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An Electrostatic Mechanism Closely Reproducing Observed Behavior in
the Bacterial Flagellar Motor
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ABSTRACT A mechanism coupling the transmembrane flow of protons to the rotation of the bacterial flagellum is studied.
The coupling is accomplished by means of an array of tilted rows of positive and negative charges around the circumference
of the rotor, which interacts with a linear array of proton binding sites in channels. We present a rigorous treatment of the
electrostatic interactions using minimal assumptions. Interactions with the transition states are included, as well as proton—
proton interactions in and between channels. In assigning values to the parameters of the model, experimentally determined
structural characteristics of the motor have been used. According to the model, switching and pausing occur as a
consequence of modest conformational changes in the rotor. In contrast to similar approaches developed earlier, this model
closely reproduces a large number of experimental findings from different laboratories, including the nonlinear behavior of the
torque—frequency relation in Escherichia coli, the stoichiometry of the system in Streptococcus, and the pH-dependence of
swimming speed in Bacillus subtilis.

GLOSSARY

f/

mot

distance between the channel axis and the
circumference of the rotor

thickness of rotor (membrane)

distance between charg@g, , , and the
position ., 0,2) on the channel axis
elementary charge

frequency of rotation; subscripts br, bt, fl,
If, and mot for body roll, body tethered
cell, flagellum, level flow, and motor,
respectively

dimensionless motor frequency defined in
Eq. 33

standard free energy

free energy due to electrostatic interaction
between protons in different channels
free energy due to electrostatic interaction
between protons in the same channel
free energy due to electrostatic interaction
of a proton with the rotor charges
Planck’s constant

flow of protons between statésandj of a
channel

flow of protons from the periplasmic space
into a channel

total proton flow from the periplasmic
space into all channels

flow of protons from the channel into the
cytoplasm

total proton flow from all channels into the
cytoplasm
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I
Ki,i+1

k

ksubscript

Kov Kors K

proton flow through motor

equilibrium constant of transition between
statesi andi + 1

Boltzmann’s constant

proportionality constant (subscripts ext, tor,
mot, Ay, v relate to Eqgs. 37, 39, 39, 41,
44, respectively)

frictional drag coefficients for tethered
cell, body roll, flagellum

number of channels

8/ ¢ (pitch)

probability of theith state

pH in the cytoplasm, suspending medium
kth charge on a row inth repeat with
charge numbep

number of charges in a row

radius of the rotor

number of repeats

number of proton binding sites in a
channel

absolute temperature

reference temperature

torque generated by thih state

torque generated by a single channel
total torque, generated by all channels
torque generated by the motor

torque due to torsion in the hook/filament
complex

external torque exerted on the motor
relative external torque exerted on the
motor

time

externally applied voltage

x-coordinate

distance between axes of rotor and channel
y-coordinate
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Z charge number of thigh proton binding adjacent to the cell membrane and are thought to constitute
site in a channel the rotor of the motor. The fifth ring (C) is bell shaped,
z zcoordinate protrudes into the cytoplasm, and is probably built from the
Z z-coordinate ofith proton binding site ina  components that are responsible for switching (see below).
channel A ring of particles (also called studs or force-generating
zZ z-coordinate of theth transition state units) are embedded in the cell membrane around the M ring
between sites andi + 1 in a channel and are thought to act as the stator of the motor. The MS
Qi1 transition probability per unit time ring consists of the proteins called FliF and FliG, whereas
(intrinsic rate constant) for the transition  the particles are formed by the proteins called MotA and
from statei to statei + 1 MotB. The proteins FliM and FIliN, together with a part of
o first order rate constant including the effect FliG, form the C ring.
of electrostatic interaction, membrane The flagellar motor is a mechanochemical energy con-
potential, and proton concentration verter. Its driving force is the difference in electrochemical
Bi relative rate constant ath transition potential of protonsApy, between the periplasmic space
0 tilt angle (the space between cell wall and cell membrane) and the
) horizontal angle corresponding to tilt cytoplasm. The output force is the torque exerted on the
€ permittivity in vacuo filament, and the conjugate flow is the frequency of rotation
€ relative permittivity of the filament with respect to the cell body. Flagella can
Liiv i dimensionless distances defined in Egs. B3rotate counterclockwise (CCW) or clockwise (CW) as seen
and B4 looking from the tip toward the cell body, without a reversal
m viscosity of the medium of the driving force. All flagella of a cell rotate in the same
0 rotation angle direction at any given time. Switching between rotation
transmission coefficient of transition state directions occurs spontaneously, and the switching fre-
theory; running index for charge3 on a guency is modulated by chemotactic agents (reviewed in
row Eisenbach, 1996). When rotating in CCW mode, the fila-
A running index for repeats on the rotor ments of all flagella are bundled together, and the cell
[T chemical potential of protons swims linearly with an approximately constant speed. After
oy electrochemical potential of protons switching to CW rotation, the flagella fly apart and the cell
v charge number of chargé3 on rotor tumbles. The steady state of rotation after switching is
circumference £1) reached within milliseconds, i.e., the inertia of the rotating
vy proton stoichiometry (number of protons  parts is negligibly small. At steady state, the motor rotates
transferred per revolution) more or less smoothly, although a stepping of the motor can
p rotation angle as a fraction of repeat angle be deduced from the analysis of fluctuations of its frequency
Ap; phase shift of thgth channel (Samuel and Berg, 1995, 1996). These features form the
0] angle of repeat basis for any model of the flagellar motor.
X xm The mechanism of coupling of the transmembrane flow
Xr A, v angles defined in Fig. 1 of protons to the rotation of a flagellum is not as yet
Ay, membrane potential understood. A wide variety of models of the flagellar motor
Ao resting membrane potential have been developed in recent years (for a review see, e.g.,

Caplan and Kara-lvanov, 1993; Berg and Turner, 1993;
INTRODUCTION Schuster and Khan, 1994). Among these, .the' two types of
mechanism that have been analyzed quantitatively, in terms
The rotary motor responsible for the spinning of a bacteriabf what was known about the structure and function of the
flagellum is one of the most intriguing of microbiological motor at the time, are those based on fixed elastic elements
systems, and it presents a major challenge from the viewanalogous to muscle cross-bridges (Berg and Khan, 1983;
point of bioenergetics. A flagellum is a complex macromo-Lauger, 1988; Meister et al., 1989), and those based on
lecular machine that can be divided into three parts: 1) thelectrostatic interaction (Berry, 1993; Doering et al., 1995;
filament that protrudes from the cell body and has a helicaElston and Oster, 1997). Coupling between the linear mo-
shape, 2) the basal body that is anchored to both the out¢ion of protons and rotation can be accomplished by means
cell wall and the cell membrane, and 3) the hook thatof a helical array of rotor elements interacting with a linear
connects the filament to the basal body (reviewed in Caplamarray of stator elements. Helical arrays or tilted rows were
and Kara-lvanov, 1993; Macnab, 1996). The basal bodyuggested both by lger (1977) and Macnab (1979). Berry
consists of a central rod and 5 ring-shaped structures. Tw(1993) was the first to consider a purely electrostatic model
rings (L and P) are adjacent to the cell wall and are thoughin which no structural complementarity is required between
to act as a bushing for the rod. Two rings (M and S) arethe rotor and the force-generating units. He assumed the
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628 Walz and Caplan

presence of alternating tilted rows of positive and negativenedium and the cytoplasm, respectively. Note that pH and

charges around the rotor, and showed that torque can hmotential are assumed to be equal in the periplasmic space
developed in such a system. Unfortunately, his analysis waand in the suspending medium.

over-simplified and led to a number of incorrect and mis-

leading conclusions. However, because Berry’s concept is

both electrostatically sound and physicochemically con-Electrostatics

vincing, we have used it as the basis of a new model th
takes explicit account of the presently known structural an
functional aspects of the flagellar motor.

igure 1 shows a sketch of the rotor, i.e., the MS ring, which
is approximated as a disk with radiésand thicknesdl,..
Two adjacent tilted rows off charges, one a negative set
(v = —1) and the other a positive set £ 1), form a repeat
THEORETICAL unit. The number of repeatsiisand hence the angle of the
repeat unit is
Torque balances and sign convention

. . b = 2lr. 4
It has become customary to assign a positive sense of

rotation to a flagellum that rotates CCW when viewed fromThe pitch of the rowsP, is defined for our purposes ap,

the outside of the cell. Similarly, by convention the exter-where § is the angular offset between the top and bottom
nally applied torqueT,,, causing such a rotation is consid- suyrfaces of the rotor. The parametemeasures the rotation
ered positive. Hence, in the steady state of rotation of &ngleg as the fractional remainder of the quotie¥,

tethered cell
p = rem6/¢), (5)
Trmot T Text — kbtnfbl =0, (1)

whereT,,,; denotes the torque generated by the motor, and
f,: is the rotational frequency of the cell body measured in
Hz. The frictional drag coefficient of the cell body rotating
about a tether is given b, andm denotes the viscosity of
the medium. Becausk, .. represents a torque exerted by the
stator on the cell body and by the rotor on the flagellar
filament, the torque balance for a freely swimming cell at
steady state reads

Trot = kbrnfbr = kq nfﬂ + Tior- (2)

Here,f,, andf; denote the body-roll and flagellar (bundle)
frequencies, respectively, wherdqs andk; are the corre-
sponding coefficients relating frictional drag to viscosity. B
Tor represents torque due to torsion in the hook/filament
complex which, as an approximation, may be assumed to be
proportional tof;. The motor frequency,,, i.€., the rota-

tional frequency of the rotor with respect to the cell body, is
related to the different frequencies by

frot=for O frot=for + 3)

. . . . FIGURE 1 Schematic diagrams of the rotor showing the principle geo-
under tethered or swimming conditions, respectivelymetric parameters, including the alternating tilted rows of positive and
(Caplan and Kara-lvanov, 1993). negative fixed chargesAf The rotor (radiusR, thicknessd,,), and one

We define positive proton flow to be directed from the representative force-generating unit containing of a single channel (at a
extracellular space to the cytoplasm. Accordingly, the posglstancedc from the perimeter of the rotor), are situated within a rectan-

it drivi f f t . th lectroch . Igular Cartesian coordinate system as shown. The rod and hook (not
iive driving force tor protons, I.e., e elecirochemica shown), to which the flagellar filament is attached, project up from the

potential differenceAf,, must also be directed inward. center of the rotor in the-z direction, toward the exterior of the bacterium.
HenceAfiy = iy ex = iy in = Ay + €AY, where the  The coordinates of a particular position in the channel occupied by a proton
chemical potential differenc&u,, = peyx — pin = KTIn 10 are depicted, as well as those of a particular fixed ch@gg,, on the rotor
(pH- — pH X) and the membrane pOtentiAlb = Yo, — (the kth charge on a row in theth repeat with charge numbey. (B) Eight

n ex/ m ex

representative repeat units are illustrated, with the angular position of the
in- Heree,, k, andys denote the elementary Charge' Boltz- selected fixed charge relative to its repeat unit indicated. The angle of

mann’s constant, and the electrical potential, respectivelyepeat iss, the tilt and corresponding horizontal offset angles-geands,
whereas the subscripts ex and in refer to the suspendingspectively, and is the angle of rotation.
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and varies between 0 and 1. The free endsgfor a proton s+1

at the position X,, 0,2) that arises from the electrostatic A g B ot
interaction with all charge€Q, , , on the rotor can be

calculated by a linear superposition using Coulomb’s law Hin A

/
f{

U’—
N (4]
o
| +
o N

N

(o -3

q r
Gr(Pr Z) = ecz)/[47T€0] E 2 E V/[E(dK,A,V)dK,A,V(pl Z)]

k=1 A=1v=%*1

(see Appendix A), /

(6)
. - siar e 1 2 O’ Z1 #
For reasons to be discussed below, the relative permittivity 2
€ is given the argumentl to indicate that it is distance Hir, Hex Crlz 2
dependent. ¢
Kinetics s+2 Orize-r 4 1
Ot 7, ¥
Most of the data available to test our model were obtained I
in experiments performed with motors having a full com- serom

plement of force-generating units, for which average fre-

quencies were determined. Under these conditions, EIGURE 2 Channel kineticsA) Diagram showing the possible states of
smooth rotation of the motor is norma"y seen on all tImethe channel following proton binding from, or release to, the periplasmic
scales except when measuring fractions of a rotation (Karaspace or the cytoplasm, and internal proton transitions. Each line represents
Ivanov et al., 1995). Hence, we can safely ignore Browniara forward and backward reaction to which a rate constant is assigned. The
motion and use a deterministic instead of a statistical apchannel has binding sites numbered in sequence from the cell exterior to

the cell interior, and each state is labeled by the number of the site
proaCh to the kinetics of the system. Becaugklitl= 2nf, occupied. The empty state is designasedl 1, and the only state consid-

it follows from Egs. 4 and 5 that ered having more than one bound proton is desigrate@. (B) Schematic
cycle diagram showing the two constituent cycles designated a and b, and
dp/dt = rf. (7)  the sign convention adopted for the cycle fluxe®) The positions (along

thez coordinate) of théth proton-binding site; and theith transition state
Figure 2 shows a kinetic scheme for the transport of in the channel.
protons through the channel of a force-generating unit. The
circles represent binding sites for protons, and are filled if a
proton is bound. The number of binding sitgscludes two

