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The bacterial flagellar motor is a reversible rotary machine that rotates a left-handed helical filament, allowing bacteria to swim
toward a more favorable environment. The direction of rotation reverses from counterclockwise (CCW) to clockwise (CW), and

vice versa, in response to input from the chemotaxis signaling circuit. CW rotation is normally caused by binding of the phos-
phorylated response regulator CheY (CheY-P), and strains lacking CheY are typically locked in CCW rotation. The detailed
mechanism of switching remains unresolved because it is technically difficult to regulate the level of CheY-P within the concen-
tration range that produces flagellar reversals. Here, we demonstrate that high hydrostatic pressure can induce CW rotation
even in the absence of CheY-P. The rotation of single flagellar motors in Escherichia coli cells with the cheY gene deleted was
monitored at various pressures and temperatures. Application of >120 MPa pressure induced a reversal from CCW to CW at
20°C, although at that temperature, no motor rotated CW at ambient pressure (0.1 MPa). At lower temperatures, pressure-in-
duced changes in direction were observed at pressures of <120 MPa. CW rotation increased with pressure in a sigmoidal fash-
ion, as it does in response to increasing concentrations of CheY-P. Application of pressure generally promotes the formation of
clusters of ordered water molecules on the surfaces of proteins. It is possible that hydration of the switch complex at high pres-
sure induces structural changes similar to those caused by the binding of CheY-P.

Escherichia coli cells can sense and respond to many environ-
mental factors, such as chemicals, pH, and temperature, and
swim toward more favorable environments for them by rotating
their helical flagella (1-5). Each flagellum includes a long (~10-
pm), thin (~20-nm), helical filament that turns about its long
axis either counterclockwise (CCW) (viewed from filament to
motor) or clockwise (CW). CCW rotation allows the multiple
filaments of a cell to form a helical bundle that propels the cell
body smoothly in what is called a “run.” A CW-rotating filament
leaves the bundle and leads to a change in the swimming direction,
called a “tumble.” Regulating switching between CCW and CW
rotation leads E. coli cells to bias a three-dimensional random walk
to directional movements in liquid environments.

The bacterial flagellar motor converts the chemical energy of
ion flux across the cell membrane to the rotation of a flagellum
(6-10). The motor consists of a rotor and multiple stator units,
and its major components are located in the cell membrane. The
rotor spins relative to the cell body, and it is firmly connected to
the flagellar filament, whereas the stator units are anchored to the
cell wall. Torque is generated by intermolecular interactions be-
tween a rotor and stator units. The rotational direction is con-
trolled by the binding of the phosphorylated form of the response
regulator CheY (CheY-P) onto the rotor. The direction of flagellar
rotation is highly dependent on the CheY-P concentration in a cell
and is characterized by a Hill coefficient of ~10 (11). This ultra-
sensitive switching is thought to be triggered by dynamic confor-
mational changes in the switch complex of the rotor (12-15), but
the detailed molecular mechanism of switching remains unre-
solved. This is because it is technically difficult to regulate the
binding of CheY-P to the switch complex and to detect the result-
ing conformational changes under in vivo conditions.

Here, we show that applying high pressure modulates the ro-
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tational direction of bacterial flagellar motors in vivo. Hydrostatic
pressure is one of the physical stimuli that characterize the envi-
ronment of microorganisms (16, 17), and the pressure-induced
changes could be visualized by high-pressure microscopy (18-22).
E. coli is a representative research target for studying the mecha-
nism by which hydrostatic pressure affects bacterial physiology,
such as transmembrane transport (23, 24), protein and nucleic
acid synthesis (25), enzymatic function (26), cell division (22, 27,
28), and growth (27-29). Most of these biogenic reactions are
inhibited at less than 100 MPa. Hydrostatic pressure in the deepest
part of the Mariana Trench (10,900 m in depth) is ~110 MPa.
Flagellar motility has also been known to be sensitive to applied
pressures (30, 31). We recently constructed a high-resolution,
high-pressure microscope, and it appeared that application of 80
MPa of pressure inhibited the motility of smoothly swimming
RP4979 cells (32, 33). Although the rotational speed of their fla-
gellar motors gradually decreased with increased pressure, the
motors rotated smoothly in the CCW direction even at 80 MPa,
regardless of the viscous load.

