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Abstract Recently, a novel molecular mechanism of torque
generation in the Fy portion of ATP synthase was proposed
[Rohatgi, Saha and Nath (1998) Curr. Sci. 75, 716-718]. In this
mechanism, rotation of the c-subunit was conceived to take place
in 12 discrete steps of 30° each due to the binding and unbinding
of protons to/from the leading and trailing Asp-61 residues of the
c-subunit, respectively. Based on this molecular mechanism, a
kinetic scheme has been developed in this work. The scheme
considers proton transport driven by a concentration gradient of
protons across the proton half-channels, and the rotation of the c-
subunit by changes in the electrical potential only. This kinetic
scheme has been analyzed mathematically and an expression has
been obtained to explain the pH dependence of the rate of ATP
synthesis by ATP synthase under steady state operating
conditions. For a single set of three enzymological Kinetic
parameters, this expression predicts the rates of ATP synthesis
which agree well with the experimental data over a wide range of
pHin and pH,y. A logical consequence of our analysis is that
ApH and Ay are Kkinetically inequivalent driving forces for ATP
synthesis. © 2000 Federation of European Biochemical Socie-
ties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Adenosine triphosphate synthase (ATP synthase or
F1FyATPase) is the universal enzyme in biological energy
conversion that is present in the membranes of mitochondria,
chloroplasts and bacteria with an amazingly similar structure
and function in different species. It synthesizes ATP from
ADP and inorganic phosphate using the energy of a trans-
membrane electrochemical gradient of protons or Na™ ions.
This large enzyme complex has an overall molecular weight of
520000 in Escherichia coli and consists of two major parts: a
membrane-extrinsic, hydrophilic F; containing three o-, three
B-, and one copy each of the y-, 8- and e-subunits, and a
membrane-embedded, hydrophobic Fy composed of one a-,
two b- and 12 c-subunits. The Fy and F; domains are linked
by two slender stalks [1-6]. The central stalk is formed by the
e-subunit and part of the y-subunit, while the peripheral stalk
is constituted by the hydrophilic portions of the two b-sub-
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units of Fy and the -subunit of F;. The ion channel is formed
by the interacting regions of a- and c-subunits in Fy, while the
catalytic binding sites are predominantly in the B-subunits of
F, at the o-f interface [1-5]. The molecular mechanism of
coupling ion translocation through Fy to ATP synthesis in F;
is unknown.

According to Mitchell’s chemiosmotic theory [7,8], the elec-
trochemical potential difference, Auy, developed during respi-
ration and photosynthesis consists of two distinct parameters,
an electrical potential Ay and a transmembrane concentration
gradient of protons (ApH) that are related by the equation
Ay = Awy—(2.3RT/F)ApH. Energetic equivalence of ApH and
the electrical potential at equilibrium are an essential feature
of the chemiosmotic theory. Almost 35 years ago, in a classi-
cal experiment using the acid bath procedure on chloroplast
ATP synthase, it was reported that ATP synthesis is driven
entirely by ApH [9]. However, recent experiments demonstrate
that in the chloroplast ATP synthase, as well as in the mito-
chondrial and bacterial enzyme, the electrical potential is a
mandatory driving force for ATP synthesis [10-12], and the
electrical potential induces a rotary torque in the Fy portion
of Propionigenium modestum ATP synthase [12]. Thus, both
ApH and Ay are required for ATP synthesis. We had pro-
posed the first molecular mechanism of torque generation in
the Fy portion of ATP synthase that considers the role of both
ApH and Ay and in particular addresses the indispensable
requirement of the electrical potential for ATP synthesis [13].

Different models have been proposed for ion translocation
and torque generation in ATP synthase [13-18]. In one class
of models, the ring of c-subunits moves in a directed way as a
result of Brownian rotational fluctuations [15,16]; in fact,
electrostatic forces oppose the motion of the c-rotor [16]. In
another model [14], the formation and breaking of a hydrogen
bond leads to rotation of the c-subunit. In these models, ApH
acts as the principal driving force for rotation, and therefore
for ATP synthesis also. In another class of models [17,18], the
role of the electrical potential is taken into account. Thus, the
Na™ ions are envisaged to be driven by the electrical potential
from the periplasm through a stator channel into a specific
binding site, thereby causing rotation of the rotor [17]. These
models [14-17] are not compatible with the roles of both
components of the electrochemical potential gradient. In our
mechanism [13], the roles of both ApH and Ay are high-
lighted, and torque generation in the Fy portion of ATP syn-
thase is a result of change in electrostatic potential brought
about by the ion gradient.

In this paper, a kinetic model to predict the variation of the
rate of ATP synthesis as a function of ApH (or Auy, for a
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certain steady state value of Ay) is developed. The model is
based on our proposed molecular mechanism of torque gen-
eration in ATP synthase [13]. The developed kinetic scheme
considers the mode of functioning of a single molecule; how-
ever, our mathematical analysis is applicable to a population
of molecules. The model is compared to experimental data
[19] and is found to be consistent with it for a wide range
of pHi, and pHoy values.