— * *
mandatory outer binding sites adjacent to the aqueous dps. /dt = o5 512(p)PS(p) + 01.611(P)Pa(p)

phases and any additional inner binding sites that may be — [t dp) + oy ((p)IPssa(p),  (11)
present. Lep; denote the probability of thih state, then, ' '

differentiating the probabilities with respect to tinhewe dps.o/dt = & 42(p)pdp) + @ <ra(P)Pa(p)

have ’ ’

—[agodp) + asai(p)Ipsialp),  (12)
dp./dt = a5 1(p)P2(p) + s 1,1(P)Ps+1(p) + Asi2,1(p)Psi2(p)

s+2

— [t op) + o oalp) + Ahsa@IPlp),  (8) Spo1 13)
dp/dt = o1 (PIP-1(p) + i1 (PIP1(p)
—[aFi_1(p) + i 1(p)Ipi(p) As shown in Appendix B, the forward and backward rate
' ' constants,a};,; and o}, include intrinsic transition
i=2,...,s—1,s+1, (9 probabilities per unit time, and several factors depending on
the electrostatic interaction energi€s, G, and, where
dpddt = a5 1 dp)Ps_1(p) + &1 dP)Ps:1(p) appropriate G, (cf., Egs. 6, 26, B16, and B17), the mem-
. brane potential\ys,,,, and pH,, and pH,. The scheme used
+ 52, dp)Psi2p) here includes + 2 states, although, in principal, it could

include many more states. However, as will be discussed
below, these states can be omitted here without loss of
(10)  precision.

- [a:,sfl(p) + a:,s+1(P) + a:,s+2(p)]ps(p)u

Biophysical Journal 78(2) 626-651
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Torque generation and proton flow in a
single channel

The torque generated by a charge with charge nurdlzer
the channel axis is given by Z[0G,/d6], ,. The torqueT;
generated by théh state of a channel then becomes

Ti(p) = —pip) 2 (Z + 8,)[9G/96], 4

j=1
i=1,2,...8s+1,s+2 (1l4a)

i=1,2,...5s+1,
i=s+2

if j=i for

&) = orif j=1,s for

1
(14b)

8,; =0 forall other cases,

whereZ; denotes the charge number of ftie binding site.

Note that the partial derivatives are weighted by the prob-

abilitiesp; of the channel states. The partial derivativespf
with respect ta is, in view of the sign convention chosen,

[aGr]
00
Pz

q r

22 2 vsiny,

k=1A=1v=x1

_EXR

41re,

dx,/\,v(aE/ad)d(K,/\,v) + E(dK,)\,V)

), (19)
The torque associated with a given channel is
st2
Te(p) = 2 Tilp). (16)
i=1
The flow J;; between statesandj is given by
Jii(p) = afipi(p) — afipi(p). a7)

Walz and Caplan

Channel ensemble

In general, the motor includas channels, which we arbi-
trarily number from 1 ton. As is evident from Fig. 3, the
value of p depends on the geometrical arrangement of the
channels and hence, in general, is different for each channel.
This is taken into account by assigning a phase ghftto
thejth channel. The total torque of the moiQy,(p) and the
total proton flowsJ,, o{(p) and J;, ..(p) generated by the
channels then become

Ttot(p) = E Tch(p + Apj)y

(20)
=1

Jex,tm(P) = E Jex(p + APj): (21)
=1

Jin,tot(P) = 2 ‘Jin(p + Apj)- (22)

j=1
For a symmetric arrangement of channels, we find

Ap; = ren{(j — Dr/n].

The averages of,, and Jgy (o OF Ji 1or are obtained by
integration and yield the motor torque and the proton flow
through the motor, respectively,

(23)

1
Trot = j Ttot(p) dp, (24)
0

I = f Jex,tot(p) dp = [ Jin,tot(p) dp. (25)

0 0

The flows of protons from the periplasmic space into the

given channelJ,,, and out of the channel into the cyto-
plasm,J;,, then become

Jexp) = [@5:1,1(p)Ps+1(p) — a1 se1(p)Pa(p)]

s s2(p)Pp) — a2 dP)Psi2(p)]  (18)
Jin(p) = [ s1(p)Pp) — asi1.dP)Pss1(p)]
ko 1(p)Psra(p) — T sa(p)Pr(p)].  (19)

In general J.(p) andJ;,(p) are not equal at any given value
of p. However, the integral of these flows ove(from O to
1), i.e., the number of protons entering and leaving th

rotor

channel

/indicotor

FIGURE 3 Schematic diagram showing a situation in which the number
of repeat units constituting the rotor is unequal to an integral multiple of the

ehumber of channels, and hence the two are not in register. The channel

channel during a rotation equal to a repeat unit, must bgicators indicate the positions of a symmetrical array of channels around

equal.

Biophysical Journal 78(2) 626—651
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Mechanism of Flagellar Motor 631

Another aspect arising from the channel ensemble persimulation technique (Walz et al., 1995a). The integration
tains to the electrostatic interaction between protons in thevas carried out over two repeats, and only the results from
channels. The free enerdy, for a proton at the position the second repeat were used. Moreover, the results were
{X,, 0,2} in the channel shown in Fig. A that arises from checked for compliance with the equality on the right hand
the electrostatic interaction with all protons in the otherside of Eq. 25. From thp,(p) values, all other variables can
channels can be calculated by a linear superposition usinige calculated by means of Eqgs. 14-25.

Coulomb’s law (see Appendix A), Because the free ener@y, from the interaction of pro-
tons in the channels depends on the probabilipesf the
e |3 pilp + Apy) states (Eq. 26), which, in turn, are also determine&pyia
Gp2=71— 2|2 T dd. the rate constants;; (see Appendix B), an iterative proce-
47760 i L E(d“)d“ . J . . . . .
=2 [i=1 dure is necessary. Thievalues obtained in a given iteration

step were used to calculate, for the next step, and the
procedure was finished when botR,,, andJ, changed less
than 1% in the subsequent iteration step.

Adjustment of parameter values was done either manu-
Note that the interaction terms are weighted by the probaally or, whenever possible, by means of the nonlinear fitting
bilities p; of the channel states, because the positions of thprogram MODFIT (Mcintosh and Mclintosh, 1980).
protons in a channel are only known for a given state.

+ Psialp + Ap){le(d) )] + [e(d9d |- (26)

PARAMETERS OF THE MODEL

Electron micrographs prepared by freeze-fracture (Khan et
It is convenient to scale all rate constants relative to zal., 1988) show disk-like structures that are surrounded by a
particular rate constant, and, for this purpose, we choosgng of particles exhibiting a diameter of about 5 nm. Both

a, 1. Accordingly, making use of the equilibrium constants the diameter of the disk and the number of particles vary
in Egs. B14-B17, we write with species as demonstrated by the values obtained for

Escherichia coliandStreptococcu¢Table 1). The diameter
Qiv1i Qii+1 - of the disk forSalmonella typhimuriumvas deduced from
=B = Kii+1Bi i=1,2,...5—1, . . . .
a1 a1 image reconstructions of isolated motor complexes (Sosin
(27)  sky et al., 1992). The proteins FliF and FIiG were found to
be present in equimolar ratio and 26 copies of FliF were

Numerical computations

(o)
Ps,501 _ B Pst1s _ BLOPK@, (28) estimated for the M ring o8. typhimurium(see also Mac-
0,1 0,1 nab, 1996; a somewhat higher but not inconsistent value for
o FliG was reported by Zhao et al., 1996). Based on these
e As+11_ K(1,ex data, we have chosen the valuesRdlfisted in Table 1 and
s+1 Bs+1 100 ’ (29) ..
01 01 have calculated the missing values for the number of par-
o ticles and FliF, FliG by assuming their proportionalityRo
Ust2,1 _ Mz _ K(2,in) Because FIiG carries clusters of charged residues (Kihara
s+2 Bs+2 10) 1 (30) . h
2,1 @21 et al., 1989), which were found essential for torque gener-
o ation (Lloyd and Blair, 1997) it is reasonable to assume that
Ost2s _ Beia Fsstz2 _ Beirg 1LOPK2 X, (31) the lines of charges are associated with this protein. More-
2,1 2,1 over, the particles were shown to be the MotA/MotB com-

Note thatg, = 1. When inserting Eqs. 27—31 into Eqs. 812 plexes (Khan et al., 1988). It would seem reasonable to set

and dividing the resulting differential equationsdy,, one
obtains, by Eq. 7,

TABLE 1 Parameters of the model depending on species

-1 ’
o, dp/dt = f /dp, 32
219P, mo{dp‘ P ( ) E. coli Streptococcus  S. typhimurium
wheref/ ., denotes a dimensionless frequency defined as piameter of disk ~ 20.2- 1.9 nm  25.8+ 2.8 nm 30 nm
Number of particles 11 (10, 12)* 15 (14, 16)* 17
finot = Mmod 02,1 (33)  FiF, Flic 17" 22" 26
. . . R 10 nm 13 nm 15 nm
At static head, i.ef,,,; = 0, we get the variablgg(p) asthe 34 a4 52
solution of the system of linear equations derived from Eqsn* 22 30 34

8_:!'3 with q_)i/dt set to_ 0. In the_casg,“m * Q’ the dlﬁer__ *Most frequent (minimal, maximal) number observed.
ential equations require numerical integration (taking intorcaiculated by means of proportionality ®
account Eqg. 13), which was performed by the network*Two channels per particle.

Biophysical Journal 78(2) 626-651



632 Walz and Caplan

r andn equal to the number of FliG subunits and the numbeiinner transitions have to comply with Eq. B18, so osly
of particles, respectively. However, the simulations can2 values for the equilibrium constants need to be adjusted.
reproduce the experimental data only if two repeats per FliG he relative rate constang; for the inner transitions are all
and two channels per MotA/MotB complex are assumedset to unity, whereas those for the outer transitions are
thus yielding the values farandn listed in Table 1. Fog  assumed to be equal but are adjusted. Values for the rate
and P, the smallest values were chosen (Table 2) whichconstanta, ; were found to vary considerably even for
yield a sufficiently large torque. different cells of the same species under identical condi-
No detailed structural information about the channels intions. Hence, this parameter is not included in Table 2, but
the MotA/MotB particles is yet available. However, motil- its value will be given in the context of each system to be
ity-deficient mutants indicate that the important part ofdiscussed. Because the geometry of the motor is found to be
these channels is the domain formeddselices adjacent similar in the investigated species and because there is no
to the cell membrane (Schuster and Khan, 1994). Hence, wevidence for differences in the structure of the MotA/MotB
have choseml,, which is also the length of the channels, particles of different species, the parameter values listed in
equal to 5 nm, i.e., the average thickness of a biologicallable 2 are taken to be valid for all species.
membrane. Sharp et al. (1995), using tryptophan-scanning A possible dependence pK; , PK; i, and the equilib-
mutagenesis of MotA, could not find any typical proton rium constant¥;;,, on temperature is not taken into ac-
binding sites within the channel and concluded that theseount. Because there is no information available on the
sites are most likely provided by water molecules inter-effect of temperature on proton binding in the MotA/MotB
spersed between the-helices. Hence, we set the charge proteins, any assumption about such a dependence would be
numberZ; of all binding sites to 0. We assume the channelpurely speculative. Note, however, tipdg, ., andpK, ;, are
axis with the sites to be located close to the boundary of thalightly temperature dependent as is evident from Eqgs. B16
particles ¢i. = 0.65 nm) such that an equal spacing of alland B17. In contrast, the rate constamtsstrongly depend
channels in the particle ring exists. Moreover, we assume aon temperature. This will be treated below, together with the
equal spacing of the proton binding sites in a channel, i.earguments for a temperature independence ofsthe
(Fig. 2C) Strictly speaking, the use of a relative permittivity (or
. . dielectric constantg in calculations of electrostatic interac-
Z=idsf(s+1) i=01,...5+1, (34) tions is legitimate only for macroscopic phases, and its
and a symmetrical barrier for the transition state (Walz and/alidity on the microscopic level is at least questionable. In

Caplan, 1995), fact, the polarizability in macromolecular complexes de-
pends on atoms and bonds, and the electric field in such

