorporation into macromolecular

material.
'NT, Not tested.

llI ,TPAs
0-4-(PM)

2
0-2

0~~~~~~~~
I0

00
0 05- O 00

O 1 2 3 4 5
Time (hr)

FIG. 3. ODEso ofcells inglycerol-ammonia medium
at 25°C, after addition (at time zero) of TPAs + at
various concentrations.

/iM, optical density dropped (after a lag period),
at least in part because of clumping of celLs.
TPP+ and TPMP+ (the latter at a much higher
concentration) also arrested growth (Table 1).
The extent of incorporation of ["4C]glycerol

into macromolecules (defined as trichloroacetic
acid-insoluble material), relative to the extent of
incorporation in an untreated sample, was re-
duced by TPAs+, reaching 50% of its final value

within 10 min (Fig. 4). The relative extent of
incorporation at steady state (2.5 h), as a func-
tion of TPAs+ concentration, yielded an inhibi-
tion constant of 3.2 ,uM (estimated from a dou-
ble-reciprocal plot, not shown).
Bioenergetic effects of TPAs+. When

TPAs+ was added at 5 ,uM (a concentration
sufficient to completely suppress tumbling; see
above) to a suspension of B. subtilis cells, a
substantial enhancement of diS-C3(5) fluores-
cence was observed. Fluorescence enhancement
still occurred in the presence of valinomycin,
provided the external potassium concentration
was low enough to prevent collapse of the mem-
brane potential by potassium diffusion. We con-
clude that the TPAs+-induced fluorescence en-
hancement does not indicate depolarization
(Zaritsky et al., in press; see below).

Lipophilic cations such as TPMP+ and TPP+,
chemically rather similar to TPAs+, have been
used extensively in radiolabeled forn for the
measurement of membrane potential. We used
[3H]TPMP+ for such measurements, at a con-
centration (5 uM) considerably lower than is
needed for tumble suppression and speed reduc-
tion (Table 1). When non-radioactive TPAs+
was added at 5 ,uM, there was a dramatic in-
crease in the extent of TPMP+ uptake, appar-
ently indicating hyperpolarization. However,
since a similar stimulation of TPMP+ uptake
occurred in double-label experiments with +Rb
(in the presence of valinomycin at 5 mM potas-
sium), without any change in the extent of 'Rb+
uptake (Fig. 5), we conclude that the stimulated
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IL II0'
0 1 2

Time (hr)
FIG. 4. Kinetics of incorporation of label from

[14C]glycerol into trichloroacetic acid-insoluble ma-
terial, after addition of TPAs+ at the indicated con-
centrations. Data are expressed relative to the incor-
poration in an untreated culture.
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FIG. 5. Effect of TPAs. (5 tM) on the uptake of
[3H]TPMP+ and 'R+ in the presence of valino-
mycin at 5 mM KV. Uptake is expressed as chemical
potential relative to the value immediately before
TPAs+ addition, i.e., as (log concin/concoudafter! (log
conci,u/concoue)befo,, where conc = concentration.

uptake of TPMP' by TPAs' was not caused by
hyperpolarization.
The fact that 'Rb' uptake was not perturbed

by addition of 5 tLM TPAs' could have been due
to the potential-clamping action of potassium in
the presence of valinomycin. Does TPAs' at this
concentration affect membrane potential when
valinomycin is absent? This is an important
question because these lipophilic cations are
used to measure potential. Indirect evidence sug-
gests there may be a slight hyperpolarization:
upon addition of 5 ,iM TPAs', ATP levels (Fig.
6) increased from 0.8 mM to a final value of 1.5
miM 20 min later, by which time the rate of
macromolecular synthesis was severely reduced
(Fig. 4). Respiration was only slightly affected
under these conditions; 10 JAM TPAs' caused an
11% decrease in rate. By 25 JAM, inhibition of
respiration was considerable (44%). With a ma-
jor ATP-consuming process (macromolecular
synthesis) inhibited by TPAs' (Fig. 4), the ele-
vation of ATP pools is evidence that ATP syn-
thesis can still occur. This imnplies that the mem-
brane-bound ATPase, the principal ATP-pro-
ducing device under respiratory conditions, is
not inhibited by TPAsh . The elevated ATP
levels might therefore cause some degree of hy-
perpolarization.
A second line of evidence involves effects on

