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ATP synthase is a rotary motor which is composed of two portions: the ‘rotor’ Fg, consisting of a c-ring, and

the ‘stator’ F1, consisting of an a3f3 hexamer. In different species, the number of c-subunits which form the c-ring is

varied from 10 to 14, whereas the asz(3 hexamer is fixed to be 3-fold symmetrical. We have numerically studied the

rotational coupling between Fg with varied number of c-subunits and F. It is found that, for any number of c-subunits,

the rotor Fg advances 3 steps per revolution on average, which is determined by the period of F'1, whereas the exact

angular pausing positions are determined by the period of Fg. When the symmetry of the c-ring of Fg is matched with

the 3-fold symmetry of F1, the three steps have equivalent sizes. If not matched, the three steps become nonequivalent:

both the step size and average dwell time are different for these steps.
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1. Introduction

ATP synthase is a universal enzyme in biological
energy conversion that is present in the membranes of
mitochondria, chloroplasts and bacteria with similar
structure and function in different species.!!~¢ It syn-
thesizes ATP from ADP and inorganic phosphate (Pi)
using the energy of a transmembrane electrochemical
gradient of protons (or Nat ions). The enzyme is
bipartite. Its membrane-embedded Fg-portion trans-
ports protons down the electrochemical gradient and
generates torque. The peripheral Fi-portion synthe-
sizes ATP at the expense of this mechanical energy.

The general structure of ATP synthase is shown in
Fig.1, in which the entire structure is seen arranged
The soluble

component F; (stator) consists of catalytic sites con-

as an assembly of ‘rotor’ and ‘stator’.

tained in the asf3 hexamer, together with subunits
a, bs and §. The membrane-spanning component Fg
(rotor) consists of 10-14 c-subunits arranged in a ring
and connected to the - and e- subunits that form the

central ‘shaft’. Proton flow through the channels at

the a — c interface generates torque which drives Fy to
rotate. Fy, containing three catalytic sites (81020s),
produces three ATPs sequentially in one revolution as
a three-stepped rotary engine. Each c-subunit translo-
cates one proton, and in one revolution n (the number
of the c-subunits) protons are transported across the
membrane, which generates a sufficiently large torque
to produce three ATPs in Fy.

Interestingly, the number of c-subunits forming
the c-ring is not fixed but varies among species. It is
believed that n=10-12 in Escherichia coli and n=10,
11 or 14 in other organisms.[*l Hence, there is obvi-
ously a rotational mismatch between Fy and F; in
many cases. For n=12, the HT to ATP stoichiome-
try is 4. It means that four protons passing through
the membrane will lead to the generation of one ATP.
In this case, there are four substeps (each through an
angle of 27/12) in a 120° rotation of e relative to
F1. However, for n=10, 11, 14, the H* /ATP ratio is
not an integer (10/3, 11/3, 14/3, respectively). In this

case, a key problem exists for the rotational mismatch
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between the c-ring and F; symmetry.
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Fig.1. Structure of FoF; ATP synthase. The F; portion con-
sists of subunits a333yed. The F( portion consists of subunits
abacn (n=10-14). The proton channels lie at the interface be-
tween the a- and c-subunits (dashed lines indicate the putative
inlet and outlet channels). Proton flow through the channels
develops a torque between the a- and c-subunits. This torque

is transmitted to F; via the + shaft and the € subunit.
In previous studies,”8 an elastic strain mecha-
nism was used to interpret the symmetry mismatch

It is assumed that the

energy of each c-subunit movement is stored within

between the c-ring and Fj.

the protein until it is sufficient to move ye through a
120° rotation with the resulting synthesis of one ATP
molecule. However, other researchers argued that the
movement of each c-subunit is separately linked to a
substep of e rotation and hence to a partial reac-
tion in ATP synthesis.>?] Thus the detailed coupling
mechanism between Fy and F; is still an open ques-
tion. In this paper, we neglect the elasticity of the
stator and consider the e as an approximately rigid
shaft as in some previous studies.['°~12] Using the the-
oretical model of Ref.[13] for F, we study numerically
the rotational coupling between Fy and F; in which
F¢ has varied number of ¢-subunits (n=10, 11, 12, 14).