Z' = (z+ 7.2, (35) complexes is influenced by the considerable change in

which also yields (Egs. B3, B4, and 34) polarizability at the boundaries of the macromolecules that
are exposed to water. These effects can be taken into ac-

Gi=—bi= (Z11—2)(2d,) =[2(s+ D))" (36)  count providing the structure of the complexes is known at

the atomic level (Sharp and Honig, 1990). However, expe-

rience has shown that, for systems where this information is
aI'acking, a reasonable approximation can be found by means
of a relative permittivity whose value depends on the dis-

tance between the charges. Both a proportionality to this
distance (Harvey, 1989) and an exponential dependence

The values fopK, ., andpK, ;, are calculated by means of
Egs. B16 and B17. The equilibrium constakts ., ; of the

TABLE 2 Parameters of the model not depending (Elston and Oster, 1997) have been used; we have chosen
on species the former case with a proportionality constant as given in
Rotor Table 2.
Parameters Channel Parameters Two additional parameters not pertaining to the model
but essential for the simulations ake,,, and pH,,. Data for

dn 5nm s 5 Kio 9.9 .
q 6 PKy o 945 Ko s 57 E. coli at room temperature (Felle et al., 1980), at 30°C
P 0.5 pKyn 105 Ks 4 0.89 (Hirota et al., 1981), and 28°C (Kashket, 1982) are pre-
¥y 105° Gy 659X 10723 K, 04716  sented in Fig. 4. It seems that\ys,,, and pH, vary with
d. ~ 0.65nm pKz,e{: 8.749 Bii=14 1 temperature, but the data are not sufficient to derive a
od 8nm  pPKew 9799 FI=58 015 temperature dependence, which therefore was neglected.
“Calculated by means of Eq. AS. Khan et al. (1990) reported data f&treptococcugFig.
jf proportional to distancd between charges. 4 B), whereas Shioi et al. (1980) determin&d,,, and pH,
Depending on temperature, value pertains to 22.6°C. for Bacillus subtilisat 30°C (Fig. 4C). The only data fosS.
SCalculated by means of Eq. B16. . . . .
TCalculated by means of Eq. B17. typhimuriumthat could be found in the literature ake,,, ~
ICalculated by means of Eq. B18. 145 mV for pH., = 7 (Shioi et al., 1982), andy;,, = 162+
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Ay,, (mV) pH;, Torque—frequency relationship for tethered cells

When all filaments except one are removed from a bacterial
18 cell and the remaining filament is glued to a support, one
obtains what is known as a tethered cell. The rotation
frequency of the cell body can then be measured, and an
ake external torqud,,; can be applied by means of a rotational

150

100

S50 electric field. Typical results obtained by Berg and Turner
(1993) in such a setup with aB. coli cell deficient in
e e switching are shown in Fig. 5. Because it is difficult to
T calculate the torque exerted by the rotational electric field,
150} B ‘_._'/./—4': 8 Ty IS expressed by means of a relative external torque
. A —A] Text,» SUch that
100 + - 1
47 Text = KextText,r- (37)
20 - | If too large aT,,, (in either direction) is applied, the motor

is irreversibly broken. For such a cell, frequency should be
L proportional toT,,, (cf., Eg. 1 withT,,,; = 0), as shown by
™ ' the straight line through the origin in Fig./& The slight
deviations of the data points from this line indicate that the
motor was not fully broken in this case. A fit of these data
with a model that includes a factor accounting for the active
fraction of the unbroken motor yielded the result shown by
the broken line in Fig. #\. This fraction turned out to be
14%, which may suggest that three channels remained ac-
tive. The heavy line represents the result of the simulation
for an intact motor. It fits the experimental data except for
the two points indicated by open symbols. However, these
FIGURE 4 Dependence of membrane potentisl,, and pH in the  points are most likely not real but artifacts caused by an
cytoplasm, phi, on pH in the suspending medium, giifor different jhhomogeneity in the rotational field (Berry and Berg,

species. Experimental data fan,,, and pH, are represented by closed 1996) In a case where this artifact is absent. the experi-
circles and triangles, respectively. The solid and long broken lines were ’ !

drawn through the points and served to determine values for the simulaMental points are well represented by the simulated curve
tions. () E. coli at room temperatureciosed symbojsdata taken from  (Fig. 5B). Moreover, the point on the abscissa of FigA 5
Felle et al., 1980)short broken ling Ay, at 30°C (Hirota et al., 1981); appears to indicate that the motor opposes clockwise rota-
open circlesanddotted line Ayy,, and pH, at 28°C (Kashket, 1982)B) tion by means of a barrier. Using optical tweezers, however,
S e e s e gy 4559 Berry and Berg (1997) showed that tis is not the case.
This behavior of tethered cells in a rotating field appears
to be independent of the measuring technique and the spe-
cies used. Whereas the frequency of the rotating field in the
13 mV, pH,, = pHe, = 7.5 (Shioi and Taylor, 1984), both experiments presented in Fig. 5 was set at 2.25 MHz and the
at 30°C. These values are close to those shown in Fig. 4 field strength was varied by means of the voltage applied to
so the latter were also used for this species. If not indicateehe electrodes, lwazawa et al. (1993) used frequencies com-
otherwise, values according to the curves drawn through thparable to those of rotating cells and determined the mini-
points in Fig. 4 were used in the simulations. mal voltage necessary to synchronize cell and field rotation.
Their results, obtained with 9 small and 11 large cells, are
SIMULATION OF EXPERIMENTAL RESULTS shovyn in Fig. 6, together with _the sir_nulated curves. The
relatively large scatter of the points arises from a consider-
The analysis of the model yields the torqlie,; generated able variation between cells (see below), which could not
by the motor as a function of the dimensionless frequencyave been taken into account because individual cells are
flor IN experiments, however, only frequencies at thenot identifiable in the data set. Unfortunately, these authors
steady state of rotation can be measured. Under this condilid not inactivate the motors, and the behavior of the cells
tion, Egs. 1-3, and 33 can be used to convert the simulateander this conditiontfin linesin Fig. 6) cannot be checked
torque—frequency relationship into the form of the experi-against experimental data. Washizu et al. (1993) applied the
mental data. The values féy,, k,,, ky, anda, ; are thereby same procedure as Berg and Turner (1993) but with six
adjusted. instead of four electrodes and a field frequency of 0.5 MHz.
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ext,r

for (HZ) ' T

.—2 1 | i l 1 { A 1 n
-10 0 10 20 f, (Hz)

FIGURE 6 Minimal external torque necessary to synchronize cell and
field rotation as a function of body rotation frequerfgy TetheredE. coli
cells deficient in switching were exposed to a rotational electric field, and
Tex,r represents the minimal torque (in arbitrary units), which causes a
: synchronization of cell body and field rotation. Data points &y @ small
-0.8 ’ -0.6 ! —0.4 20.2 ’ T cells and B) 11 large cells are taken from Fig. 5 of Iwazawa et al. (1993);

: : ' ' extr temperature 25°C, pH = 7, hence pkl = 7.43 andAys,,, = 125 mV (Fig.

4 A). The curves represent results of simulations with the model using the

FIGURE 5 Dependence of body rotation frequenty, of tetheredE. parameter values in Tables 1 and 2. The thin straight lines through the
coli cells on externally applied torque. A rotational electric field with origin indicate the behavior of a fully broken motor. Parameter fitting
variable strength was used to subject the cell body to different torquesyielded the following valuesa, ; X 107°s = 1.1+ 0.6 and 2.0+ 0.8,
which, however, can be given only as a relative quarfigy , in arbitrary kpen/(NN-nmrrad™Hz™1) = 0.099+ 0.010 and 0.33 0.03 for the data in
units. Circles andtrianglesrepresent an intact and an almost fully broken (A) and @), respectively. The same value fiy,, was used for both cases,
motor, respectivelyppen circlesindicate artifactual dataAj Data taken  and the fitting procedure then yielded 4+10.5 nNnmrrad ™.
from Fig. 10 of Berg and Turner (1993); temperature 32°C,pH 7.2,
hence pH, = 7.43 andAys,,, = 134 mV (cf. Fig. 4A). (B) Data taken from
Fig. 6b of Berry and Berg (1996); room temperature, pH 7, hence
pH,, = 7.43 andAys,, = 125 mV (cf. Fig. 4A). In both cases, switching-  Simulations with the model satisfactorily fit the data and

deficient mutants were used. The curves represent results of simulatiorigdicate that UV irradiation fully inactivates the motor.

with the model using the parameter values listed in Tables 1 and 2. The Experiments performed with cells not deficient in switch-
solid straight lines through the origin indicate the behavior of a fully .

broken motor. Parameter fitting yielded the following values; X< 10™° !ng (B_’erry et al., 1995) yield results as shown in Fig. 8. It
s=1.1+ 0.2 and 4.4+ 0.7, k,m/(NNnmrad “Hz %) = 0.112+ 0.004 IS evident that the dependence B, on T, for CW
and 0.075 (manually adjusted because of overparametrizatiqyy,  rotation is centrosymmetrical (around the origin) to that
(nN-nmrrad ) = 0.213+ 0.008 and 2.79+ 0.02 for the data inA) and  for CCW rotation, which suggests that,., cw(fmo) =
(B), respectively. Thus, one arbitrary unit©f,, ,corresponds to 0.21 and -T V\K_f t) Such a relation is achievéd in the model
2.8 nNnmrad™?, respectively (Eq. 37). The value of the fraction of mot, CCY mo
unbroken motor used when simulating the broken motor datd)itu¢ned by chang_lng the value 6 from +0.5for CCW to—0.5for
out to be 0.14* 0.02. CW rotation. The effect of this change in sign &n.{fmod
can be intuitively understood by the following formal op-
eration. If the rotor with a positive value ¢ is mirror-
o - ) imaged (Fig. 1) the situation of a rotor with the same but
They used cells of a switching-deficient mutantftyphi-  pegative value oP is created. The mirror-imaging of the
muriumand inactivated the motor by ultraviolet (UV) irra- yotor inverts the sign of both the torque and the frequency,
diation. The results thus obtained are depicted in Fig. 7, anghhich is easily seen if these quantities are represented by
seem to indicate a slight hysteresis, which, however, wagectors that coincide with the rotor axis. The lines in Fig. 8
not observed by Berg and Turner (1993) and, most likelyrepresent results of simulations with the model usig
arises from limited experimental accuracy. In this case, tooyalues with opposite signs. They run through the clouds of
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-60 ~-40 =20 0 20 40 T FIGURE 8 Body rotation frequenci, of a tetheredE. coli cell not

extr deficient in switching as a function of external torque. Data points for a

single cell, which were obtained by the technique mentioned in the legend
oo . . to Fig. 5, are taken from Fig. 2 of Berry et al. (1995); room temperature
typhimuriumcells on externally applied torque. Data are taken from Fig. 7 nd pH,. = 7, hence pk = 7.43 andAy,.. = 125 mV (Fig. 4A). The solid

of Washizu et al. (1993), who used a procedure similar to that mentione : . - . .