ApH. At pH 5.5, where membrane (electrical)
potential(A4o) is small, and therefore PMF con-
sists almost entirely of the ApH component (11,
44), TPAsi at 100 liMcaused a 10% increase in
ApH (data not shown), suggesting that the en-
ergetic state of the cell had been raised.
We attempted to test for hyperpolarization by

a c"omotility rescue" assay. COOP was added at a
concentration (2.5atM) sufficient to cause a sub-

stantial (>50%) impairment of motility. The sub-
sequent addition of 5 ,uM TPAs+ resulted in full
restoration of motility which, however, included
tumbling. This result, although providing strong
evidence for a restoration of PMF, does not
necessarily indicate that TPAs+ per se exerts a
hyperpolarizing effect. Being a lipophilic cation,
TPAs+ could be forming a neutral complex with
CCCP (a lipophilic anion) and thus inactivating
it as a proton ionophore; the fact that tumbling
was not suppressed by TPAs+ if CCCP was
present supports this interpretation.
Motility and membrane potential. Vali-

nomycin did not prevent either the suppression
of tumbling or the reduction in swimming speed
by TPAs+. Thus, the motility effects are not
dependent on any change in membrane poten-
tial.
At higher concentrations (>20 AM), TPAs+

caused a gradual depolarization whether vali-
nomycin was absent (depolarization judged by
[3H]TPMP+ release) or present (depolarization
judged by both [3H]TPMP+ and 'Rb+ release).
The rate and extent of this depolarization, how-
ever, was far too small to explain the rapid
deceleration of cells by TPAs+. Even in the
absence of valinomycin, swimming speed had
dropped almost 50% by 2 min after addition of
50 AM TPAs+ (Fig. 7). The presence of valino-
mycin at 5 mM K+ made the deceleration even
more rapid (50% after 40 s; data not shown); yet
even after 20 min under these conditions, the
86Rb+ potential was still at 90% of the prestim-
ulus value (Fig. 7).

DISCUSSION
The three lipophilic cations that we examined

(TPAs+, TPMP+, and TPP+) caused a number

2 l l l

5pM
TPAs+

E

0.

7-

Time (min)
FIG. 6. Effect of TPAs' (5 pM) on intracellular

ATP concentration.
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FIG. 7. Comparison ofthe effects ofTPAs + (50 JAM)
on swimming speed and MRb + uptake (in thepresence
of valinomycin at 5 mM K+), relative to the values
before TPAs+ addition. Relative chemical potential
as in the legend to Fig. 5.

of major physiological and behavioral changes
in B. subtilis.
They also affected two commonly used mea-

sures of membrane potential, cyanine dye fluo-
rescence and uptake of [3H]TPMP+. We con-
clude that neither the enhanced dye fluores-
cence nor the enhanced uptake of TPMP+ in-
duced by TPAs+ indicates a change in mem-
brane potential. A detailed treatment of the
measurement of membrane potential in B. sub-
tilis, along with our reasons for rejecting the
usual interpretations of the changes in dye flu-
orescence and TPMP+ uptake, is given else-
where (Zaritsky et al., in press). Briefly, we
conclude that lipophilic cations displace the cy-
anine dye from a quenching environment, prob-
ably the cell envelope, to a nonquenching envi-
ronment, either the external medium or the
cytoplasm. We also suggest that, below a critical
concentration, potential-dependent uptake of
TPMP+ and related cations occurs only at the
cell surface and that, above the critical concen-
tration, potential-dependent uptake occurs into
a previously unavailable compartment, which is
probably the cytoplasm.
We have confirmed and extended the obser-