2.Model of the F, rotor

The prevailing model for torque generation by
proton flow in the Fg rotor has been proposed in
Refs.[13] and [14].

mechanism are: (i) there are two non-collinear access

The basic assumptions for this

channels for protons from either basic or acid side;
(ii) there are two electrostatic constraints: namely,
the Asp residue in the middle of the hairpin of the c-
subunit which is unprotonated when in contact with
the subunit a and protonated when facing the core of
the membrane; (iii) there is a Brownian rotary mo-
tion of the c-ring relative to the large subunit a. The
schematic model for proton transfer and torque gener-

ation is shown in Fig.2(a). Proton is allowed to enter

the proton carrier (Asp61) of the c-subunit from the
acid and basic sides through the two half-channels.
There are two negatively charged (unoccupied) rotor
Asp61 sites at the rotor-stator interface. The two ro-
The un-

protonated site cannot rotate out of the rotor-stator

tor sites can be either protonated or not.

interface because it would encounter the electrostatic
barrier arising from the discontinuity in the dielec-
tric constant between the stator and the membrane.
When occupied by a proton, the rotor site can be
considered almost neutral and it faces but a small
electrostatic barrier when leaving the stator to the
membrane. Thus all the rotor sites facing the mem-
brane must be protonated. The positive stator charge
(Arg210) is located on the a-subunit offset from the
plane of the rotor and interacts electrostatically with
the rotor sites. Each proton is first transported to an
Asp61 of the c-subunit through a half channel, and
then after one revolution of the c-ring, the proton is
released to cytoplasm through another half-channel.
Owing to the transmembrane proton gradient, the ro-
tor will diffuse preferentially to the right and provide

the unidirectional torque for F;.
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Fig.2. Functional model of Fy. (a) Simple model for pro-
ton transfer. The relative locations of the stator and rotor
charges and the proton channels are shown. The basic side
and acid side are connected by offset ‘half-channels’. Arg210
is located on the a-subunit in a plane offset from the plane of
the rotor. (b) Markov chain describing the four possible motor
states (S=1-4) and their transition rates, k;;. Empty circles,
unprotonated Asp61 sites; filled circles, protonated sites.
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The rotor-stator interaction depends only on the
protonation states of the two rotor Asp61 sites at the
rotor-stator interface. As each site can be either pro-
tonated or not, there are four possible protonation
states of the assembly, as shown in Fig.2(b), denoted
by S. In each state the rotor experiences a different
torque. Because proton motion is much faster than
the rotor’s rotation, we can treat the transitions be-
tween these states as a Markov chain.['¥] Because of
the electrostatic interactions between the rotor sites
and the stator charge, the transition between the two
states depends on the angular position of the rotor,
denoted by 6. The evolution of the rotor’s chemical

state is described by

ds
— =k(9)-S 1
k)5, (1)
where k(8) is the matrix of the transition rate between
the chemical states.['®1%! (see details in Appendix A)

The rotation of the rotor can be described by the

Langevin equation:!
de
E :TQ(07 S) + TH(07 S) - TL(O) + TB(t))
(5=1-1) (2)
where % is the angular velocity of the rotor, and (

the drag coefficient of the rotor. 7q(6,5) is the elec-
trostatic torque acting on the rotor from the electro-
static interactions between the stator charge and the
rotor sites. The electrostatic interactions are calcu-
lated by using a screened Coulomb potential. 7(6,.5)
is the electrostatic barrier that prevents the motion of
an unprotonated site into the membrane, with a mag-
nitude of ~45kgT. 7,(0) is the load torque from Fy,
and 7(t) is the Brownian torque from thermal fluctu-
ations. To calculate the rotation of the rotor, Eq.(2)
must be solved simultaneously with the Markov pro-
cess governing the hopping of protons on and off the