. . . . . . and broken lines represent simulations of counterclockwise and clockwise

in the legend to Fig. 5. Circles and triangles pertain to an intact and a_, . . . . . ) L
rotation, respectively, while the solid straight line through the origin

broken motor, respectively. Because neither temperature nor pH of the dicates the behavior of a fully broken motor. They were calculated with

T o ]
medium is given by the authors, usual laboratory conditions were assume&{,]] . L

. o > - - ) e parameter values in Tables 1 and 2, and the following fitted values of
l.e., 23°C and pil, = 7, hence pi} = 7.43 andiys,, = 125 mV (Fig. 4A). the additional parameters, ;, = (2.4 = 0.2) X 10*s7%, k,m = 0.072=

Th rves represent results of simulations with the model using th

pareanil;te(resvaligse Tr? 'IEabP]:g tf a?ndsz. :/I?)trgojer, E)ar;riete?iﬁtinugsyiil(;ez)'om nNnmrad™*Hz ™, andke, = 1.09+ 0.03 nNnmrad™™.

oy, = (1.4+0.7)x 1P s, k,m = 0.24+ 0.02 nNnmrrad”*Hz"*, and

Kext = 0.49= 0.04 nNnmrad ™. In this case, the fitting procedure assigned 3;, and the value listed in Table 2 was obtained by adjust-

a value of—0.003+ 0.062 to the fraction of unbroken motor, which can ment to these data.

be interpreted as a fully broken motor. A number of interesting features of the model become
evident when comparing the experimental data with the
simulated results. 1) Channels with only three or four bind-

experimental points except for the artifactual data discusseihg sites (i.e.s = 3 or 4) yielded arf,,,-dependence okf

above. Switching can thus be envisaged as a concertegiith a steep drop at smadil,, values, followed by a max-

conformational change of all FliG proteins, most likely imum above the data points rather than a plateau before it

together with the FliM and FIiN proteins, which causes alinearly declines along with the data points. Moreover,

flipping of the tilt angley (see Appendix A) betweet10°  simulations withs = 3 or 4 failed to reproduce the swim-

FIGURE 7 Dependence of body rotation frequengy, of tetheredS.

and —10°. ming speed ofB. subtilis (see below). In contrast, the
According to Eq. 1T, = kynfy for a broken motor, plateau region is substantially shortened vtk 6, indi-
which, upon substitution into Eq. 1, yields (Eq. 3) cating thats = 5 is most likely the appropriate choice. 2)

_ _ The motor torque of tethereB. coli cells rotating at a
Af(fim) = for = fo = Tmo fmod/ (k). (38) frequency of 15 Hz was estimated to range between 0.8 and
wheref,, andf, denote the frequency of a tethered cell with 1.3 nNnmrad™* (Blair and Berg, 1988; Braun et al., 1999).
an intact and a broken motor, respectively, at a given valughe model yields the correct valug,,, = k,mAf ~ 0.9
of T, Data calculated according to Eq. 38 by Berg andnN-nmrad™* (Eq. 38 and Fig. 9) only if two channels per
Turner (1993) are shown in Fig. 9 for differeft colicells ~ MotA/MotB particle and two repeats per FliG are assumed,
at different temperatures. It is important to note that only thewhich is the reason for = 34 andn = 22 (Table 1). 3) A
data in Fig. 9A andB were used to adjust the values of the considerable variation in the dependence\dbn f,,, was
parameters, pKy g, PKy i Kii11, andG,,. This yielded the  found for different cells under identical experimental con-
data listed in Table 2, which were used for all simulations.ditions (Fig. 9), which can be fully accounted for in the
The adjustment of the parametgds(i = 5-8) was not very model by appropriate values of the rate constaf.
precise because values in the range of 0.1 to 0.25 with
essentially the same values for the parameiis,,, pKy i,
Kii+1, andG, yielded equally good fits to the data. How-
ever, the simulations of the swimming speedBofsubtilis = By means of optical techniques, Lowe et al. (1987) were
(see below) turned out to be very sensitive to a variation okble to measure the bundle frequerigyand the body roll

Freely swimming cells
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FIGURE 9 Torque-frequency relations for counterclockwise rotatidb. @bli motors at different temperatures. Data for the frequency differAf¢Eq.

38) are taken from different figures in the paper of Berg and Turner (1993), whose numbers are given in brackets following the temperaturewlisted belo
Artifactual data (Fig. 5) or data pertaining to a partially broken motor are marked by open symbols. According to &ds 38pportional toT ... The

solid lines represent results of simulations with the model using the parameter values in Tables 1 and 2. For all experipgrents ip¢hce pH, = 7.43

andAyr,, = 125 mV (Fig. 4A). Temperatures and values®f , (in 10* s™%) andk,m (in nN-nmrrad”Hz ) obtained by parameter fitting are as follows:

(A) 22.6°C [14b] 8.5 = 0.3 and 0.075- 0.004; B) 22.6°C [14c] 16 = 1 and 0.074* 0.005; C) 16.2°C [13b] 4.6 + 0.4 and 0.08%+ 0.007; D) 16.2°C

[15b] 12 = 3 and 0.096+ 0.008; €) 11.2°C [13a] 3.5 = 0.2 and 0.113+ 0.010; €) 11.2°C [14a] 3.6 = 0.2 and 0.103+ 0.007. The broken lines in

(A) and @) represent results of simulations with the model using an exponential dependence of the relative permittivity on theddstawesen charges,

e = €(0) exp{rd}, where €(0) andA denote the relative permittivity at zero distance and the reciprocal electric screening distance, respectively. Parameter
values as before, except for the following parameters whose values ara) ford 8), respectivelye(0) = 3.36 and 3A/nm™* = 0.25 and 0.5pK; ¢, =

11.55 and 9.67pK, ;, = 12.4 and 10.65G, X 10?2 J~* = 113 and 85.8K, , = 8.66 and 8.1K, ; = 3.04 and 2.9K; , = 0.74 and 0.78K, 5 = 0.3634

and 0.5212p, ; X 10" *s = 8.2+ 0.2 and 14.7= 0.5; k,m/(nN'nmrad *Hz~*) = 0.070= 0.003 and 0.066 0.002. The broken line inQ) represents

the result of a simulation with the model where the free en&dy, 2) due to interaction between protons in different channels was neglected. Parameter
values as before except for the following parameters whose valugiKarg = 8.28;pK, ;, = 9.4;G, = 53.8X 102 J;K; , = 7.9;K, 5 = 2.25;K5 , =

1.16;K, 5 = 0.6393;8, = 0.31 { = 5 — 8); ap ; X 10 *s = 3.4 * 0.3; k,m/(nNN-nmrad Hz~*) = 0.088 = 0.008.

frequencyf,, in suspensions of freely swimmingtrepto- Meister et al. (1987) measured the proton fldy to-
coccuscells from three different cultures. A large range of gether with the motor frequencly,,, and torqueT,,,; in
frequencies could be covered by varying the viscosity of theartificially energizedStreptococcusells. They incubated
medium. They determined the motor frequerigy; (Eq. 3)  starved cells at pH 8.5 and 200 mM KCl in the presence of
and the torqud . fromf,, (Eq. 2) by means of a calculated valinomycin, and then rapidly transferred them to pH 6.5
value fork,,. As is evident from Fig. 10, both the depen- and 5 mM KCI by appropriate dilution of the medium.
dence of frequencies on fluidity, i.en *, and of T,,,, ON  Varying the incubation time before measurements yielded
frmow Vary with culture. Although the former variation could different values ofAfi,, and thus off,. Alternatively,f,;
be explained by differences ky andk,,, the latter variation was varied by different temperatures or by deuterium sub-
cannot. Hence, the quantity most probably responsible istitution. In all three cases, they foudgd to be proportional
Ay, Using Ays,, as an adjustable parameter, the experito f, . within experimental error. The authors therefore
mental data can be well represented by the model, as indeoncluded that the motor is tightly coupled. The stoichiom-
cated by the curves in Fig. 10, except for the points foretry »,,, i.e., the number of protons passing through the
tethered cellspen symbolsn Fig. 10B). But, as men- channels per revolution of a flagellum, can be calculated as
tioned by the authors, these data could have an uncertaintiie ratioJ,/f,,.. The values thus found for the three cases
of up to 50% and thus should not be taken as contradictorywere 1440+ 130, 970+ 90, and 1310+ 150, respectively,
evidence. When analyzing the data fpfn ") by means of  which yields an average value of 1240240. The relatively
Eq. 2, the relatiorT,,, = ki fy was assumed to hold. The |ow value obtained with temperature variation is caused by
analysis revealed tha,m * << k;, hence, a deviation of the data points for 28°C and 32°C (cf., Fig. 3
_ 1 in Meister et al., 1987, and Fig. X&). Simulations with
Kinor = (1 + L) ™, (39) values ofAys,,, and pH, for a fully energized cell (see Fig.
which is the frictional drag coefficient relating,,.. to f,,.. 4 B) indeed show a proportionality betwe&pandf,,,, and
By Eq. 39, we then fink,,., = 3 pNnmrad “Hz %cP~.  hence a constani, of 1303 over a large range &f,, (Fig.
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0 50 100 f. (Hz) FIGURE 11 Proton flowd, and proton stoichiometry, as a function of

motor frequency,, for Streptococcusells. Proton flows were simulated
FIGURE 10 @) Dependence of bundle frequendy, and body roll with the model, using the parameter values in Table_s 1 and 2. Normalized
frequency f,,, on fluidity of the medium, andg) torque—frequency rela-  Valuesl/a, , are plotted as a function of the normalized frequefycyfis
tions for freely swimmingStreptococcusells. Data for the bundle fre- (Solid lineg, wheref, denotesf. at level flow, i.e., atTo = 0. The
quency are taken from Fig.2of Lowe et al. (1987). They were measured corresponding proton stmchlometrle_ﬁ (broken_llnegs were calculated as
with cells from three different cultures, as indicated by different symbols, J/fmot = Jn @211/ 1mor (EQL. 33). The inset ofA) is a blow up of the lower
and are plotted in the upper part @)(using the left ordinate. Correspond- €ft corner. The dotted line indicates the proportionality betwégfa,
ing values for the body roll frequency were recalculated by means of EqaNd fmoffir according toy, = 1303. Temperature 24°CA[ pHe, = 7,
2 from the data shown irB), which were taken from Fig. 3 of Lowe etal. Nence pkh =7.45 andAyy, = 132 mV (Fig. 4B); (B) pHe, = 7.02, pH, =
(1987). They are plotted in the lower part @)(using the right ordinate.  /-62, @andAy,, = 45 mV, calculated as described in the text.
The average values (in phnrrad *Hz *-cP %) k, = 3.25 + 0.05 and
ko = 44.1* 1.6 emerged from this recalculation. Temperature 22°C and
PHe, = 7.5, hence pi| = 7.5 (Fig. 4B). The curves represent results of estimated as follows. Providing pH= pH.y = pH.. at the
simulations with the model using the parameter values in Tables 1 and Zand of the experiment where pHis constant, and if con-

Parameter fitting, which, in this case, includ&d,., ylelded the followmg stant buffer capacities in the cell and the suspending me-
values for the three cultures represented, respectively, by solid, broken, an

dotted lines:a, ; X 100% s = 55 = 0.6, 6.5= 0.8, and 8.1+ 1.5; ium are assumed, ptat any given plg, can be calculated
Ko/ (PN-nmrad™“Hz %cP™1) = 45 = 12, 45+ 12, and 47= 10; Ays,/ as
mV = 156 = 10, 133= 9, and 110+ 9. Essentially the same vallig =

3.1+ 0.2 pNnmrrad™“Hz~XcP~* was found for all cultures. The relation [PH.. — pHi(0)][pHex — PHe(0)]

Tior = kiofy Was assumed to hold. It then appeared from the parametepHin - pHin(O) + pH., — pH. (0) : (40)
fitting that the contribution oT,,, is rather small, and only one valig, = *

0.4 + 1.2 pNnmrad*-Hz ™2 for all cultures could be fitted. Here, pl—iin(O) and pl—éX(O) indicate the pH values just after

dilution. With pH,,(0) = 8.5, pH.(0) = 6.5 (see above) and
pH.. = 7.245 (cf., Fig. 1A in Meister et al., 1987), pH =
11A). But a small residualy, atf,,.. = O persistsifset Fig. 7.62 is obtained at pf = 7.02, which is the pH value 48 s
11A), which indicates that the motor model is highly but after dilution where an experiment was started. The corre-
not fully coupled. As a consequenag, approaches infinity  spondingAys,, value was adjusted such that the simulations
if f,ovanishes. reproduced the measuréq,. value, which yielded\is,, ~
Because, in the case of an incompletely coupled motor45 mV. As is evident from Fig. 1B, J,, is still about
vy can be affected by a variation i, and pH,, values  proportional tdf,,,., in this case. Buty, is no longer constant
for these quantities under the experimental conditions werand varies between 1170 and 1270. In contrast, af, pH
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6.79 (the pH value 22 s after dilution), pH= 8.01 and t
A5, = 50 mV are estimated, and the simulations yield a ‘ ' ' § ‘ L
picture similar to that shown in Fig. 1A with v, = 1300. r :
This dependence af, on Ays,,, and pH, could explain the
deviation of the data points at temperatures above 24°C
because the relatively largk, at these temperatures could
have caused an even lower phalue and a smallet,,.