vations of Ordal (35) and de Jong and van der
Drift (4) that tumbling is suppressed and motor
speed reduced by lipophilic cations. These ef-
fects are seen even in the presence of valino-
mycin, with the extent of 'Rb+ uptake remain-
ing constant, leading to the conclusion that mo-
tility changes do not result from a change in
membrane potential. This conclusion was
reached also by de Jong and van der Drift (4) on
the basis of their failure to detect any change in
cyanine dye fluorescence upon TPAs+ addition
(at the high dye/cell ratio they used, the en-

hancement artifact is much smaller [Zaritsky et
al., in press]).
Although the effects of lipophilic cations on

motility are not a consequence of reduction of
PMF, they resemble PMF-mediated effects in
that reduction in motor speed is accompanied
by suppression of tumbling. Previous work has
shown that motor speed in B. subtilis reaches a
limiting value as PMF is increased, and that
only below the saturating PMF is tumbling sup-
pressed (11, 44). This suggests that the mecha-
nism of tumble suppression involves the actual
protons being used to rotate the motor. Behav-
ioral changes described here are consistent with
this notion since TPAs+ simultaneously reduced
swimming speed and suppressed tumbling.
The homogeneity of a cell population treated

with TPAs+ was striking, particularly since B.
subtilis cells, ifpartially deenergized, are broadly
distributed from completely immotile to vigor-
ously motile. The heterogeneous motility of par-
tially deenergized cells presumably occurs be-
cause cells are in the presaturation range, in
which speed is highly dependent upon the mag-
nitude of the PMF (11, 44), which is likely to
vary somewhat from cell to cell. However, where
the mean PMF of a population is sufficiently
high that most cells are above the saturation
level, the speed distribution should be rather
narrow. For example, in a population of Salmo-
nella cells, Macnab and Koshland (Table 1 of
reference 25) measured a standard deviation in
swimmning speed of only 18%. The relative ho-
mogeneity of TPAs+-treated B. subtilis cels can
be explained in the same way if the reduction in
speed is a result of inhibition of the use ofPMF
when the latter is not rate limiting. The homo-
geneity of TPAs+-treated cells therefore rein-
forces the conclusion that speed reduction is not
a consequence of reduction in PMF.

Lipophilic cations may alter the state of the
cell surface (Zaritsky et al., in press). Could this
be associated with increased frictional resistance
to motor rotation? The fact that tumble sup-
pression and speed reduction occurred concom-
itantly suggests otherwise, because motor
switching probabilities were previously found to
be unaffected when speed was reduced by in-
creasing the frictional load (10). Also, the rever-
sal of the effects upon TPAs+ removal argues
against a major breakdown of surface architec-
ture. It should be made clear that we are refer-
ring here to "external friction," whether between
the cell and the external medium or between the
motor and its bearings, and not to any activation
energy barrier within the actual machinery for
transducing proton energy into mechanical
work. TPAs+ may very well be affecting a con-
straint of the latter sort.

J. BACTERIOL.
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Both calcium and magnesium have been re-
ported to regulate tumbling in B. subtilis (35,
36). We found that, whether or not calcium or
magnesium was present, cells had a normal in-
cidence of tumbling but could be converted to
smooth swimming by lipophilic cations.
The effects of lipophilic cations were not con-

fined to motility. In the same concentration
range, growth was inhibited (Fig. 3 and 4), the
ATP pool was elevated (Fig. 6), and properties
of the cell were altered in such a way as to
stimulate lipophilic cation uptake (Fig. 5; Zarit-
sky et al., in press). Indirect evidence suggests
that membrane potential may have been slightly
increased, provided valinomycin was not present
to enable potassium to buffer potential. Respi-
ration rates were not significantly affected.
Thus, neither electron transport nor proton
translocation coupled to it were inhibited by
lipophilic cations; likewise, the elevation ofATP
levels in respiring cells indicates that the mem-
brane-bound ATPase was still functioning.
Our results demonstrate that measurement of

membrane potential in B. subtilis by lipophilic
cations is being made on cells in an altered
physiological state, since typical concentrations
used for membrane potential measurements are
above the threshold for the various physiological
effects we observed.
Although lipophilic cations affected motility