2. Kinetic scheme for the molecular mechanism

The c-subunit, which functions as the rotor, has Asp-61 as
the essential amino acid in each of its subunits [14,20]. Arg-
210 and His-245 are the key amino acids in the a-subunit
[14,21], which acts as the stator (the residue numbers for the
Fy domain refer to E. coli). The exact spatial orientation of
these charges is unknown and Fig. 1 represents a possible
geometry that can lead to generation of a unidirectional tor-
que. The geometry of the a- and c-subunits is such that while
c is a complete cylinder, the a-subunit is part of a cylinder
coaxial to c, covering two subunits of c.

The negatively charged Asp-61 must be protonated when
exposed to the membrane and unprotonated at the a—c inter-
face. When both Asp-61 residues are unprotonated, the sys-
tem is at equilibrium. The proton concentration at the inner
membrane, Hifl, is higher than the proton concentration, H;
in the vicinity of the leading Asp-61 residue across the proton
half-channel. This concentration gradient drives the proton
through the half-channel, causing it to bind to the leading
Asp-61 residue. Now the positively charged His-245 attracts
the trailing unprotonated Asp-61, disturbing the equilibrium
and causing the inner cylinder to rotate (Fig. 1). Thus the
leading Asp-61 moves into the membrane and a new pro-
tonated Asp-61 enters the interface. Rotation in the reverse
direction is prevented by the large free energy barrier to trans-
port an unprotonated Asp-61 from the interface into the hy-
drophobic membrane environment. When a new protonated
Asp-61 residue enters the interface, it loses its proton to be-
come unprotonated. The proton concentration in the vicinity
of the trailing Asp-61 residue, H;", is higher than the proton

concentration in the matrix, H . As a result of this concen-
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Fig. 1. Schematic diagram of a- and c-subunits of ATP synthase
showing the path followed by the protons along with their concen-
trations.
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Fig. 2. Kinetic scheme based on the molecular mechanism of torque
generation in ATP synthase.

tration gradient, the proton is driven out across the proton
half-channel facing the matrix (Fig. 1). The proton gradient
causes a change in electrostatic potential resulting in torque
generation in the F( portion of ATP synthase. Thus, rotation
of the c-rotor is induced only by the electrical potential in our
molecular mechanism of torque generation in ATP synthase.
When the above molecular mechanism is expressed in the
form of a sequence, we arrive at the kinetic scheme depicted
in Fig. 2.

In this kinetic scheme, E represents the ATP synthase en-
zyme molecule, EH the proton-enzyme complex before ro-
tation of the c-rotor, and EH; the proton-enzyme complex
after the rotation. K; and K, denote the dissociation constants
of the corresponding elementary steps (Fig. 2). k; denotes the
rate of conversion of EH; to EH}, i.e. it is a measure of the
angular velocity of the c-rotor. k; stands for the constant of
proportionality relating the rate of proton transfer across the
two proton half-channels to the corresponding proton concen-
tration gradients (Fig. 2).

3. Mathematical analysis of the kinetic scheme

For steady state operation, the rates of proton transport,
binding and dissociation, and rotation of the c-rotor are
equal. Thus, v, the rate of rotation of the c-subunit, can
be written as

vrot = ki(Hy, —HY) (1)
Veot = kyEH )
and

vrot = ki(Hy —Hgy) 3)

From the material balance on E, we have

E)=E+EH} + EH} 4)

where Ej represents the total enzyme concentration. Thus,

Eo = E + EH, /K, + EH{ /K> (5)
ie.
E:Eo/{l+H;/K1+H;r/K2} (6)

Combining Eqgs. 2 and 6, we have

Vrot = krEOH:/{Kl + H: + HI;r(Kl/K2)} (7)
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Expressing H} and Hy in terms of H;| and H/, using Eqs. 1
and 3 leads to

Veot = (keEo) (Hi —veor/k0) /K1 + Hyg + Hy, (K1 /K2)+

viot{ (K1/K2) =1} /ki] (8)

The rate of ATP synthesis is proportional to the rate of ro-
tation of the c-subunit, provided that substrate is available in
the F; portion of ATP synthase, i.e.