In this study, we examined the effects of pressure on the motor
rotation itself. The rotation of single flagellar motors in E. coli cells
with the cheY gene deleted was monitored at various pressures and
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FIG 1 Rotation of flagellar motors at high pressure. (a) High-pressure microscopy device (not to scale). (b and ¢) Sequential phase-contrast images of the same
tethered cell at 33-ms intervals. The pressures were 0.1 (b) and 120 (c) MPa. The arrowheads indicate completion of a turn. Bar, 2 pm. (d and e) Time courses
of rotations of individual cells (CCW positive). (d) The experimental temperature was 20°C, and the pressure was increased from 0.1 to 140 MPa. (e) Pressure

was held at 60 MPa, and the temperature was decreased from 23 to 9°C.

temperatures. We found that application of >120 MPa pressure
induced a reversal from CCW to CW rotation at 20°C, although at
that temperature, no motor rotated CW at ambient pressure (0.1
MPa). At lower temperatures, pressure-induced changes in direc-
tion were observed at pressures of <120 MPa. Our results indi-
cated that increased pressure and decreased temperature act in a
complementary fashion to reverse motor rotation from CCW to
CW. This is consistent with a previous study in which flagellar
motors rotated exclusively CW at —2°C and 0.1 MPa (34). CW
rotation increased with pressure in a sigmoidal fashion, as it does
in response to increasing concentrations of CheY-P. The results
reported provide insight into the structural changes that may be
involved in CheY-mediated reversals of the rotational direction of
bacterial flagellar motors.

MATERIALS AND METHODS

Bacterial strain. We used E. coli strain YS1217 (32), which was con-
structed from strain JHC36 (fliC-sticky AcheY AmotA AmotB) (35) by
transformation with plasmid pDFB27 (motA motB, arabinose inducible;
Ap") (36). The flagellar-filament protein with amino acids 245 to 301
deleted is encoded by fliC-sticky in the chromosome and adheres sponta-
neously to microscope coverslips (37, 38). Cells were cultured at 30°C
from frozen stocks to late logarithmic phase in tryptone broth that con-
tained 100 wM arabinose and 50 pg ml~" ampicillin. Cells were harvested
by centrifugation and suspended in motility medium (10 mM Tris, pH 7,
0.1 mM EDTA).

Motility assay. The rotation of single flagellar motors on tethered cells
was measured as previously reported (32, 33). The hydrostatic pressure of
the chamber was increased and decreased in increments of 20 MPa. The
pressure was regulated to within =1 MPa. The time the cells spent at high
pressure was ~30 min. After the release of pressure, all cells were removed
from the chamber, and the assay was repeated using cells that had not been
exposed to high pressure. All assays were repeated with at least three dif-
ferent cultures. In addition, we confirmed that the applied pressure did
not significantly change the physical characters, such as temperature, vis-
cous drag, and pH, of the solution (20, 32).

RESULTS

Switching of motor rotation. Figure la shows a schematic dia-
gram of our high-pressure microscope (32). Hydrostatic pressure
was applied to the pressure line using a hand pump. The pressure
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was applied to a buffer solution in a separator and then transmit-
ted to the chamber. The internal pressure could be changed by sev-
eral dozen MPa within a few seconds without any overshooting. The
pressure device can be used for application of pressures up to 150
MPa, which is about 1.5 times higher than the water pressure at the
deepest part of the Mariana Trench, the Challenger Deep (10,900 m).
Thus, the device can be used to study most biological activities at
various hydrostatic pressures on Earth. The experimental tempera-
ture was controlled by passing water from a temperature-regulated
water bath through the chamber flow paths.