and other processes at quite low concentrations
(<5 ,uM), this does not necessarily indicate high-
affinity binding sites because, as a result of the
membrane potential (ca. 120 mV) (44; Zaritsky
et al., in press), the cations concentrate in the
cytoplasm and also the cell surface (Zaritsky et
al., in press). The relevant concentration could
therefore be >500 ,uM under these conditions, if
the site(s) of action were in the cytoplasm or at
the point of lowest electrical potential in the cell
surface. The observation (4) that higher extemal
concentrations of TPAs+ are required at lower
pH can then readily be explained by the marked
decrease in the membrane potential of B. sub-
tilis occurring under these conditions (11, 44).
At moderate concentrations, lipophilic cations

did not reduce PMF (the energy source for mo-
tor rotation) (Fig. 5), and even at high concen-
trations, the drop in PMF was very slow com-
pared with the behavioral effects (Fig. 7). The
cations could therefore be inhibiting the motor
directly, by blocking proton entry or inhibiting
the energy transduction mechanism:

TPAs+
PMF -//-- motor

Altematively, they could be inhibiting some
process necessary for the operation of the motor
but physically remote from it, e.g., the genera-

tion of an intermediate energy form X such as
an ionic potential or a high-energy compound:

TPAs+
PMF //- X- motor

It is also possible that the cations are affecting
an enabling molecule or process R that consti-
tutes an enabling switch for the motor:

t TPAs+

R

PMF - motor

However, the existence of such a molecule or
process R seems unlikely, since there is no evi-
dence for a physiological "on-off' control; in
energized, uninhibited cells, the motors run in-
cessantly.

Lipophilic cations did not inhibit motility or
suppress tumbling in E. coli cells (treated with
EDTA to increase permeability to the cations),
nor did they show anomalous uptake character-
istics into E. coli cells or vesicles (unpublished
data; H. R. Kaback, personal communication).
This suggests that the mechanism of inhibition
may be specifically related to the properties of
the gram-positive cell surface. In vivo identifi-
cation of binding sites that might be responsible
for motility inhibition is likely to be difficult,
because of the extent of potential-dependent
uptake at the cell surface (Zaritsky et al., in
press). Measurement of binding to isolated pu-
tative targets, such as the basal body or the mot
proteins, seems a more promising approach, in
spite of the high dissociation constants (0.1 to 1
mM) that are anticipated.

ACKNOWLEDGMENTS
We are grateful to May Kihara for technical assistance and

to Neil H. Mendelson for discussions regarding macrobe for-
mation.

This work was supported by Public Health Service grant
AI 12202 from the National Institutes of Health and by a
sabbatical salary (to A.Z.) from Ben-Gurion University.

LITERATURE CITED
1. Berg, H. C. 1974. Dynamic properties of bacterial flagellar

motors. Nature (London) 249:77-79.
2. Berg, H. C., and D. A. Brown. 1972. Chemotaxis in

Escherichia coli analysed by three-dimensional track-
ing. Nature (London) 239:500-504.

3. Cole, H. A., J. W. T. Wimpenny, and D. E. Hughes.
1967. The ATP pool in Escherichia coli. I. Measure-
ment of the pool using a modified luciferase assay.
Biochim. Biophys. Acta 143:445-453.

4. de Jong, M. H., and C. van der Drift. 1978. Control of
the chemotactic behavior of Bacillus subtilis cells.
Arch. Microbiol. 116:1-8.

5. Fein, J. E. 1979. Possible involvement of bacterial auto-
lytic enzymes in flagellar morphogenesis. J. Bacteriol.
137:933-946.

VOL. 147, 1981



1062 ZARITSKY AND MACNAB

6. Fein, J. E. 1980. Helical growth and macrofiber formation
of Bacillus subtilis 168 autolytic enzyme deficient mu-
tants. Can. J. Microbiol. 26:330-337.

6a.Freedman, J. C., and P. C. Laris. 1981. Electrophysi-
ology of cells and organelles: studies with optical poten-
tial indicators, p. 177-245. In A. L. Muggleton-Harris
(ed.), Intemational review of cytology. Supplement 12,
Classic origins and current concepts. Academic Press,
Inc., New York.