rotor sites. ( see details in Appendix B)
3. Analysis of F; motion

The torque generated by the rotation of c-

ring is transmitted to F; via the ~-shaft. Struc-

17-19] have shown that a § subunit

tural analyses
with nucleotide-bound state is bent relative to the
nucleotide-free state in such a way that its upper por-
tion bend about 30° with respect to the lower part.
The eccentric y-shaft is like a camshaft and its rota-
tion can drive the sequential bending/unbending mo-
tions of the 8 subunits, which correspond to the sub-

strates’ binding/release. Several mechanical models of

F, rotation based on the above mechanism have been
proposed.[1°=12 According to Boyer’s binding change
mechanism, 2% a 27 /3 rotation of v corresponds to a
27/3 advance in the ‘binding changes’ states of the
three catalytic sites and a 27 /3 advance of the confor-
mational asymmetry of the asf3 hexamer. Although
the detailed enzymatic mechanism for F; has not been
determined so far, we can simply describe the syn-
thesis of ATP in F; as follows: Each 27/3 rotation
of v causes the unbending of one of the three 8 sub-
units, leading to the synthesis and release of one ATP;
the other two 8 subunits are occupied with substrates
ADP and Pi to be synthesized, and they are in bending
states. In one revolution, the rotation of v sequentially
drives the three [ subunits to synthesize and release
ATP. Recent study of Fi-motor[?!! has shown that a
120° step of F; consists of ~80° and ~40° substeps.
However, in this paper we concentrate on the coupling
between the three main 120° steps of F; and Fy mo-
tors. So we neglect the 80° and 40° substeps of F;
for simplicity. Moreover, we assume that the ATP
synthase works at saturated [ADP] and [Pi], and thus
ignore the time for the binding of ADP and Pi to the 3
catalytic sites. Therefore, we can treat the load torque
from F; as a periodic functional form with 27 /3 pe-
riod. For simplicity, we take it as a cosine form, as
shown in Fig.4(a) in next section. In one revolution,
the rotor sequentially experiences three load torque
peaks, each corresponding to the synthesis and release
of one ATP. In each 27/3 period, the work required
to resist the load torque is 25kgT’, which corresponds
to the free energy required for synthesizing one ATP.

4. Results and discussion

The model equations are solved numerically!**! for
the cases of different numbers of c-subunits (n=10, 11,
12, 14). The parameter values for Fy rotor are given
in Table 1, which are consistent with those used in
Ref.[13]. Figure 3 shows a typical result of the ro-
tation of the rotor with n=10. We see that, on av-
erage, the Fo rotor advances 3 steps per revolution,
with one step consisting of 4 substeps (with substep
size of 27/10), and each of the other two steps con-
sisting of 3 substeps. The stepwise movement can be
seen more clearly in angular histograms, as shown in
Fig.4, which represents the probability distribution of
the angular position where the motor stays. (All the
angular histograms in this paper were obtained from

statistics over a time duration of 0.5 s.) Thus in one
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revolution there are totally 10 substeps, and each sub- g 4 :
step corresponds to the passage of one proton through g 3l (a)
the motor. From Fig.3, we can also see that backward g" 2}
sub-stepping occasionally occurs. g 1t
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Fig.3. Time evolution of the rotation of the rotor for
n=10. Examples of backward and forward substeps

are indicated by arrows.

The angular histograms for n=11, 12 and 14 are
shown in Figs.5, 6 and 7, respectively. We can see
that for most cases the Fy rotor progresses 3 steps per
revolution on average. For n=11, one step consists of
3 substeps with equal substep size, 27/11, and each of
the other two steps consists of 4 substeps. For n=12,
each step consists of 4 substeps with equal substep
size, 27 /12. For n=14, one step consists of 4 substeps
with equal substep size, 2 /14, and each of the other
two steps consists of 5 substeps. There are a total of n
substeps or n protons passing through the motor per
revolution (a 27 rotation).

In order to see the effect of different forms of the
load, besides the cosine form, we also use other two
forms which are the ‘leftward skewed’ cosine form and
‘rightward skewed’ cosine form. They are all taken to
be a 2m/3-period function, and the work required to
resist the load torque in each period is still 25kgT. We
give detailed discussions for the results case by case in
the following.