A single flagellar filament from bacteria that lack the switch-
inducing protein CheY, because they have the cheY gene deleted,
was tethered directly to the observation window of the high-pres-
sure chamber. We observed spinning tethered cells to monitor the
performance of single flagellar motors at various pressures and
temperatures. All of the cells rotated exclusively in a CCW direc-
tion under ambient conditions (0.1 MPa and 20°C), as expected.

Figure 1b and ¢ show sequential phase-contrast images of the
same single cell at 0.1 and 120 MPa, respectively. The time courses
of the rotation of the cell at various pressures are displayed in
Fig. 1d. Below 40 MPa, the motor rotated smoothly in the CCW
direction, and the rotational speed did not change significantly
upon application of pressure. At 80 MPa, the rotational speed
decreased sharply, but the motor still rotated in the CCW direc-
tion, as had been seen in our previous study (32, 33). At 120 MPa,
the motor rotated still more slowly, but in the CW direction. Like-
wise, we found that many other cells still rotated in the CCW
direction, changed direction frequently (“fluctuated”), or stopped
rotation completely at 120 MPa (see Movie S1 and Fig. SI in the
supplemental material).

Next, we monitored the motility of motors at a pressure of 60
MPa when the temperature was decreased in a stepwise manner
from 23 to 9°C. Figure le summarizes the time courses of the
rotations of the same cell at various temperatures. At 15°C, the
motor still rotated CCW, but it reversed to CW rotation at 9°C.
The reversal in rotational direction occurred at a higher tempera-
ture than had been observed in a previous study in which flagellar
motors rotated exclusively CW at —2°C when the hydrostatic
pressure was 0.1 MPa (34). Thus, it suggests that increased pres-
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FIG 2 Reversibility of rotation in tethered cells. (a and b) Histograms of the
rotational speed at 23°C. The speeds of the motors rotating in the CCW and
CW directions were taken as positive (blue) and negative (red), respectively.
For motors in the fluctuation state, the speeds in CCW (pale blue) and CW
(pale red) directions were analyzed separately (see Fig. S1 in the supplemental
material) and plotted. Pressure was increased from 0.1 to 140 MPa in stages (a)
and then decreased to 0.1 MPa (b). Data for the motors that were in the stop
state were excluded from the histograms in panel a. (c) Reversibility of the
rotational speed. The speed after the release of pressure was plotted against the
initial speed at 0.1 MPa (mean = SD; 5 [dark blue], 10 [light blue], 15 [green],
20 [orange], and 23°C [red]).

sure and decreased temperature act in a complementary fashion to
reverse motor rotation from CCW to CW. The details of the de-
pendence on the pressure and temperature are discussed in more
depth below.

Reversibility of the effects of high pressure on motor rota-
tion. After application and release of pressure, we found that some
tethered cells again began to rotate smoothly in the CCW direc-
tion. The motors on these cells showed that the pressure-induced
switch in the direction of motor rotation can be reversible (see
Movie S1 in the supplemental material). On the other hand, other
cells did not recover to rotate CCW, possibly because they had
become stuck to the observation window or because their motors
had been irreversibly damaged in some way. The fraction of the
motors showing the irreversible change depended on the temper-
ature and the maximum pressure applied. To minimize these ir-
reversible changes, we set the maximum pressures applied to 60
MPa at 5°C, 100 MPa at 10 and 15°C, and 140 MPa at 20 and 23°C.
Under these conditions, half of the cells stopped rotating after the
release of pressure. In the following analysis, we ignored cells that
showed this irreversible change after application of high pressure.