7. Glagolev, A. N., and V. P. Skulachev. 1978. The proton
pump is a molecular engine of motile bacteria. Nature
(London) 272:280-282.

8. Grinius, L. L., A. A. Jasaitis, Y. P. Kadziauskas, E.
A. Liberman, V. P. Skulachev, V. P. Topall, L. M.
Tsofina, and M. A. Vladimirova. 1970. Conversion of
biomembrane-produced energy into electric form.
Biochim. Biophys. Acta 216:1-12.

9. Hilmen, M., and M. Simon. 1976. Motility and the
structure of bacterial flagella, p. 35-45. In R. Goldman,
T. Pollard, and J. Rosenbaum (ed.), Cell motility. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

10. Khan, S., and R. M. Macnab. 1980. The steady-state
counterclockwise/clockwise ratio of bacterial flagellar
motors isiregulated by protonmotive force. J. Mol. Biol.
138:563-597.

11. Khan, S., and R. M. Macnab. 1980. Proton chemical
potential, proton electrical potential and bacterial mo-
tility. J. Mol. Biol. 138:599-614.

12. Khan, S., R. M. Macnab, A. L. DeFranco, and D. E.
Koshland, Jr. 1978. Inversion of a behavioral response
in bacterial chemotaxis: explanation at the molecular
level. Proc. Natl. Acad. Sci. U.S.A. 75:4150-4154.

13. Kimmich, G. A., J. Randles, and J. S. Brand. 1975.
Assay of picomole amounts of ATP, ADP, and AMP
using the luciferase enzyme system. Anal. Biochem. 69:
187-206.

14. Koshland, D. E., Jr. 1979. Bacterial chemotaxis, p. 111-
166. In J. R. Sokatch and L. N. Ornston (ed.). The
bacteria, vol. 7. Academic Press, Inc., New York.

15. Kubitschek, H. E. 1970. Introduction to research with
continuous cultures, p. 7. Prentice-Hall, Inc., Englewood
Cliffs, N.J.

16. Larsen, S. H., J. Adler, J. J. Gargus, and R. W. Hogg.
1974. Chemomechanical coupling without ATP: the
source of energy for motility and chemotaxis in bacteria.
Proc. Natl. Acad. Sci. U.S.A. 71:1239-1243.

17. Larsen, S. H., R. W. Reader, E. N. Kort, W.-W. Tso,
and J. Adler. 1974. Change in direction of flagellar
rotation is the basis of the chemotactic response in
Escherichia coli. Nature (London) 249:74-77.

18. Laszlo, D. J., and B. L. Taylor. 1981. Aerotaxis in
Salmonella typhimurium: role of electron transport. J.
Bacteriol. 145:990-1001.

19. Lauger, P. 1977. Ion transport and rotation of bacterial
flagella. Nature (London) 268:360-362.

20. Luria, S. E., and J. W. Burrous. 1957. Hybridization
between Escherichia coli and Shigella. J. Bacteriol.
74:461-476.

21. Macnab, R. M. 1977. Bacterial flagella rotating in bun-
dles: a study in helical geometry. Proc. Natl. Acad. Sci.
U.S.A. 74:221-225.

22. Macnab, R. M. 1978. Bacterial motility and chemotaxis:
the molecular biology of a behavioral system. Crit. Rev.
Biochem. 5:291-341.

23. Macnab, R. M. 1979. How do flagella propel bacteria?
Trends Biochem. Sci. 4:N1O-N13.

24. Macnab, R. M. 1980. Sensing the environment: bacterial
chemotaxis, p. 377-412. In R. Goldberger (ed.), Biolog-
ical regulation and development, vol. 2. Plenum Pub-
lishing Corp., New York.

25. Macnab, R. M., and D. E. Koshland, Jr. 1972. The
gradient-sensing mechanism in bacterial chemotaxis.
Proc. Natl. Acad. Sci. U.S.A. 69:2509-2512.

26. Macnab, R. M., and M. K. Ornston. 1977. Normal-to-
curly flagellar transitions and their role in bacterial
tumbling. Stabilization of an alternative quaternary
structure by mechanical force. J. Mol. Biol. 112:1-30.