Immobilized cells with imposed
membrane potential

Kami-ike et al. (1991) immobilize®. typhimuriuncells by mot
pulling them part of the way into glass micropipettes, and
monitored the flagellar rotation by optical techniques. They
applied voltage pulsed,, between the microelectrode and
the suspending medium, and observed a roughly linear
dependence of the motor frequency dp,. Because fully
energized cells were used,, caused a hyper- or depolar- L —~~
ization of Ay, around the resting potentidlys,, .. Rather ‘
large voltages as compared tj,, , had to be applied 1.
because the seal between cell and micropipette had a low
resistance. It is reasonable to assume that the change in
membrane potential is proportional to the applied voltage,
ie.,

ro w -
T
\g
1

l/’ Alpm 0 kAnJ/ ex: (41)

If we further neglect a possible effect bk, on pH,, the
model can well simulate these data, as shown in FigA.12
When fitting the parameters, ;, ky,, kym, and Ay, o, @
value had to be assigned to one of them because, otherwise,
the system was overparameterized. We have chiggen-
3 pNnmrad “Hz ' as found forStreptococcuscells at
mn ~ 1 cP, but it should be added that this value is not very
crucial. Choosing different values fkgn in the range of 1.5
to 8 yielded equally good fits of the data with a less than
10% variation for the values of the fitted parameters. FIGURE 12 Dependence of motor frequerigy, on imposed membrane
Fung and Berg (1995) have considerably improved thigotential for immobilized cells.A) Data for threeS. typhimuriumcells
technique so that they could calculate the actual membrangere taken from Fig. 4 of Kami-ike et al. (1991). For each cell and each
potent|a| ansmg from the app“ed (or Command) V0|tage value of the externally applied voltadé,,, average values df,., were
They used cells of ak. coli mutant that is devoid of the calculated, taking into account the standard deviations given by the au-
FoF.H"-ATPase and forms polyhooks instead of filaments. thors. Room temperature and g~ 6.9, hence pij = 7.43. The curves
‘represent results of simulations with the model using the parameter values
The polyhooks were decorated with markers for better dem Tables 1 and 2. The value 3 pirrad“Hz *was assigned tiy 1, and
tection of rotation which, however, caused higher frictionalthe membrane potentialy;,, was calculated by means of Eq. 41. Parameter
drags and Concom|tant|y lower rotation frequenmes than |ﬁlttlng yielded the following values for the ceIIs represented, respectively,
the case of filaments. The authors found that fully deener?” circles. squares, and triangles; , X 10°*s = 4.7 1.1, 1.9+ 0.2,
and 3.4+ 1.3; Ay, /mV = 139 + 26, 127+ 6, and 53+ 17. The value
gizing the cells causes not only an arrest of rotation but alsg — 0.014+ 0.005 was obtained for all cellsB{D) Data for threcE.
a delay in its restart after applying a properly p0|ar|zedcoll cells taken from Fig. 4 of Fung and Berg (1995). Temperature 22°C
command voltage. Because of this inactivation of torque-and pH, = 7; pH,, was assumed to be 7.43 f@)@nd 0), and 7.3 for ).
generatmg elements, the expenments were performed on[g,he solid lines represent results of simulations with the model using the
with command voltages that do not lead to complete deenparametervalues in Tables 1 and 2. Parameter fitting yielded the following

values for the three cells iB}, (C), and respectivel X 10 4s=
ergization. We have found that these experiments can b§8+ 1.0, 2.4+ 0.8, and 13&( 33 6: kd?J(nN fmracrlyg?l) — 031+
P

well simulated (Fig. 12B-D) only if we assume a small .01, 0.84+ 0.03, and 0.16+ 0.01, whereky, denotes the frictional drag
difference between pKand pH,, which, in the case of coefficient for decorated polyhooks. The broken lines were calculated by
completely deenergized cells, is compensated by a Donndiear regression of the data.

A [op] w
T T T
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¥

n L 1 " 1 L
0 50 100 150 Ay, (mV)
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potential, thus causing\ii, to be zero. The simulated
curves in Fig. 12B-D then indicate a finite value df, at

639

for different cells at a given temperature. They found
92.5+ 13.8 Hz for 28 cells, 138.4 22.1 Hz for 40 cells,

Ays,, = 0 which, however, may not be observed experimen-and 286.9+ 53.6 Hz for 41 cells at 11.2, 16.2, and 22.6°C,
tally because the torque-generating elements are most likelespectively. The correspondiiig,, values emerging from

inactivated under this condition.

Effect of temperature

the simulations are 0.1156, 0.1112, and 0.1043. If the values
for a, ,, calculated by means of Eq. 33 from these data, are
fitted to Egs. 42 and 43 witk set to unity, the values listed

in Table 3 (row 1) are obtained.

A change in temperature alters the frictional drags because Iwazawa et al. (1993) have measurkd, and T, of

of the temperature dependence of the viscosifiEq. 2). It

freely swimmingE. coli cells at different temperatures and

also affects the proton transport kinetics via the exponentiglound an approximately linear dependence of both quanti-
terms comprisingsT in the expressions for the rate constantsties onT. An analysis of these data in terms of the model is
(see Appendix B) and due to the temperature dependence pfesented in Fig. 13. The major effect Bfis on a5 ,, as

the intrinsic rate constantg ;. Because these rate constantsexpressed by Egs. 42 and 43 with an activation energy listed
were scaled (Egs. 27-31), the temperature dependence ipf Table 3 (row 2). The variation df,,,m with temperature
a,, and theB; has to be investigated. As explained in (broken linesn Fig. 13B) is relatively small. Similarly, the
Appendix B, «, ; is determined by the activation energy torque—frequency relationships per se are only weakly af-

AG] = G°(z) — G°(Z), and, according to the transition
state theory (Glasstone et al., 1941),

a1 = (kkTIh)exp{—AGY(KT)}.

Here,his Planck’s constant, andlis called the transmission
coefficient, which, in biological systems, invariably lies

(42)

fected by the&kT comprising terms in the rate constants. The
plateau levels are somewhat decreased with increasing tem-
perature (Fig. 18), whereas the linearly declining parts are
essentially parallel in a plot &f . versus .. However, in
the plot of T,,o; versusf,,.. shown in Fig. 138, these parts

are extended toward higher frequencies and their slopes

between 0.5 and 1 (Voet and Voet, 1995). The activatiordecrease with increasing temperature because, gf(Eq.

33), which leads to the strong temperature dependence of

energy itself may depend on temperature according to
frmot fOr freely swimming cells. lwazawa et al. (1993) have

# # _ #
AG; = AG((Tre) + (T — Tie) 9AGY/OT, (43) also measured the body frequency of tethered cells and

where T, denotes a reference temperature. This lineafound a weaker dependencefgfon temperaturetfangles
Taylor expansion seems legitimate in view of the relativelyin Fig. 13A). Inspection of Fig. 138 reveals the reason for
small temperature interval covered by the experiments. Ithis phenomenon. Becaukg is about 80 times larger than
Eqgs. 27-31 are rewritten in terms of Eq. 42, it is seen thakmov the lines representing frictional drag (not shown) in-
the 8, for inner transitions, whose values are set to unity, ardersect the torque—frequency curves in the plateau region,
temperature independent, whereas those for outer trangithich is considerably less affected by temperature than the
tions, whose values were adjusted to 0.15 at 22.6°C, calinear declining parts.
only be very weakly dependent on temperature. The analysis described above was also applied to data for
The effect of temperature on the frictional drag is evidentfreely swimmingStreptococcusells that were either fully
from the values ofk,m determined for the experiments energized (Lowe et al., 1987) or artificially energized
presented in Fig. 9. If) of the medium is approximated by (Meister et al., 1987). The corresponding activation ener-
that of water, i.e., 1.2643, 1.1054, and 0.9446 cP at 11.ies are listed in Table 3 (rows 3 and 4). As in the case of
16.2, and 22.6°C, respectivell, is indeed found to be E. coli cells, the linear dependence &, on temperature
proportional to m with kg, 0.080 = 0.002 observed by the authors is only an approximation (Fig. 14,
nN-nmrad *-HzcP~*. Berg and Turner (1993) have cal- AandB). In fact, if this dependence were strictly linear, one
culated average values for the level flow frequerigyat  would expect that flagellar rotation ceases at low tempera-
T, 0 (i.e., the intercept oAf on the abscissa in Fig. 9) tures or even reverses direction, which is clearly not the case

mot

TABLE 3 Activation energy AG# for the transition between states 1 and 2

AGH(Te0* OAGHIT
Species (10722)) (107223K™Y Experimental Conditions
E. coli 734+ 1 -1.4+0.2 Fully energized tethered cells will,,
E. coli 762+ 1 0.48= 0.06 Fully energized freely swimming cells
Streptococcus 751+ 1 0.19+0.14 Fully energized freely swimming cells
Streptococcus 766+ 1 —-0.73+0.18 Artificially energized freely swimming cells

*Reference temperaturg,; = 295.15 K (22°C), transmission coefficiert= 1.
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FIGURE 13 D d ¢ ¢ i ¢ freel imminGE FIGURE 14 @, B) Motor frequencyf,,, of freely swimming Strepto-
ependence of motor frequerigy, of freely swimmingE. coccuscells as a function of temperature ar@) dependence of,,,,, and

coli cells and body rotation frequen@{ of tethered cells on t_emperatl_Jre, J, onf,., at different temperatures. Data iA)(are taken from Fig. 4 of
as well as torque—frequency relations for counterclockwise rotation a} owe et al (1987); pkl, = 7.5, hence pH = 7.5 andAd;,, = 132 mV (Fig
. ; 5, . m .

differert t(e_mhperea(;gresA][ Datak1 fo][ finot (gircsles cljeft E'I’dinat? and fi 4B). Data in 8) and () are taken from Figs. B and 4B of Meister et al.
(triangles right ordinate) are taken from Fig. 8 and Table 1 of lwazawa et (1987); pH,, = 7.02, pH, = 7.62,A¢s,, = 45 mV (see legend to Fig. 18).

al. (1993), respectively; for both cases, g+ 7, hence pif = 7.43 and 1o 0 ves represent the results of analyses performed as outlined in the

A, = 125 mV (Fig. 4A). The curves represent the result of the analysis legend to Fig. 13. Values thereby obtained &8%(T ) andoAGY/aT are
based on the modelB) Simulated torque—frequency relatiors®lid lineg listed in the third and fourth row of sz’l‘; 3 whelrea$n /
1 Of

at 14.5, 19.0, 23.5, 27.7, 31.5, and 35.5°C (from left to right along the( Nnmrad *Hz *cP~Y) = 4.3+ 0.2 and 2.5+ 0.2, for the data inA)
abscissa) using the parameter values in Tables 1 and 2. The rate const td @), respectively.

a,, was calculated by means of Egs. 42 and 43, and parameter fitting
yielded the values foAGY(T,e) and dAGE/aT listed in the second row of
Table 3. Broken lines represent frictional drags at the temperatures men-
tioned above. They were calculated with values of the viscagiof the  ilar (Table 3). It should be noted that these data may be
medium approximated by that of water, and wif,, = 1.67 = 0.03  affected by the assumptions made in the analysis, such as
pNmrad™Hz~*cP~* (Eq. 39) obtained from parameter fittinG,o.and ~  the temperature independence &f,, and pH, or the

fot @t @ given te.mperature are _determmed by the intersection of theapproximation of the viscosity of the medium by that of
corresponding solid and broken lines. They were used to construct the X #
curves in &) and C). The circles in C) represent data foF,, taken from  Water. Hence, the observed difference8AG;/0T are most
Table 1 of lwazawa et al. (1993). The lines representing frictional drag forlikely not significant. In contrast, the value &fis not very
tethered cells are not shown iB)(for graphical reasons; parameter fitting crucial for the analysis_ Witlk = 0.5 instead of unity, the
yieldedky, = 127 + 6 pNnmrad *Hz *cP™". values of AG¥(T,s) and 0AGH/oT are merely reduced by

28 X 10722 J and 0.1x 10 %2 }K %, respectively.

(Turner et al., 1996). In contrasi,, is almost perfectly
proportional tof,. (broken linein Fig. 14C), which vali-
dates the procedure used by Meister et al. (1987) for estiShioi et al. (1980) have determindd)s,, and pH, (Fig. 4C)
mating v,. as well as the swimming speed Bf subtilisfor different
The activation energies estimated for the two speciegH,, values at 30°C. It has been shown both theoretically
under different experimental conditions are remarkably sim{Washizu et al., 1993) and experimentally (Lowe et al.,

Dependence on pH,,
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1987; lwazawa et al., 1993) that the swimming speesl
proportional to the motor frequency,

V=K, ot = K oty

wherek|, = k, a, ,/r. Moreover, in view of Egs. 2, 3, and 39,

KmoMfmot = Ko f mot»

wherekl, o, = Kot &2, 4/f . Because the simulations yi€eld, .,
as a function off;,,, the dependence of on pH,, can be
constructed as shown in Fig. 26without assigning a value
to «, ;. The structural characteristics of tBesubtilismotor
are not yet known, therefore, we have usedearcoli type
and ansS. typhimuriumtype of motor for calculatindl,,,or
(fon- Both yield very similar results that are in perfect
agreement with the experimental data (Fig.B)5

The valuek, = 0.228um can be calculated from the data
of lwazawa et al. (1993) foE. coli. Using this value, we
obtaina, , = 7.2 x 10% s * from the fitted value ok, and,
with this, k,,m = 1.9 pNnmrad “Hz~* from the fitted

(44)

Tinot = (45)

value ofk;,,m, in close agreement with the corresponding

values (7.1x 10* s ! at 30°C and 1.4 pMmrad *Hz %)

emerging from the analysis of the temperature dependence

of o (Fig. 13). An average valuk, = 0.165um can be

calculated from the values quoted by Lowe et al. (1987) and

Meister et al. (1987) foBtreptococcusThis translates into
a, 1 values of 16 and 1.7x 10° andk,.m values of 1.4
and 4.7, for thek. coliandS. typhimuriuntypes of motor,
respectively. Although these values are still in line with
those found in our analyses, it appears tBatsubtilis is
more likely of theE. coli type. In fact, the freeze fracture
picture of theB. subtilismotor (Khan et al., 1992) closely
resembles that of thE. coli motor.