Next, we checked the pressure dependence of changes in the
rotational speed of cells that underwent reversible changes. The
pressure was increased from 0.1 to 140 MPa in stages (Fig. 2a) and
then decreased to 0.1 MPa (Fig. 2b). The fractions of cells showing
fluctuation and stop states gradually increased with pressure. For
cells whose direction of rotation fluctuated, the speeds in CCW
(pale blue) and CW (pale red) directions were analyzed separately
(see Fig. S1 in the supplemental material) and then plotted in
Fig. 2a. Stopped cells were excluded from the histogram. The cells
spun initially at 5.6 = 2.7 Hz (mean * standard deviation [SD];
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FIG 3 Analysis of rotational direction and speed. (a) Fractions of cells in the
CCW (blue), fluctuation (green), CW (red), and stop (white) states at 10, 15,
and 20°C. (b) Pressure and speed relationships at 10, 15. and 20°C (mean *+
standard error of the mean [SEM]). (¢) Correlation between rotational direc-
tion and speed of motors at 10 (light blue), 15 (green), 20 (orange), and
23°C(red). The data at 5°C were removed from the analysis because the frac-
tion of cells in the CCW state at 0.1 MPa was 0.72, which is already very
different from 1.

n = 84) (Fig. 2a, top), and the speed decreased with pressure for
most cells irrespective of rotational direction. After the release of
pressure, the motors recovered to almost the same speed of 5.1 =
3.2 Hz (mean * SD; n = 84) (Fig. 2b) and rotated exclusively
CCW. Figure 2¢ summarizes the reversibility of changes in the
rotational speed at 5 to 23°C, showing that the temperature did
not substantially impact the reversibility.

Rotational direction and speed. To quantify the effects of
pressure and temperature on the motor direction, we monitored
the same cells during the pressurization processes (0.1 to 140
MPa) at 5°C, 10°C, 15°C, 20°C, and 23°C (56 to 118 cells; 427
total). The cell behavior was classified into CCW, fluctuation,
CW, and stop states by eye, and then the fractions were calculated
for each pressure and temperature condition (Fig. 3a). At 20°C,
the fraction of cells in the CCW state was almost equal to 1 when
the pressure was less than 60 MPa. At more than 80 MPa, the
fraction of cells in the CCW state decreased and reached ~0.1 at
140 MPa. On the other hand, the fraction of cells in the fluctuation
state increased with pressure. After reaching a peak at 100 MPa,
the fraction decreased with pressure. The number of cells in the
stop and CW states monotonically increased with pressure. At
lower temperatures (10 and 15°C in Fig. 3a), switching from CCW
to the other states occurred even at lower pressures.
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FIG 4 CW bias. The experimental temperatures were 5 (dark blue), 10 (light
blue), 15 (green), 20 (orange), and 23°C (red) (34 to 90 different motors were
analyzed at each temperature). The plot at each temperature could be fitted by
a sigmoidal curve (see the text).

Next, we measured the rotational speed of the cells in CCW
and CW states; data for the stop states were excluded from the
calculation of the speed (Fig. 3b). Each plot was calculated from
the histogram, as shown in Fig. 2a. The rotational speed gradually
decreased with pressure regardless of the rotational direction. The
pressure dependence of the speed was similar to that of the frac-
tion of the cells in the CCW state. Finally, we checked the corre-
lation between the speed and the fraction of the cells in the CCW
state (Fig. 3¢). The speed in the CCW direction was normalized by
the initial value at 0.1 MPa and then plotted against the fraction of
motors in the CCW direction (Fig. 3c). The plots show that the
rotational speed in both the CCW and CW directions was highly
correlated with the overall decrease in the fraction of CCW-rotat-
ing cells.