Vsyn = ks Vrot (9)

For very fast diffusion of protons into and from the Fy, por-
tion across the proton half-channels, i.e. for k; very large, we
obtain on combining Egs. 8 and 9

Vsyn = (kskrl'z())H:;/[IﬁI+ + H,

m out

(K1/K3) + Ky + k:Eo /Ky
(10)

which is the principal result of our mathematical analysis.
Dividing the numerator and the denominator of Eq. 10 by
HZ . we can analyze the dependence of v, with respect to
ApH, or with respect to pHyy at a particular value of pHj,.
Thus,

veyn = (kskeEo) (Hy, /Hgy) /[(Hy /Hgy,) + (K1 /Ka)+

n out out

(K1 + k:Eo/k)/H, (11)

out
Eq. 10 can be rearranged to obtain the form

Vo = Vi /[Hi, + K] (12)

where

K, = Kn(1+Hi, /Kr)
Vmax = ksk:Eo

K = K1 + k:Eo/ky

and

K= K2[1 —O—krEQ/(Klkt)]

4. Results and discussion

The rate of ATP synthesis shows a Michaelis—-Menten type
hyperbolic dependence with respect to H:, as can be clearly
inferred from Eq. 10. Further, inspection of Eq. 11 indicates
that the rate of ATP synthesis follows a Michaelis-Menten
type of dependence on the activity ratio, H; /H,. This is
entirely consistent with recent experimental observations on
the influence of the activity ratio on the rate of ATP synthesis
[22]. A plot of vy, (calculated using Eq. 10) as a function of
—pHj, yields a sigmoidal relationship. Similarly, a sigmoidal
relationship is obtained for the rate of ATP synthesis (i.e. vsyn
using Eq. 11) as a function of ApH or with respect to pHoyt
for a particular value of pHj,.

Detailed experiments to study the dependence of the rate of
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ATP synthesis on pH;,, pHou and ApH have been carried out
on ATP synthase from various sources such as chloroplasts
[19,23], and E. coli [23]. Thus, the relative rate of ATP syn-
thesis (vsyn/vst) has been measured as a function of pHi, as
well as ApH for a wide range of pH,y values for the chlor-
oplast ATP synthase [19]. The relative rate of ATP synthesis
has also been plotted as a function of pH,y at five different
values of pHjy,. Standard rates (vs) were measured for each set
of experiments (constant pH,y, different values of pHj,)
under the same conditions with pHoy 8.5 and pHj, 5.1 [19].
Based on these experimental data, we have determined the
best-fit values of the three parameters, k.k.Eo, K;/K> and
(K +k:Eo/k¢), appearing in Eq. 11 of our kinetic model. The
values of these parameters are given in Table 1. Based on Egs.
10 and 11 of our kinetic model and these parameter values,
the relative rate of ATP synthesis has been plotted as a func-
tion of pHj,, ApH and pH, in Fig. 3a—c, respectively. These
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Fig. 3. Relative rates of ATP synthesis as a function of (a) pHj,;
(b) ApH; (c) pHou. Bold lines represent calculated rates using Egs.
10 and 11 of our kinetic model and the parameter values given in
Table 1. Points represent experimental data [19]: (a) pHou 9.3 (W);
pHow 9.0 (a); pHow 8.5 (®); pHow 8.2 (¢); pHow 7.9 (*); (b)
PHout 9.3 (m); pHout 9.0 (4); pHout 8.5 (@); pHoue 8.2 (¢); pHou
7.9 (*); (¢) pHin 4.5 (W); pHin 4.8 (a); pHin 5.1 (@); pHix 5.5 (#);
pHin 5.8 (*)
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Table 1
Parameter values for Eqgs. 10 and 11 obtained for the experimental
data on the pH dependence of ATP synthesis [19]

Parameter Value
ksk:Eo 57 57!
Ki/K, 900

Ky +kEolk, 107318 M

computed rates of ATP synthesis are found to agree well with
the experimental data over the entire range (pHoy 7.9-9.3) for
the same set of parameter values. It is all the more interesting
to note that this agreement between theory and experiment is
obtained even though the values of the standard rates of ATP
synthesis change substantially in the course of the experi-
ments.

Eq. 12 obtained by rearrangement of Eq. 10 contains Vyax,
K, and K as the enzymological kinetic parameters which can
all be experimentally determined. These enzymological kinetic
parameters can be expressed in terms of the above-mentioned
set of three parameter values (Table 1), as shown by Eq. 12 of
our kinetic model. This implies that the parameters have bio-
logical significance attached to them. The values of these en-
zymological kinetic parameters for chloroplast ATP synthase
from our kinetic model are tabulated in Table 2. Eq. 12 of our
kinetic model suggests the occurrence of competitive inhibi-
tion of ATP synthase by H! . as the inhibitor in the synthesis

out

mode. This implies that HJ, competes with HY, or the H
bound to the trailing Asp-61 residue changes the conforma-
tion of the leading Asp-61 residue, which is the binding site
for the H}, thereby not allowing H} to bind to the leading
Asp-61 residue. Hence, unless H; is released from the trailing
Asp-61 residue, binding of H; is not possible. Thus, for the
physiological mode of steady state ATP synthesis, Hy unbind-
ing and subsequent release must precede H; binding. Thus,
an order is imposed on binding and release events in the Fy
portion of the ATP synthase.