A bell-shaped dependence of swimming speed og,pH
comparable to that shown in Fig. B5 was observed by
Khan et al. (1990) folStreptococcusells at room temper-

ature. These authors have also determined the body fre;

quency of tethered cells for pivalues between 6 and 9,
and found a weaker dependencefgfon pH,,. Such be-

641

O
[ @)

Tt (NN M rad™")

FIGURE 15 Swimming speedof B. subtiliscells as a function of pH in

the suspending medium at 30°®) (Torque—frequency relatiog,o{f /o)

for counterclockwise rotation d. coli cells, calculated with the parameter
values in Tables 1 and 2. Different pfalues with corresponding values
of pH;, andAys,,, as shown in Fig. € are indicated by different line types
as follows (sequence from left to right along the abscisdajted lines
pH., = 5, 6, and 6.5broken linespH,, = 10, 9.5, 9, 8, and 7.5olid lines

pH., = 8.5, 5.5, and 7. The straight line through the origin represents the
frictional drag. Its intersections with the torque—frequency curves deter-
nine f .o, for the pertinent pi, values (Eq. 45). Thesk,,, values were
converted to values of (Eg. 44), which were used to construct t{pH,,)
relation shown by the heavy line iB). The thin line in B) represents the

havior is reminiscent of that observed for the temperaturéesult of a similar analysis but based B, (f o) calculated with param-

dependence and has a similar reason. Again, in a plot lik

that of Fig. 15A, the largelk,, value causes the intersections
of the T,,,o(f o) CUrves with the straight line representing
the frictional drag of tethered cells to be locatedf at,

ster values pertinent t8. typhimurium(see Table 1). The circles iB)
represent data taken from Fig. 2 of Shioi et al. (1980). Parameter fitting
yielded the valuesk/(ums ) = 485 * 67 and 544+ 83, K, ,m/
(nN'nmrrad™t) = 4.0 = 2.4 and 16+ 7, for theE. coliandS. typhimurium
type of motor, respectively.

values around 0.01, i.e., in the plateau region, which is less

sensitive to variations in pk.

DISCUSSION

interaction between a proton in a channel and the tilted
alternating rows of positive and negative charges on the
rotor (Fig. 1) gives rise to the free ener@(p, 2) for the

Although the model described here is based on the conceptoton (Eg. 6) as shown in Fig. 6 The free energy

proposed by Berry (1993), as shown in Table 4, it has beerontributes to the activation energies that determine the rate
considerably extended and amended so that the two af the transitions for protons between the binding sites in the
proaches have little more in common than the basic princichannel (see Appendix B). The surface®profiles seen in

ple. This principle is a coupling of ion movement and Fig. 16 Afavors transitions into a binding site located on the
rotation due to electrostatic interaction. The electrostatidloor of the valley, but represents a barrier for transitions
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TABLE 4 Differences between the model of Berry (1993) and the present model

Berry’s model Present model

1) Dependence of interaction energy on rotational angle Interaction energy explicitly calculated for all charges using
approximated by a sine function (justified by reference to Coulomb’s law and a space-dependent dielectric constant
calculations using image forces). (Fig. 16,A andB).

2 Effect of electrostatic interaction on proton movement Effect of electrostatic interaction on proton movement
between a given pair of channel sites considered for initial between a given pair of channel sites considered for
and final states only. initial and final states, and also for the transition state.

3) Proton concentration included in rate constants for both Proton concentration included in rate constant for binding
binding and dissociation. but not dissociation.

(4) Identical equilibrium constants for dissociation of protons at Different equilibrium constants for dissociation of protons
both ends of a channel. at both ends of a channel.

(5) Intrinsic rate constants for proton transitions in a channel all Intrinsic rate constants for proton transitions in a channel
set to unity. may differ and are chosen as required by data fitting.

(6) Array of n channels treated as arfold multiple of a single Array of n channels are not required to be in register with
channel. repeat units of charges on rotor.

©) As a consequence of (6) electrostatic interaction between Electrostatic interaction between protons in different
protons in different channels ignored. channels taken into account.

into a binding site located on the ridge. As a consequence, The electrostatic interaction between a proton and the
the probability of theith state,p,(p), tends to be centered charges on the rotor gives rise to a torqup,0G,/d6 (Egs.
around the minimum of the profil& (p, z) as shown in Fig.  14). As is evident from Fig. 1B, —9G,/96 has a maximum
17 A, and proton movement can only occur if the bindingand a minimum of equal size for each state, and, hence, the
sites are sequentially moved into the valley of Gprofiles ~ average torque over one repeat would be zerp, iivere

due to the rotation of the rotor. perfectly centered around the minimum of the profile

C T i T T T
I_
=<
=
. ! . 1 -20
! D
i €
S
/| N
@;
1 p 0] 6.3 l p

FIGURE 16 Free energ$, due to electrostatic interaction between the charges on the rotor and a proton in a channel as a function of rotation angle and

positionz in the channel. 4, B) G, was calculated from Eqgs. 6 and A2—A4, using the parameter values in Tables 1 and 2, and is normaltied by
temperature 22.6°C. Th@, surface in f) is viewed at an angle of 35°; top and bottom faces are indicated by solid and broken lines, respectively. The
profiles pertain to different positions in the channel, which are spaced 0.25 nm apart, and the first profile is at the channel entrance onitlie pieléplas
i.e.,z = 0 (Fig. 1A). The rotation angle is expressed p¥Eq. 5). The contours inB) indicate selecte®,/(kT) values between-12 and+12 with an

increment of 2. C, D) G,/(kT) calculated as described by Elston and Oster (1997). Parameter values as given by the authors except for minor changes in

the reciprocal electric screening distance (0.25 fand the electric coupling strength (57.5-pM?). Presentation as irAj and @) except that the first
profile in (C) pertains taz = —2 nm and the values for the contours D) (vary between-20 and+10 with an increment of 5. Upward and downward
oriented arrow heads irBf and D) point at the positions of local maxima and minima, respectively.
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FIGURE 17 Free energ$, of the statesA) and its partial derivative-9G,/d6 (B), as well as flows), ; between statesd) and probabilitieg; of states

(A-C) at a given frequency, all as a function of rotation angle. The sequence of panels in a column from top to bottom corresponds to the numbering of
states, as shown on the left (dots and H indicate empty binding sites and bound protons in a channel, respectively). The rotation angle is gxpressed by
(Eg. 5).G, anddG,/a6 were calculated from Egs. 6 and 15, together with Egs. A2—-A4, using the parameter values in Tables 1 and 2. Thevilenes
calculated from Eqgs. 17 and 27-31, and with probabiliiesbtained from the simulations of the torque—frequency relations shown in Figa8dB.

The chosen frequendy,,. = 0.04 is about at the end of the plateau (see inset of Fig\)Id corresponds tfy,,; = 100 and 190 Hz in Fig. 9\ and

B, respectively. In &) and @), solid lines and left ordinates pertain &/(kT) and —dG,/90, respectively, whereas the broken lines and right ordinates
pertain top;. In (C), thep; (left ordinate$ are represented by solid lines, whereas the normalized flp\s, , (right ordinateg are represented by broken

or dotted lines and are taken to indicate here flow into stétieat is, into stateé when positive and out of statevhen negative). Furthermore, the short

broken and dotted lines indicate, respectively, flows between istatd the preceding or following states in the sense of the rotations shown in Big. 2

The long broken lines refer specifically &3 , in the case of state 5 ar , in the case of state 1. Note thit, is so small that it appears to be zero in

the first panel ofC.

G(p, z). Because ofAp,, this is not the case, and a net tons in the channels (see Appendix B, shows little
torque arises when the rotor moves through one repeat unilependence op andz, and its average value amounts to
Thus, the mutual effect of electrostatic interaction on protor2.18 kT for the example shown in Fig. 17. Hence, it has
and rotor movement causes a coupling of these two proessentially no effect on the inner transitions and the release
cesses. of protons at the channel entrances, but slows down their
The free energyG(p, z2), which governs the transition uptake. This effect, which is certainly present at least for the
probabilities between states, is the sum@fand the free two channels within one force-generating unit, is not crucial
energyG, due to electrostatic interaction between the pro-for the behavior of our model. Similar results can be ob-
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tained if the interaction between protons in different chan- J /a or J. /cx
. S ex/ %21 in/ %21
nels is neglected and the kinetic paramete¥s, (o,, PKy i,

G, Ki j, and;) are readjusted, as exemplified by the broken LSF 1., Nnmrad™) COA ]
line in Fig. 9C. LR T T ’

The only state with multiple occupancy included in the 2 :~";--.\,_. J | !
model is that with protons in the outermost binding sites, Ir s_\:\.,._ : S ]
i.e., with the largest distance between bound protons in a ! \\-\.\-'.‘i\'-- 1 iy |
channel. For this case, the free enef@ydue to electro- N\‘m "-1/\',
static interaction was determined by parameter adjustment. 0.3 ¢ 0.05  0.1f5 i :![ \'. 7
Its value can be interpreted in terms of Eq. A6, which yields I ;I \

a distance-dependent relative permittivéty= 3.15 nm *-d
instead ofe = 8 nm *-d (Table 2) as used when calculating
the electrostatic interaction of protons with charges on the . .
rotor or protons in other channels. The smaller proportion- 0.1 y T
ality constant indicates that the interior of the MotA/MotB
particles is more hydrophobic. Tl values for binding of
a second proton to a state with a bound proton situated so 05
that they are one, two, or three sites apart are then shifted by
—11.2,—2.8, or—1.25 units (22.6°C) with respect to that
for an empty channel. Moreover, as may be inferred from
Figs. 16,A andB and 17, the rate of binding of the second 0
proton is slowed down due to increasingly unfavorable
positions of the binding site in th®, profiles. Hence, except
for the state included in the model, states with two or even _g_ g5
more bound protons are rather unlikely and can be ne-
glected. This could be verified by simulations with a model
ir?dUding all possible states of a channel with three bindingriGure 18  Proton flow from the periplasmic space into a charihgl,
sites. and out of the channel into the cytoplasdy, as a function of rotation
Proton movements between b|nd|ng sites are represent@dgb. The rotation angle is expressedobps defined in Eq. 5. The flows

in terms of normalized flows in Fig 1C. It is seen that ere calculated from Eqgs. 17-19 and 27-31, and pyitlalues obtained as
' ' follows. (A) Probabilities from the simulations of the torque—frequency

protons move sequentially through the states constituting,asions shown in Fig. 9A and B. The frequencies chosen &g, =

the cycle denoted bg in Fig. 2B. The channels remain in  0.005, 0.04, and 0.0&(row headsin the inset), and the normalized flows
state 5 over a relatively Ion@ interval. Hence, proton JeJa, ; are represented by a solid, a long broken, and a short broken line,
uptake from the periplasmic space partially overlaps withrespectively. The corresponding normalized flodyge, , are represented

. by dotted lines. B) Probabilities from similar simulations of,,,, for
proton release to the cytoplasm (Fig.AB State 7 (the state 7= 0.005, but withG, values (in 1022 J) of 65.9 as in4) (Table 2)

of double occupancy included in cycly is reached pri- 114, 222, and 939. The normalized flows/a, , are represented by a
marily by the transitions 4 to 5 to 7, because the minimumnsolid, a long broken, a short broken, and a dotted line, respectively. Note
of its G, profile is almost at the samevalue as that of the that tlhe peak ap ~ _0-8i Whichdindi_caﬁs thﬁ uptake %f] prgtonz from the A
: H : : eriplasmic space, is almost identical for all cases. e dotted curve wit|
G, profile of state 4. However, state 7 is also primarily g pepak o 8.7 Fepresenta,ja . for G, 939 % 102 J. The curves
depleted by the transition 7 to 5 so that cybles rarely for the otherG, values (not shbwn) essentially coincide with it, thus
completed. As a consequence, the second proton is boungicating that the release of protons into the cytoplasm is also hardly
only transiently in that it enters the channel from theaffected byG,. The inset in ) shows the pertinent torque—frequency
periplasmic space and subsequently returns to it (Fig. 18)elations using the same line type annotation as (
The probability of state 4 is almost perfectly centered

around the minimum of it$5, profile and thus contributes

only little to Ty, In contrast, the position of the probability ~ The plateaus in the torque—frequency relations are a di-
peak of state 7 gives rise only to a negative contribution taect consequence of the inevitable binding of a second
Tmot (Fig. 17B). With increasing frequency, all flows in- proton due to the relatively high value pK, ., and con-
crease in proportion except for those associated with state ditions that prevent this binding should also remove the
(Fig. 18A). Hence, the probability peak of state 7 and itsplateaus. Deliberately assigning increasingly larger values
negative contribution td . gradually vanish. These fea- to G, and thus decreasingK, ., (cf., Eq. B16) reduces the
tures are the source of the nonlinear dependence of motdinding of the second proton. The plateau gradually disap-
torque on frequency, giving rise to the plateaus shown irpears, and the torque—frequency relation approaches an al-
Fig. 9. most linear dependence if binding of a second proton is