CW bias. We characterized the pressure-induced changes in the
rotational direction by calculating the probability thata motor rotates
in the CW direction (CW bias) and summarized the results in Fig. 4.
The CW bias value at each pressure and temperature was calculated
from the following equation: CW bias = (ncw + fucruation X f)/
(Mew + Maucruation T Mocw)> Where ficw, Ngucration aNd Mecyy are the
numbers of the motors in the CW, fluctuation, and CCW states,
respectively; fis the CW bias factor, or the probability that the motor
in the fluctuation state rotates CW. The values of f increased with
pressure (see Fig. S1 in the supplemental material). Data for cells
whose motors were stopped were excluded from calculation of the
CW bias. The relationship between CW bias and applied pressure had
similar sigmoidal curves, with the shift depending on temperature,
indicating that the motor direction is sensitive to pressure. The CW
bias value at 20°C (orange in Fig. 4) steeply increased with pressure
and reached 0.5 at ~120 MPa. The pressure required to generate a
CW bias of 0.5 increased linearly with temperature (see Fig. S2 in the
supplemental material). In addition, the CW bias value was ~0.1 at
5°Cand 0.1 MPa, which is quite consistent with previous studies (34).

In previous studies, such ultrasensitive switching has been ex-
plained by a two-state model in which the CCW and CW states are
near equilibrium (Fig. 5a). Here, we have assumed that the free-
energy potential profile can be changed by application of pressure.
The equilibrium constant between the CCW and CW states, K, is
defined as exp[—(AG, + PAV)/k;T], where AG, is standard free
energy, P is pressure, AV is a pressure-dependence parameter (re-

1812 jb.asm.org

(a) (b)
+Temp. 30 E
—_— ,T_‘* F10 ©
CW| «— S 20 =
+Pressure £ Y
- 104 c
= 3.
) & O 08
> »_»___.," R\ < nN
2 A0+ Q
ﬂ 0 10 20 30 o
8 Reaction 0 0
L coordinate -
©
£ >
(c) o _200_M—-300 <
& 15030 20 -10 0 (kJmol) S =
g CW or stop +10 ] I--600
= -400-+; T T
S 100 0 10 20 30
S +20 Temperature (°C)
& 50]
=
° ccw |+30
2 0
& o 10 20 30
&’ Temperature (°C)

FIG 5 Thermodynamics of switching in motor rotation. (a) Schematic free-
energy diagram showing the equilibrium relation between CCW and CW
states before (dashed line) and after (solid line) application of pressure. (b)
Thermodynamic parameters. (Top) Free-energy difference at 0.1 MPa; AG,,.
The standard enthalpy and entropy were —310 kJ mol ' and —1.1 k] K '
mol ', respectively. (Bottom) Pressure dependence parameter (reaction vol-
ume; AV). The plots could be fitted by o - (273 + T) + B, where « is equal to
1.1 cm? mol ' K ' and B is equal to —510 cm® mol . (c) Pressure-temper-
ature phase diagram. The value of AG is represented by gray curves at intervals
of 10 kJ mol ™ '. The blue, green, and red regions correspond to CW biases of
<0.1,0.1to 0.9, and >0.9, respectively. The diagram was constructed using o
and B, the standard enthalpy and entropy in panel b.

action volume), kj is the Boltzmann constant, and T is the exper-
imental temperature. The CW bias can be described by (1 +
K™™', Thus, the pressure and CW bias relation can be fitted by
the following equation: CW bias = (1 + exp{[AG, + PAV]/
ksT}) ™", where AG, is equal to 9.4 k5T (equal to 23 k] mol ~') and
AVisequal to —320 A (equal to —190 cm® mol ") at 20°C. Figure
5b summarizes the AG, and AV values at 5 to 23°C. The upper
graph shows that AG, decreases linearly with decreased temper-
ature and reaches zero at 0°C (indicated by the dotted line), a
result consistent with previous work (34). On the other hand,
AVisalmost totally independent of temperature (lower graph).
Figure 5c¢ displays the pressure-temperature phase diagram of
AG, which was constructed from the thermodynamic parameters
in Fig. 5b. The diagram shows that AG changes by 10 k] mol ' for
every ~40 MPa of pressure or ~8°C of temperature. The motor
thus responds linearly to both pressure and temperature. Despite
the complicated structure of the flagellar motor, which is com-
posed of many copies of a number of different proteins, motor
rotation can be described by simple thermodynamics.