From Table 1, we see that the ratio of the dissociation
constants, K;/K, is high, which means that K; is high and/
or K; is low. This implies that H} is high and H} is low under
operating conditions for ATP synthesis. In order to maintain
the proton concentration gradient, H! needs to be high and
H/, needs to be low, i.e. pHoy > pHin, Which is indeed the
case physiologically. This points to the fact that ATP syn-
thesis is a regulated process. Had this not been the case,
ATP synthesis would be possible even at low H; and/or
high HZ,. This can also be inferred from Eq. 11; the max-
imum rate of ATP synthesis can be achieved at low H;. and/or
high H7,; (i.e. for a low value of H;}/H{ ) for small values of
K,/K>, which is not the physiological situation.

We have several comments on our kinetic model. Fig. 1
represents a possible charge geometry; however, our kinetic
model can accommodate other charge geometries. Moreover,

we are concerned primarily with the magnitude of the forces

Table 2
Enzymological kinetic parameters for Eq. 12 obtained for the exper-
imental data on the pH dependence of ATP synthesis [19]

Kinetic parameter Value
Vmax 57 S_]
K 6.6X107° M
Ki 7.3%x107° M
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and not with the amino acid residues responsible for the gen-
eration of these forces; hence our analysis is very general and
our results will not be affected by any modification in the
spatial charge geometry. Further, this analysis is independent
of the number of c-subunits in Fy; biochemical and genetic
studies [24,25] as well as a thermodynamic analysis of ATP
synthesis [26] suggest that the number of c-subunits is 12.
However, a recent structural study suggests a ring with 10
c-subunits for ATP synthase from Saccharomyces cerevisiae
mitochondria [27]. According to our kinetic scheme, these c-
subunits undergo a full and unidirectional rotation. Although
we have focused on the pH dependence of the rate of ATP
synthesis, our kinetic model is also applicable to the depen-
dence of the ATP synthesis rate on the electrochemical poten-
tial difference because our analysis is based on steady state
considerations for a constant value of the electrical potential.
The required equation can be readily obtained by substituting
for the activity ratio by the electrochemical potential differ-
ence using Mitchell’s chemiosmotic equation (see Section 1) in
Eq. 11. Finally, it is not correct to say that our kinetic model
is entirely based on proton concentrations; in fact, since all
the three enzymological kinetic parameters depend on k; (Eq.
12), which itself is a function of Ay, the rate of ATP synthesis
is based on both ApH and Ay.

A similar equation is applicable to ATP hydrolysis provided
H; and HY refer to the proton concentrations in the matrix
and inner membrane, respectively, and the labels ‘leading’ and
‘trailing’ of the Asp-61 residues are interchanged (with H
and H{ associated with the above leading and trailing Asp-
61 residues). This ensures that protons are translocated from
the matrix to the inner membrane during ATP hydrolysis.
Though K; and K>, the dissociation constants of the corre-
sponding elementary steps (Fig. 2), remain the same, however,
depending on the distances between the stator-rotor charges
and the environment, k, may not be the same in the hydrolysis
and synthesis modes of operation.

A major consequence of our kinetic scheme is that the two
components of the electrochemical potential difference, ApH,
and Ay (through k;) act at different elementary steps in our
molecular mechanism for torque generation by F, (Figs. 1
and 2), and each component can affect the rate of ATP syn-
thesis independent of each other. In fact, k; is a function of
Ay, and any change in Ay alters the rate of ATP synthesis by
changing the rate constant k, independently of the way a
change in ApH affects the rate of ATP synthesis. This can
also be seen from Egs. 10 and 11 and Fig. 3. For very high
values of ApH, the rate of ATP synthesis reaches a saturation
value; however, changing the value of Ay changes k., which
in turn alters the rate of ATP synthesis. This indicates that
ApH and Ay are kinetically inequivalent driving forces for
ATP synthesis. A mathematical analysis of the relation be-
tween Ay and ApH is currently being prepared for publication
(Jain and Nath, in preparation).

5. Conclusions

Based on a novel molecular mechanism of torque genera-
tion in ATP synthase, a kinetic model has been developed,
analyzed and compared with experimental data on the pH
dependence of the rate of ATP synthesis. The kinetic scheme
takes into account the roles of ApH and Ay in proton trans-
port and rotation of the c-subunit in the Fy portion of ATP
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synthase. Rotation of the c-rotor is driven only by Ay in our
kinetic scheme. The model agrees well with experimental data;
in fact, a single set of three enzymological kinetic parameters,
Vinax» Km and Kj, is found to be consistent with the experi-
mental data over the entire range of pH. Our kinetic model
imposes an order on binding and release events. An important
consequence of our model is that ApH and Ay are kinetically
inequivalent in driving ATP synthesis.
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