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Abstract

Mechanistic, kinetic and thermodynamic aspects of ATP catalysis by ATP synthase have been determined and analyzed.
Reversibility and irreversibility of catalysis in ATP synthase represent two contrasting modes of catalysis with important
implications for the molecular mechanism of ATP synthesis. To shed light on these aspects, we have developed kinetic
schemes for ATP synthesis and hydrolysis; analysis of these schemes reveals several novel features and provides new
directions for further research. First, the ratio of bound *?P; to total bound **P can be expressed in terms of the rate constants of
the elementary catalytic steps, which are characteristic properties of the system; therefore, results of classical cold chase/acid
quench 32P; experiments interpreted in terms of an equilibrium distribution of bound substrate and product at the catalytic site
can be explained by an irreversible mode of catalysis. Second, characterization of the mechanistic and kinetic properties
reveals the absence of cooperativity in ATP synthase, and that product release precedes substrate binding. Third, ApH and Ay
are kinetically inequivalent in driving ATP synthesis, and Ay is not the true driving force for ATP synthesis. Thermodynamic
analysis of ATP synthesis reveals a dynamically electrogenic but overall electroneutral mode of ion transport across the
membrane. The P/O ratio based on the torsional mechanism was obtained and was shown to explain the experimental
observations of the past 50 years and to be in agreement with the thermodynamic calculations. Taken together, these findings
necessitate a paradigm shift for understanding the molecular mechanism of ATP synthesis. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

ATP is synthesized by the enzyme ATP synthase (or
FoF; ATPase) [1-5], which transforms energy from a
transmembrane electrochemical gradient of protons
[6-8] or, in some cases, Na™ ions [9] into the chemical
energy of ATP. This enzyme, the smallest known
molecular machine, consists of two major parts
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[10,11]: a membrane-extrinsic, hydrophilic F; [12]
containing three o-, three -, and one copy each of
v-, 8-, and &-subunits, and a membrane-embedded,
hydrophobic F, [13,14] composed of one a-, two b-,
and 12 c-subunits with the catalytic binding sites
predominantly located in the B-subunits of F; at the
o—f interface [1]. ATP synthesis takes place by con-
formational changes at the catalytic binding sites [15—
18]. The exact mode of catalysis by ATP synthase
remains an enigma, despite intensive research by
several groups over the past several decades.
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In order to explain ATP synthesis, various mechan-
isms have been proposed which can be classified into
two broad categories based on the characteristics of
catalytic steps: reversible catalysis [2,7,19-21] and
irreversible catalysis [6,8,16,17,22-27]. The classical
cold chase/acid quench 3’P; experiments [19] are often
cited as evidence for reversible catalysis by various
groups. However, these experimental observations
without exception can be explained logically and
quantitatively by an irreversible mode of catalysis
as shown by a detailed kinetic analysis in this work.
From this analysis, we show that irreversible catalysis
can also be used to explain ATP synthesis by ATP
synthase. Further, kinetic analysis for irreversible
catalysis by the Fy and F; portions has been carried
out and various mechanistic and kinetic implications
have been discussed. We show the absence of coop-
erativity in ATP synthase, and kinetic inequivalence
between the components of Auy — Ay and ApH.
Finally, we perform a detailed thermodynamic analy-
sis of the torsional mechanism of ATP synthesis and
contrast it with the binding change mechanism.

2. Experimental background

A commonly-accepted concept for ATP synthesis is
that formation of enzyme-bound ATP from enzyme-
bound ADP and P; occurs reversibly with negligible
change in free energy [1,19]. As an independent line
of evidence in support of this concept, ATP hydroly-
sis experiments with mitochondrial F; in uni-site
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ATP,,

catalysis mode were performed, which led to the
conclusion that subsequent to binding of substrate,
an equilibrium is rapidly established in which the ratio
of bound ATP to bound hydrolysis products ADP and
P; is 2, i.e. the equilibrium constant for reversible
hydrolysis at the site is 0.5. [y-*>P]ATP was used as
substrate and the ratio of bound *2P;/total bound 2P,
where total bound 2P includes both bound 3%P; and
bound [y-3?P]ATP, was measured at different concen-
trations of F; and [y->*P]ATP and at different incuba-
tion times of the reaction mixture and was observed to
remain constant at one-third [19].

3. Kinetic analysis of ATP synthase
3.1. Kinetic scheme for ATP hydrolysis

A kinetic scheme based on a general sequence of
events leading to ATP hydrolysis which considers
irreversibility of the catalysis steps, as proposed rece-
ntly by some researchers [6,8,16,17,22-27] was devel-
oped, as depicted in Fig. 1a. In this kinetic scheme, E
represents the F-ATPase enzyme molecule, E.ADP
the enzyme—-ADP complex, E.ADP.P; the enzyme-
ADP-inorganic phosphate complex, and E.ATP the
enzyme—ATP complex. K; and K, denote the disso-
ciation constants of the corresponding elementary
steps (Fig. 1a). The k. denotes the rate constant for
conversion of E.ATP to E.ADP.P;, and k. the rate
constant for conversion of E.ADP.P; to E.ADP. The
k. stands for the constant of proportionality relating

K
P, > ADP < f2 ADP,, + E
+
P, k:
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EH", K . HYW+E
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Fig. 1. (a) Kinetic scheme for ATP hydrolysis by F;-ATPase. (b) Kinetic scheme based on the torsional mechanism of ATP synthesis by the F,

portion of ATP synthase.
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the rate of transport of adenine nucleotides by the
adenine nucleotide transporter to the corresponding
adenine nucleotide concentration gradients (Fig. 1a).
The subscripts cy and m denote concentrations in the
cytoplasm and mitochondrial matrix, respectively.