DISCUSSION

In this study, we characterized the pressure and temperature de-
pendence of the motility of single flagellar motors in E. coli cells. In
general (39), the application of pressures up to ~100 MPa (100
pN nm™?) does not seriously affect the primary and secondary
structures of protein molecules, but it does enhance the clustering
of water molecules on the protein surface. This hydrated water
often works to weaken protein-protein and protein-ligand inter-
actions in solutions. Thus, application of ~100 MPa of pressure
can, in principle, be used to change the function of flagellar mo-
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tors without the use of any force-inducing tags (40, 41). In addi-
tion, at very high pressures (>500 MPa), protein aggregation and
loss of secondary structure can occur due to hydration. Protein
unfolding becomes irreversible at pressures above 500 MPa, and
aggregation occurs. Here, we applied pressure up to 140 MPa and
analyzed only the motor showing reversible changes against pres-
sures. Thus, the applied pressure could slightly change the degree
of hydration of the motor but not seriously damage its compo-
nents.

The flagellar motors in a strain lacking the switch-inducing
signaling protein, CheY, rotate exclusively in the CCW direction
under normal ambient conditions (23°C; 0.1 MPa pressure).
Here, we found that application of high pressure could induce CW
rotation of flagellar motors without binding of CheY-P. A confor-
mational change in the switch complex of the rotor is a good
candidate for explaining our results. The switch complex forms
the C ring on the cytoplasmic side of the rotor (42, 43). The Cring
contains about 34 subunits of a structure consisting of ~1 mono-
mer of FliG, 1 monomer of FliM, and a tetramer of FliN (44). FliG
is thought to be important both for motor switching and for
torque generation through its interaction with stator complexes
containing 2 dimers of MotA and a single dimer of MotB (MotA,/
MotB,) (45, 46). Some point mutations or deletions of a few spe-
cificresidues in FliG lock motor rotation in either the CCW or CW
direction (47-49). Several switching models have recently been
reported based on structural differences between a CW-locked
FliG mutant protein and wild-type FliG (15, 43, 49, 50).

In response to the binding of CheY-P to FliM and FliN (51),
conformational changes in FliM and/or FliN molecules may sta-
bilize FliG in its CW state. The CW bias of the flagellar motor
depends greatly on the intracellular concentration of CheY-P and
exhibits a Hill coefficient of ~10 (11). This relationship is similar
to the dependence of the CW bias on increased pressure, for which
a plot of CW bias versus pressure gave sigmoidal curves at all
temperatures (Fig. 4). Thus, the application of pressure may
change the equilibrium between the CCW and CW states of the
switch complex in a similar manner as does the binding of
CheY-P.

We performed a thermodynamic analysis (Fig. 5b) that re-
vealed that the standard enthalpy and entropy for the equilibrium
were —306 k] mol ! and —1.12 k] K ! mol %, respectively, a
result that is consistent with previous studies (34). These values
are similar to representative values (—200 k] mol ' and —0.5 kJ
K~ ' mol™") for protein folding at standard temperature and pres-
sure (23°C; 0.1 MPa) (34, 52). Thus, the application of pressure
partially collapses either the individual subunits or the integrated
FliG-FliM-FliN protein components of the switch complex.

If we assume that the decrease in entropy during the transition
from CCW to CW rotation is derived from the distribution of the
hydrophobic interactions (the magnitude of the hydrophobic ef-
fect is —0.6 J K~ ' mol ™" per A* of nonpolar surface exposed to
water) (34, 52), we arrive at an estimate of 54 A* nonpolar surface
exposed per subunit during the transition from CCW to CW. This
value seems to be small compared with the total hydrophobic area
on the exposed surfaces and/or interfaces of the component pro-
teins (44, 53). Therefore, hydration of only a limited part of the
surface area of the switch complex can apparently induce a large
and cooperative structural change that leads to a reversal of rota-
tional direction. To reach a good understanding of the phenome-
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non reported here, a more detailed analysis using molecular dy-
namics simulation will be required.
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