In the case of n=10, as shown in Fig.4, first we
see that the rotor always stops at the angular positions
which are determined by the Fg period. This can be
easily understood from the rotational mechanism of
Fy: Under the two electrostatic constraints, the rotor
with unprotonated c-subunit facing subunit a always
makes a Brownian rotary motion in one period of Fg,
and only when a proton hops into the c-subunit can

the rotor rotate out of this very F period. Second, as

® ]
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Fig.4. Angular histograms (upper figures) of the ro-

tor with three different forms of load torque (lower

figures) for n= 10: (a) the cosine form, (b) leftward

skewed cosine form, and (c) rightward skewed cosine

form.
anticipated, the rotor has a high probability to stop
near the position of the load peak: If the position
which is determined from the period of Fy is coincident
with the peak of the torque load from F1, the rotor has
a large probability to stop at the position of the load
peak. However, if not coincident, the rotor has a larger
probability to stop in the rising phase of the angle-load
curve near the peak than in the falling phase. Third,
since the number of c-subunits is not matched with

the 3-fold symmetrical F; catalytic sites, the angle
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displaced in one step is not equal to 27 /3. Fourth, by
comparing Figs.4(b) and (c) with Fig.4(a) we see that
different forms of load torque give similar result and
only the relative magnitudes in the angular histogram

are different.
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Fig.5. Angular histograms (upper figures) of the ro-
tor with three different forms of load torque (lower
figures) for n=11: (a) the cosine form, (b) leftward
skewed cosine form, and (c) rightward skewed cosine

form.

In the case of n=11, as shown in Fig.5, since the
number of c-subunits is still not matched with that of
the 3-fold symmetrical F; catalytic sites, the charac-
teristics of n=11 are similar to those of n=10 discussed

above.
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Fig.6. Angular histograms (upper figures) of the ro-
tor with three different forms of load torque (lower
figures) for n=12: (a) the cosine form, (b) leftward
skewed cosine form, and (c) rightward skewed cosine

form.

In the case of n=12, as shown in Fig.6, because
the number of c-subunits becomes matched with the
3-fold symmetrical F; catalytic sites, the angular his-
togram becomes symmetric. This means that one load
period just corresponds to four periods of Fgy, with
each step of 27/3 corresponding to the passage of
four protons through the motor. As mentioned be-

fore, from Fig.6(a), with the cosine form of the load
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Fig.7. Angular histograms (upper figures) of the ro-

tor with three different forms of load torque (lower

figures) for n=14: (a) the cosine form, (b) leftward

skewed cosine form, and (c) rightward skewed cosine

form.
curve, we see that the rotor has a larger probabil-
ity to stop in the rising phase near the peak than in
the falling phase. In Fig.6(b), with the slope of the
rising phase of the load increasing and the slope of
the falling phase decreasing, as compared with that of
Fig.6(a), the probability for the rotor to stop in the
rising phase decreases and the probability to stop in

the falling phase increases. In Fig.6(c), with the slope

of rising phase of the load decreasing and the slope
of the falling phase increasing, as compared with that
of Fig.6(a), we see that the probability to stop in the
rising phase increases and the probability to stop in
the falling phase decreases. Thus we have the follow-
ing conclusion: The probability for the rotor to stop
in the rising phase of the load is higher than in the
falling phase; when the slope of the load torque de-

creases, the probability for the rotor to stop increases.

In the case of n=14, as shown in Fig.7, since the
number of c-subunits is not matched with that of the
3-fold symmetrical F; catalytic sites, the character-
istics become similar to those of n=10, 11. Besides,
we note that the angular distribution for each step
becomes broadened as the number of Fy period in-

creases.

Finally, by comparing Fig.6 (matched case) with
Figs.4, 5 and 7 (unmatched case), it is interesting
to note that, when the Fy period and the F; period
are matched, each step takes the same time. How-
ever, when the Fy period and the F; period are not
matched, the time taken in each step becomes differ-

ent.