27. Manson, M. D., P. Tedesco, H. C. Berg, F. M. Harold,
and C. van der Drift. 1977. A protonmotive force
drives bacterial flagella. Proc. Natl. Acad. Sci. U.S.A.
74:3060-3064.

28. Manson, M. D., P. M. Tedesco, and H. C. Berg. 1980.
Energetics of flagellar rotation in bacteria. J. Mol. Biol.
138:541-561.

29. Matsuura, S., J.-I. Shioi, Y. Imae, and S. lida. 1979.
Characterization of the Bacillus subtilis motile system
driven by an artificially created proton motive force. J.
Bacteriol. 140:28-36.

30. Mendelson, N. H. 1976. Helical growth of Bacillus sub-
tilis: a new model of cell growth. Proc. Natl. Acad. Sci.
U.S.A. 73:1740-1744.

31. Mendelson, N. H. 1978. Helical Bacillus subtilis macro-
fibers: morphogenesis of a bacterial multicellular ma-
croorganism. Proc. Natl. Acad. Sci. U.S.A. 75:2478-
2482.

32. Miller, J. B., and D. E. Koshland, Jr. 1977. Sensory
electrophysiology of bacteria: relationship of the mem-
brane potential to motility and chemotaxis in Bacillus
subtilis. Proc. Natl. Acad. Sci. U.S.A. 74:4752-4756.

33. Nagle, J. F., and H. J. Morowitz. 1978. Molecular
mechanisms for proton transport in membranes. Proc.
Natl. Acad. Sci. U.S.A. 75:298-302.

34. Ordal, G. W. 1976. Recognition sites for chemotactic
repellents of Bacillus subtilis. J. Bacteriol. 126:72-79.

35. Ordal, G. W. 1976. Control of tumbling in bacterial chem-
otaxis by divalent cation. J. Bacteriol. 126:706-711.

36. Ordal, G. W. 1977. Calcium ion regulates chemotactic
behaviour in bacteria. Nature (London) 270:66-67.

37. Ordal, G. W., and K. J. Gibson. 1977. Chemotaxis
toward amino acids by Bacillus subtilis. J. Bacteriol.
129:151-155.

38. Ordal, G. W., and D. J. Goldman. 1975. Chemotaxis
away from uncouplers of oxidative phosphorylation in
Bacillus subtilis. Science 189:802-805.

39. Ramos, S., S. Schuldiner, and H. R. Kaback. 1979.
The use of flow dialysis for determinations of pH and
active transport. Methods Enzymol. 55:680-688.

40. Ridgway, H. F., M. Silverman, and M. I. Simon. 1977.
Localization of proteins controlling motility and chem-
otaxis in Escherichia coli. J. Bacteriol. 132:657-665.

41. Sargent, M. G. 1975. Control of cell length in Bacillus
subtilis. J. Bacteriol. 123:7-19.

42. Schuldiner, S., and H. R. Kaback. 1975. Membrane
potential and active transport in membrane vesicles
from Escherichia coli. Biochemistry 14:5451-5461.

43. Shioi, J.-I., Y. Imae, and F. Oosawa. 1978. Protonmo-
tive force and motility of Bacillus subtilis. J. Bacteriol.
133:1083-1088.

44. Shioi, J.-I., S. Matsuura, and Y. Imae. 1980. Quanti-
tative measurements of proton motive force and motil-
ity in Bacillus subtilis. J. Bacteriol. 144:891-897.

45. Silverman, M., and M. Simon. 1974. Flagellar rotation
and the mechanism of bacterial motility. Nature (Lon-
don) 249:73-74.

46. Umeda, A., and K. Amako. 1980. Spore outgrowth and
the development of flagella in Bacillus subtilis. J. Gen.
Microbiol. 118:215-221.

47. Waggoner, A. S. 1979. The use of cyanine dyes for the
determination of membrane potentials in cells, organ-
elles, and vesicles. Methods Enzymol. 55:689-695.

J. BACTERIOL.