0 0.5 1 p

Biophysical Journal 78(2) 626—651



Mechanism of Flagellar Motor 645

absent (see Fig. 18). On the other hand, changing the protatence ofT,,, on rotation angle without altering,,; and T,
concentration in the periplasmic space, i.e., a variation ofFig. 19,B andC), just as the charge numbers of the channel
pH,,. also affects the binding and release of the second protobinding sites do. In addition, extraneous fixed charges co-
Accordingly, the plateau is most prominent aroundpH 7,  determine the value of the intrinsic rate constants. Hence,
but is considerably reduced and almost absent in the acidic arwhanging them may substantially alter these rate constants
alkaline pH, range, respectively (Fig. 18). It should be so that they are no longer tuned for an optimal performance
added that the overall decreaseTpf,; at pH., = 5.5isnota of the motor. But this effect can be assessed in quantitative
consequence of the altered binding of the second proton, butisrms only if more detailed information about the MotA
due to the smaller value &y, (Fig. 4C). Our model thus protein is available.
predicts a clear-cut dependence of the plateau q pHich Our model requires two channels per force-generating
can be challenged experimentally. unit, which suggests two MotA/MotB complexes per unit if
We have chosen the charge number of the channel binddne excludes the possibility that two trains of water mole-
ing sites to be zero in line with the suggestion that theseules interspersed between tdelices of one MotA/MotB
sites consist of water molecules (Sharp et al., 1995). It cacomplex form the two channels. This is not in contradiction
be shown rigorously on the basis of electrostatics that, for avith experimental data because the number of complexes
given set of intrinsic rate constants, the choice of thesger unitis not yet known. In fact, structural data support this
charge numbers has no effect on the dependendgadn  notion. If we estimate the dimension of a MotA/MotB
rotation angle and thus on,,.. However, it does change the complex with 5a-helices (Schuster and Khan, 1994) on the
dependence of the torqde, generated by a given channel basis of the electron density projection maps of the two
on rotation angle (Fig. 1% andC). Zhou et al. (1998) have integral membrane proteins, bacteriorhodopsin (Baldwin et
recently reported that charged residues of MotA are imporal., 1988) and aquaporin-1 (Walz et al., 1995b), which, in
tant for torque generation. For a given set of intrinsic ratecomparison, have 7 and &helices, respectively, we find
constants, such extraneous fixed charges affect the depetirat a unit with a diameter of at least 5 nm as estimated by

Torque (NN nm rad‘1)

p

Tiot (NNNmM rad™")

1.5 l

,—I" ‘T'o
8 !
= £

zZ
£ £ 0.5 ]
5 5
[ —

FIGURE 19 Effect of charge numbers of binding sites and of extraneous fixed charges on torque, as well as torque generated by only two units. The
torque T, associated with a channel was calculated from Eqgs. 14-16, and with probalpjliibsained from the simulations of the torque—frequency
relations shown in Fig. % andB. The chosen frequendy,,., = 0.005 is just at the beginning of the plateau (inset of FigA)L&8nd corresponds i, =

13 and 24 Hz in Fig. 9A andB, respectively. &) Dependence of ., on rotation angle (expressed pycf. Eq. 5) for all charge numbe# of the binding

sites set to 0dolid line andz, = Z; = 0, Z, = Z; = Z, = —1 (broken ling. (B) The torque due to extraneous fixed charges is given by
=2, 4[0G, /96],, 4.vi.-i- HereG; ; is the free energy due to electrostatic interaction betweejthtextraneous charge and the charges on the rotor, whereas
Z andx;, y;, Z denote its charge number and coordinates, respectively. The same procedure used for protons can be used @, caledizE /06. It

yields very similar results, and thedG, /96 curves shown in Fig. 1B are therefore representative also for extraneous charges. They can be approximated
by sine functions, and their sum can be expressed yn{27(p + 8p)}, where A and 6p denote an appropriately chosen amplitude and phase shift,
respectively. The dotted line then represents the torque due to extraneous charges, calculated v@8mNnmrad * and§p = 0.5. When added t@,

for Z; = 0 (broken ling the effective torque is obtaineddlid ling). (C) Total torqueT,,, generated by all channelsqfid line) and motor torqud ., (broken

line) according to Eqgs. 20 and 24, respectivdly, andT,,, are identical for all cases i®\j and B). (D) T, as a function of rotation angle for four channels

in two force-generating units. The arrangement of the units is shown by the filled circles in the inset. The open small circles indicate the fibstions o
additional units in a full complement, whereas the large circle represents the rotor. The bar indicates 10 nm.
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Khan et al. (1988) in freeze fracture pictures can easilygeneration. The hypothesis presented by Zhou et al. (1998)
accommodate two MotA/MotB complexes. Alternatively, based on such experiments is a possible mechanism depend-
assuming an area of about 1 hiper a-helix, we find that  ing on charged—-residue interactions which, however, does
a particle 5 nm in diameter could hold up to 20 helices.not exclude or supersede our model. It has not been ana-
Hence, even if the diameter of the particles seen on the Plyzed in quantitative terms and thus has not been proven to
face (Khan et al., 1988) were overestimated because th&ork as postulated. Moreover, it also suffers from the lack
particles may have the periplasmic extension of MotB stillof detailed information mentioned above. This makes it
attached, there would be ample room for the 10 helices (irextremely difficult to estimate the suggested effect of a
total) of two MotA/MotB complexes. Note also that the variation of the ionic strength in the suspending medium on
arrangement of the units displayed in the freeze fracturghe electric field within a motor—-MotA/MotB complex pos-
pictures shows that an equal spacing between all channels asssing a low dielectric constant.
assumed in our model is indeed possibtesét Fig. 9D). It was mentioned in the section on simulation that the
We have chosen the M ring to be the rotor of the motorproteins associated with switching (FliG, FliM, and FIiN)
although some schemes suggest that the site of torqueay undergo a concerted conformational change during a
generation is at the C ring (Francis et al., 1994; MacnabCCW-CW transition. This would require, in our interpre-
1995, 1996). We have done so because electrostatic intetation, an alteration of the tilt anghe by no more than 20°
action is maximal and the membrane potential is mos{from +10° to —10°). The occasional pauses that are ob-
effective in a region of low dielectric constant. However, served (Lapidus et al., 1988) are probably characterized by
our model could equally well be formulated in terms of aa tilt angle close to 0°. The filaments are known to have a
charged ring comprising the FIiG subunits located at thehelical structure and to undergo polymorphic transitions
junction of the M and C rings (see, e.g., Fig. 4 of Lloyd andduring switching (Macnab, 1996). Comparable changes in
Blair, 1997). In view of the close packing of the channelthe basal body would be consistent with current views
complexes around the ring, the domain of electrostatic in{Eisenbach and Caplan, 1998), and, indeed, several recent
teraction would still be representable as a region of lowstudies support this picture. For example Alon et al. (1998)
dielectric constant. The number of charges assumed in ourave recently extended earlier considerations by Macnab
model to be present on the rotor can be well accounted fof1995) and Turner et al. (1996). They consider the entire
by the numbers of charged residues known to be present imotor as an allosteric switch exhibiting concerted transi-
FliG. Kihara et al. (1989) give the complete sequence fotions between two discrete conformational states. This
FliG, and point out that, of the 331 residues present, 95 arenodel gave a good fit to their experimental data showing
charged, and 26 percent of these exist in clusters of 3 or ffaction of time spent in the CW state versus the level of the
adjacent residues. The actual numbers of charged residuessponse regulator CheY. Similar results have been reported
are Asp-21, Glu-34, His-4, Lys-12, and Arg-24. This meansby Turner et al. (1999).
that we can account for 36 pairs of positive and negative An alternative electrostatic model has been described in
charges without His, and 40 including His, per FliG subunit.considerable detail by Elston and Oster (1997). This model
With the parameters chosen, each FliG encompasses 2 ris-based on an entirely different concept. The circumference
peat units, so that only 12 pairs of positive and negativeof the rotor carries positive charges arranged on tilted rows,
charges per FliG subunit are required. The remainingand the channel complex carries negative charges located on
charges are probably sufficiently close to a charge (om line parallel to the rotor axis. Protons flow through a
charges) of opposite sign that they are essentially comperchannel that is parallel to the line of negative charges but
sated, and hence do not act like isolated charges. separated by a distance of 0.5 nm. This configuration gives
The approximations we have used when calculating theise to a free energy of interaction for the protons as shown
electric field are reasonable in view of the limited informa- in Fig. 16,C andD. It is immediately seen that, in contrast
tion currently available about the structures and conformato our model, two valleys exist that run perpendicular to the
tions of the motor proteins and the MotA/MotB complexeschannel axis. Torque is generated by electrostatic interac-
in the force-generating units. Possible refinements wouldion between the fixed charges on the channels and those on
require further assumptions that cannot be justified by inthe rotor. The role of the protons is that of a modulator in
dependent evidence, and thus would be pure speculation. that they screen the negative charges if located appropri-
this context, it is important to note that the proportional ately. To do that, they have to cross from one valley into the
space dependence of the relative permittivity used here isext, surmounting a formidable barrier. In contrast, protons
not crucial. In fact, simulations with an exponential spaceare responsible for torque generation in our model, and run
dependence yielded similar results in our model after apalong the valley floor. The only barrier to be crossed is a
propriate readjustment of the parameter valubsoKen mild one at the exit of the channel.
lines Fig. 9, A andB). Site-directed mutations of charged Elston and Oster (1997) analyzed their model in terms of
residues (Lloyd and Blair, 1997; Zhou et al., 1998) havestochastic processes that included Brownian motion and, in
born out the importance of charges and their role in torquesome cases, elasticity of the anchors of the channel com-
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plexes. They found that what they call the smooth-running Efficiency

and more restrictive steady-state occupancy approximations ' '
can significantly deviate from the stochastic result. Thisis 0,5} ,~ -
demonstrated by showing probabilities, i.e., occupancies, of fN

the states as a function of rotation angle calculated both
ways. These quantities, however, have apparently been 0.4
scaled by the number of classes (or bins) in the histograms

and, hence, do not sum to unity. Nevertheless, they indicate

that the smooth-running approximation is good in the cases 0.3
considered by us, which involve the full complement of I ——
force generators. The authors modeled the frequency depen- /
dence of the relative torque obtained by Berg and Turner 0.2 /7 §
(1993) for tetheredE. coli cells, the first passage statistics /
for E. coli (Samuel and Berg, 1995), and the dependence of A
proton flow on frequency irStreptococcugMeister et al., O.1F 7
1987). They used identical values of the parameters for all ; /
species, some of which, however, do not correspond with
current literature (e.g., radius of the rotor, external and 0 0.25 0.5 0.75 f‘mot/flf
internal pH). The agreement with experimental results is not

convincing in the case of relative torque and discrepant iI'FZIGURE 20 Efficiency of energy conversion between proton flow and
the case of first-passage statistics. The dependence of prot@ayellar rotation. Efficiencies were calculated as explained by Caplan and
flow on frequency at low frequencies is linear but not Kara-lvanov (1993), using torque—frequency relations simulated for coun-
proportional, thus indicating loose coupling, and its S|opeterclockwise rotation of th&. coli motor under different conditions. Solid

. C . - wlines: pH., = 7, pH, = 7.43,A¢;,,, = 125 mV, temperatures 11.2, 22.6, and
yields a stoichiometry of 105 protons per revolution, whlch3ooc fop 1o botton: Afi, /1022 ) — 239, 241, and 245hort broken line

is about 12 times too small. PHe, = 8.5, pH, = 7.45, Ay, = 167 mV, temperature 30°Qdfiy; =