5. Conclusions

We have studied the rotational coupling between
stator F; and rotor Fy with varied number of c-
subunits (n=10, 11, 12, 14). We found that, for any
number of c-subunits, on average, the rotor Fy ad-
vances 3 steps per revolution, which is determined
by the period of the stator Fi, whereas the rotor Fy
always stops at the angular positions which are de-
termined by the period of Fy. For the number of c-
subunits n=12, which is four times of 3, the proba-
bility distribution of the angular position where the
motor stays is 3-fold symmetrical, with the angle dis-
placed for each step equal to 27/3 and each step taking
the same time. The passage of four protons through
the motor is required for each step. For n=10, 11, 14,
which are not integer times of 3, the probability of
the angular positions where the motor stays becomes
unsymmetrical, with the angle displaced for each step
not equal to 27 /3 and the time taken for every step
being different. For n=10, one step requires 4 protons
and each of the other two steps requires 3 protons;
for n=11, one step requires 3 proton and each of the
other two steps requires 4 protons; for n=14, one step
requires 4 proton and each of the other two steps re-

quires 5 protons.
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Appendix A

Transition rates for the rotor sites

The four possible protonation states (s=1, 2, 3,
4 ) of the two rotor sites at the rotor-stator interface
are shown in Fig.2. As protons hop into and out of
the channel, the state of the two exposed rotor sites
changes. The Markov transition matrix corresponding

to the transition diagram in Fig.2 is

>0 ka k31 ka1
ko =22, ks kao

—D.5 ka3

k14 k24 ksa =32,

where k;; is the transition rate from the ith state to

(A1)

the jth state; the diagonal entries are given by the

sum of all the ways to leave the ith state:

> =2 ki

% VE)

(A2)

The transition rate k;; is zero when the states 4
and j cannot be connected by the single event of a
proton binding onto or dissociating from a rotor site.
In matrix (A1), kg1 = ki = kaz = kaa = 0.

According to Ref.[14], we calculate the proton
rate constant as:

kon = 0.6nm® x 107P" x 4r x D,,  (A3)

ko = 0.6nm® x 107PX= x 47 x D,,. (A4)
Here kon(ko) is the proton binding (dissociation)
rate. r is the radius of the channel leading to the rotor
sites. D, is proton diffusion coefficient. The transi-
tion rate k;; is given by adding the potential factor
exp(A@) to kon(kom). Here A¢ is contributed by the
potential drop inside the membrane. The pH of the
acidic (basic) reservoir and the pK, value of the rotor

sites in the simulation are listed in Table 1.

Table 1. Parameter values used in the simulation.

Parameter Value
Proton diffusion coefficient (Dp)/(nm?2-s~1) 9.3 x 10°
Rotary diffusion coefficient of the rotor (Dy = kgT/¢)/s! 2 x 104
Dielectric constant of channel (es) 10
Dielectric constant of the membrane (em) 3
Shielding length of channel charges (1/A)/nm 1.1

pH of acidic reservoir 7

pH of basic reservoir 8.4
Radius of rotor (R)/nm 5
Membrane potential (Ag) 5.6kgT
pKa of the rotor sites 7.1

Appendix B

The electrostatic interaction between the rotor

and stator

The total electrostatic interaction between the ro-
tor and stator consists of two components:

¢u(0, s), is the hydrophobic potential barrier pre-
venting the rotation of the unprotonated rotor sites
into the membrane. The energy barrier against ro-
tating an unprotonated Asp61 site into the bilayer

depends on the difference in the dielectric constants

1
between the two media: AG =~ 200( —

€membrane
1

Estator

>. Taking €membrane = 3 and Eggator ~ 10, we

have AG ~ 45kgT.

#q(0,s), is the electrostatic interaction between
the rotor and the stator charges. The electrostatic in-
teractions are calculated by using a screened Coulomb
potential:

- q Q
¢Q_47‘l’80€sd

exp(~Ad), (B1)
where d is the distance between the interacting charges
q and Q. Here, the stator charge @ = e (elementary
charge) and the unoccupied rotor charge ¢ = —e. The
dielectric constant of the rotor—stator interface is e, =

10. The screening distance is 1/A=1.1nm. The elec-
doq (6,s)

trostatic interaction torque 7q(6,s) = ———"—=.

do
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