Our model is highly coupled as evidenced by the propor1e6 x 1022 J. Dotted line pH,, = 5.5, pH, = 7.21, A4, = 53 mV,
tionality between proton flow and frequency (Fig. 11). It temperature 30°CAfiy, = 250 X 10 22 J. Long broken line pHe, = 7,
thus supports the contention of Meister et al. (1987) that th&Hn = 7:43, A, = 0, temperature 22.6°Qjiy, = 40 X 10 *J.
motor is tightly coupled. A measure of tightness of coupling
in linear systems is the degree of coupling (Kedem and
Caplan, 1965), which is directly related to the maximum The quality of our model is underlined by the fact that a
efficiency of energy conversion. Figure 20 shows examplesarge number of diverse experimental data can be simulated
of the efficiency of the motor calculated from our simulated by a single set of chosen and adjusted parameter values. It
behavior according to Caplan and Kara-lvanov (1993)should be noted that the window in the parameter space is
These examples clearly indicate that the maximum effi+ather narrow, i.e., all these parameters are crucial. Charac-
ciency depends on conditions. The strongest effect arisegristic features, such as the plateau in the torque—frequency
from a variation of pH,, whereas an increase in temperaturerelationship or the dependence of motor torque og,péte
and a decrease &y, at a given pH, cause a relatively lost if values outside this window are chosen. Values of
small reduction of the maximum efficiency. However, no parameters were deduced from structural characteristics of
relation between efficiency antii,, seems to exist (cf., the the motor where possible thus taking species-specific as-
values forAp, given in the legend to Fig. 20). The degree pects into account. The values of the frictional drags emerg-
of coupling of an equivalent linear system calculated froming from the adjustment of the simulated torque—frequency
the maximum efficiencies amounts to 0.94, 0.85, and 0.62elationships to the experimentally determined frequencies
for pH,, = 8.5, 7, and 5.5, respectively, at 30°C. The are reasonable and in line with the few data available from
corresponding values for pid= 7, Ay, = 125 mV at 22.6  the literature. The reason for the observed large variations of
and 11.2°C are 0.86 and 0.88, whereas that fog,pH 7,  «, , for different cells of a given species even under iden-
Ay, = 0 and 22.6°C is 0.81. The variation for all other tical conditions is not known. However, values af ;
simulations at different temperatures and for different spepertinent to an ensemble of cells, as well as their tempera-
cies ranges between 0.31 and 0.45 for the maximum effiture dependence, are very similar for different species. It is
ciency, and 0.85 and 0.93 for the degree of coupling. Interworth mentioning that our model also predicts that a motor
estingly, these values are comparable to those found fadriven backwards by an externally applied torque acts as a
mechanochemical energy conversion in striated muscleroton pump, a feature that has yet to be demonstrated
(Caplan, 1971). It is surprising that a system based omxperimentally. The pumping occurs with an equally high
purely electrostatic interactions is capable of achieving afficiency but with a somewhat lower proton stoichiometry.
high a degree of coupling as one based on specific bindingl'his behavior, too, can be simulated with the same set of

—-_——
4

T —_
4
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parameter values, in contrast to the model of Elston andietermined with the new technique, that cover the full

Oster (1997), which requires a readjustment of parametersorque—frequency dependence, including the linearly declin-
We do not report here on the simulation of the effect ofing part.

Brownian motion and of incomplete complements of force- The authors propose a simplistic kinetic scheme for the

generating units, but a brief mention of our preliminary mechanochemical cycle of the torque-generating units. It

findings is in place. The range of negative torques seen ionsists of only three states, with two transitions represent-

Fig. 19,A andB constitutes a local impediment to rotation. ing binding and release of protons on the periplasmic and

However, for the ensemble of channels, these dips are to @toplasmic side, respectively, and a third transition incor-

large extent mutually compensated (Fig.@Q Simulations  porating all events which occur while the protons are within

of trajectories(t) usingT,.; and including Brownian motion the channel. The rate constants are governed by exponen-

of the rotor show that the remaining oscillationsTgf, are  tials comprising onlyAi,, and the mechanical work per-

essentially damped out, thus giving rise to a rather smootformed by the rotation of the flagellum. Considering the

rotation of the motor. The analysis described by Samuel andlternative ways in which the totéli,, and the rotational

Berg (1995) applied to these trajectories yields a lineaincrement per proton transferred may be divided among the

dependence of the variance on frequency in a log—log plothree transitions, the authors conclude that the best option is

with a slope of about-3. This is typical for Brownian when all ofAf, and the full increment are used in the same

motion in a broken motor, hence the dips of negative torquéransition, which they call a powerstroke (cf. Figcén

in T,.; cannot be responsible for the stepping of the motoBerry and Berg, 1999). Although this model is based on

described by Samuel and Berg (1995, 1996). However, thisversimplifications similar to those used by Berry (1993) in

feature most probably arises from the stochastic (Poissdiis original model (Table 4), it is interesting to note that the

nian-distributed) movement of protons through the smaliconclusion is born out by the performance of our model. As

number of channels in a highly coupled system. In simuladiscussed at the beginning of this section, torque is gener-

tions of the so-called resurrection experiments (Block andated by theAfi,-driven movement of the proton within the

Berg, 1984; Blair and Berg, 1988), in which MotA and channel, and causes the concomitant turning of the rotor

MotB proteins are added serially to a motor initially devoid (Fig. 17).

of them, local negative torques as seen in Fig.A@ndB

must be sufficiently small and extend over sufficiently short

p intervals that they may be overcome by Brownian motion APPENDIX A:

We have found that, in resurrection simulations, the firstELECTROSTATIC INTERACTION ENERGIES

observation of steady rotation F)CCUI’S Of‘ly after t‘"fo forgeThe free energyG of a charge with charge numbetr at the position

generators have been added in a particular configuratio g ;) on the channel axis (Fig. A) due to thexth charge of thewth

(Fig. 19D). It is interesting that Block and Berg (1984) repeat with charge number Q, , ,, can be calculated by means of the

suggested the possibility that more than one force generat@oulomb potential o, , , and is given by

may be required for the initial rotation. In this regard,

variations in channel spacing affect the behavior of incom- G = Zve/[Ameced, . . (A1)

plete complements but have a considerably smaller effect on L . L

. Here, e, and e are the permittivity in vacuo and the relative permittivity,

the be_haVIOr of the full ensemb_le ‘?f force gene_rators z_i$espectively. The distanag, , , between the charges amounts to

given in Table 1. Further investigation of these issues is o

currently under way. d
After completion of this work, a paper by Berry and Berg )

(1999) was published showing that the torque—frequency = [(Xo = RCOSX,.)* + (RSIN X, 0.)% + (Zen, — 27

relationship of theE. coli motor is linear at frequencies up (A2)

to 100 Hz in either direction. This result was obtained by

taking into account the ellipticity in the rotational electric wherex, , , = Rcosy,. ., andy,., , = Rsinx, ,, have been used. The

field used to exert an external torque (Berry and Bergguantityx, = R+ dis the distance between the axes of the rotor and the

1996). The parameters of our model are adjusted such thgfannel- Thej charges are equally spaced on a tilted row, hence,

it. best simulates the data considered most r_eliable at the Z, = kdof(q + 1). (A3)

time of our study. These data suggest a rising torque at o

increasing negative frequencies, but no real barrier againgls is evident from Fig. B, the angley,., , is related to the rotation angle

backward rotation. However, i8. typhimuriumthe rise is 6 and repeat angle> by

not seen (Fig. 7). Preliminary simulations with readjusted

parameters have shown that it is possible to obtain amore or ~ X«a» = —0 F dA = 1) + X

less flat torque—frequency dependence Eorcoli around _ _ _

zero frequency. To find out whether this is a reasonable = A1+ v+ DA+ P+ 1) = pl

solution, it would be necessary to have experimental data, (A4)

K,V

Biophysical Journal 78(2) 626-651



Mechanism of Flagellar Motor 649

wherey;. , , = ¢(v + 1)/4 + 8z, ,Jd.,, and Egs. 5 and A3 have been used The second exponential term in Egs. B1 and B2 arises from the influence
to obtain the second part of Eq. A4. The tilt angléFig. 1B) is related to of a membrane potentidlys,, on the transitions. The quantitiés; and{y, ;

the pitchP by express the contributions of this potential to the forward and backward
] transitions, respectively,
v = tan 2R sin(P#/r)/d..]. (A5)
= (Z — z)ldy, B3
The free energys of a proton at the positiorx(, 0, z) on the axis of the first gf" (Z‘# Z') m ( )
channel due to electrostatic interaction with the proton ofttnehannel in _
theith state is given by 8pi = (Z' = 2,1)/0h. (B4)
G= e§/[4ﬂ-eoedj i (AB) For the outer transitions involving proton binding from the periplasmic

bulk phase (Fig. B1A andB) one obtains
The distance, ; between the protons amounts to

Glp, Ad,
4, = [2€(1 — cos2miin)? + (2 — 2772 (A7) a;Lﬂp>=c@HJex{—- (b éﬁex4§”?T¢)1opww,

KT
For the physical significance of the parametersee Fig. Z. (BS)
% - G(P: Zl) - G(pa Zg) gbOeoAdfm
APPENDIX B: ol s1(p) = ay 61X KT ex KT )
TRANSITION PROBABILITIES (B6)

The standard free energy levels (Hill, 1977) for the outer and inner G( zﬁ) ¢ Al!f

transitions are shown in Fig. B1. In the absence of electrostatic interaction % ( ) = exd — P ex 1,060 Ym 10 PHEX
due to the rotor charges and protons in the channels, the forward and” -2\ sist2 kT KT ’
backward transition probabilities per unit time (i.e., intrinsic rate constants) (B7)
for an inner transitiong; ; , ; ande; . ; ;, are determined by the standard free
energy differencess’(z) — G°(Z) and G°(z..,) — G°(Z"), respectively _
(thick lines Fig. B1C). The physical significance of the parametgrand a:ﬁ s(P) = .., ﬁX[{G(p’ 21) G(Pa 2§)>ex gb,oeoAlpm>.
Z'is illustrated in Fig. 2. Note that the standard free energ@smay ' ' KT KT

include contributions from electrostatic interaction with fixed charges in (B8)

the channels and/or the surroundings. In the presence of electrostatic

interaction due to the rotor charges and protons in the channels, the fredere,a® represents a second-order intrinsic rate constant (Hill, 1977; Walz
energy term$(p, 2) = G,(p, 2) + G.(p, 2) (Egs. 6 and 26) must be added and Caplan, 1995). Similarly, for the transitions involving proton binding

to all the levels thin lines Fig. B1C). This yields from the cytoplasmic bulk phase one obtains
Glp,z) — G(p, 2)\ (€AY Glp, z) — G(p, A
afivilp) = @i eXF{ KT exp ~ KT ) Ase1p) = asysﬂex;{ p. 2 KT P 2‘it))ex gf'selz-l- lpm).
(B1) (B9)
aﬁl,i(p) % ° G(p1 Zz) é’b,seoA‘pm —pH(in)
Glp 2.0 — G(p D)\ [l B A N L e s e
= &y, exp( ’ ”kT ! )exp( &l T ”‘). (B2) (B10)

FIGURE B1 Hypothetical stan- GO A B C

dard free energy levels governing
proton transitions at a given value of A
p. (A) and B) depict binding at the Y
periplasmic entrance to a channel, # #
(C) depicts a transition within the —_— G(ZO ) G(Zi )
channel. The free energy levels be- G(Zé# ) Gp

fore and after inclusion of electro- — - —

static interactions due to rotor

charges and protons in other channels

(giving rise to the free energieS) O — -— Gp 1:16( ) : G(Zi+ 1)
are represented by thick and thin Gp 21 IG(Z-)

lines, respectively. The effect of prior :l G(z 1 ) T~ :

binding of a proton at the cytoplas-
mic end of the channel, which, due to
electrostatic interaction, shifts the ‘
levels upward by a free ener@y,, is ' # ' ' : ' ' ' ' * '
shown at B). Zo Zg

21 ZiZy i
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* G(p, z) — G(p, i) &t €AY
Asi2,1(p) = 0g12,1EX KT ex T ,
(B11)
G L A m .
ai,s+2(p) = ag,erzeXF(_ (‘k)Ti))eX éb,sio_rlp >10—pH(ln)_
(B12)

The equilibrium constant of a particular inner transition is given by

Ki,i+l = ai,i+l/ai+l,i | = 1, 2, e, S 1. (813)
The pK for proton dissociation into the bulk phases become

PKy ex = logl g1 /e s11], (B14)
PKy,in = l0glag; 1 s 5111, (B15)

pKZ,ex: log[ag,s+2/as+2,s] = pKl,ex_ Gp/(kTIn 10):
(B16)

pKZ,in = IOg[ag,erZ/aerZ,l] = pKl,in - Gpl(len 10)
(B17)
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free energyG,,. Finally, thermokinetic balancing (Walz and Caplan, 1988)
requires that

s—1
[1 Kii+1 = exp[In 10(pKy i, — pKyedl. (B18)
i=1

Note added in proof:
determined the structure of the C-terminal domain of FIiG from the
hyperthermophilic eubacteriufthermotoga maritimaand hypothesize the

location and orientations of this structure in the rotor. It is interesting to

note that an appropriate orientation indeed gives rise to linear arrays of
alternating positive and negative charge. However, a complete structure 3_1’

FIiG is not yet available.

We thank Howard Berg for his very useful comments on the manuscript
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