3.2. Prediction of ¥P;/*P ratio from the kinetic
scheme

From the kinetic scheme, we define

bound 32P [E.ADP.P;]

= = 1
! totalbound 2P [E.ATP] + [E.ADP.P;] M

Because of the irreversibility of the catalysis steps,
once ATP is bound to the F;-ATPase, it has to get
hydrolyzed to ADP and P,. As E.ADP.P; is an inter-
mediate in ATP hydrolysis, quasi-steady state con-
siderations imply that the rate of formation of
E.ADPP; is equal to its rate of consumption, i.e.

Vhyd = k:[E.ATP] = k/[E.ADP.P}] (2)
This implies that
k
[E.ADP.P;] = [E.ATP] (15) 3)
T
Substituting Eq. (3) into Eq. (1) leads to
ke
= 4
! ke + k] “)
Since f = 0.33 by experiment,
ke
=0.33
ke + K.
or
K =2k ®)

3.3. Quasi-steady state constant for irreversible
hydrolysis

From Eq. (4), we see that fis independent of both
the concentrations of the enzyme and the substrate as
well as the incubation time, as observed in the experi-
ments. Since &, and k; are rate constants, the fraction f
is a characteristic property of the system. Similar to
the equilibrium constant for reversible hydrolysis, we
define a quasi-steady state constant for irreversible
hydrolysis as K = rate constant for formation of

E.ADP.P;/rate constant for consumption of

E.ADP.P; = k =05 ©6)
ki

The kinetic scheme analyzes the sequence of events
occurring at a single site, which leads to the inference
that the fraction f remains constant irrespective of the
mode of catalysis, i.e. f = 0.33 for uni-, bi-, or tri-site
catalysis. Thus, the kinetic scheme provides an alter-
native interpretation of the experimental observations
and therefore, an irreversible mode of catalysis may
also be employed to explain catalysis by F;-ATPase.

4. Results and discussion
4.1. Kinetic model for the F; portion of ATP synthase

The possibility of irreversible catalysis in ATP
synthesis has important mechanistic implications.
Irreversibility in catalysis implies that catalysis in
both F, and F; portions is irreversible. A mechanism
that considers irreversibility is the torsional mechan-
ism of ATP synthesis [6,8,16,17,22]. A general kinetic
scheme was developed for ATP synthesis by the F;
portion of ATP synthase based on the irreversibility of
the P; binding and enzyme-bound ATP synthesis
elementary steps. Mathematical analysis of the kinetic
scheme under steady state operating conditions leads
to the following expression for the dependence of ATP
synthesis on the adenine nucleotide concentrations

v ADP,,
Vsyn = Vmax
i ADPy + Ku(1 + ATP.y/K))

(7

where V.., Km, and Kj are functions of the initial
enzyme concentration and the rate and equilibrium
constants of the elementary steps in the kinetic scheme
[17].

4.2. Absence of site-site cooperativity in ATP
synthase

The Michaellian nature of Eq. (7) indicates the
absence of cooperativity among the catalytic sites
of ATP synthase [16,17,28,29]. Although proposals
involving cooperativity have been made for several
decades [1,2,25,30-33], interactions among [-subu-
nits have neither been detected by direct experiments
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[33] nor shown to exist by theoretical considerations.
Thus, the molecular basis of cooperativity still
remains unelucidated [27]. The absence of any direct
evidence for cooperativity in ATP synthase is
explained, within the framework of the torsional
mechanism, by the fact that site—site cooperativity
does not exist [16].

4.3. Order of substrate binding and product release
in F]

Eq. (7) suggests the occurrence of competitive
inhibition of ATP synthase by ATP as the inhibitor
in the synthesis mode. This implies that the ATP
competes with ADP, or the bound ATP changes the
conformation of the site meant for ADP binding,
thereby not allowing the ADP to bind to the catalytic
site. Hence, unless product ATP is released, binding of
substrate ADP is not possible. Thus, competitive
inhibition imposes an order on binding and release
events, i.e. product ATP release must precede sub-
strate ADP binding. In contrast, mechanisms assum-
ing reversible catalysis, such as the binding change
mechanism [2,31,32], predict that substrate binding
precedes product release.

4.4. Mechanistic implications in Fy portion based on
the kinetic model

A similar steady state analysis was carried out for
the Fy portion of ATP synthase using the kinetic
scheme shown in Fig. 1b and the equation expressing
the pH dependence of the rate of ATP synthesis was
obtained as

(kokeEo)H;:
Vsyn =
YWUHS 4 (Ki /K, + (Ki + kEo k)

where k; is a proportionality constant between the rate
of rotation of the c-rotor and the rate of ATP synthesis.
Eq. (8) can be rewritten in terms of the enzymological
kinetic parameters V,,.x, Ky, and Ky [8]. This expres-
sion was compared to the experimental data [34] to
determine the values of the enzymological kinetic
parameters and the comparison between the simulated
values and the experimental data for chloroplast ATP
synthase for a single set of these parameters is
depicted in Fig. 2. Eq. (8) suggests the presence of
competitive inhibition by H}  as the inhibitor in the
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Fig. 2. Relative rates of ATP synthesis as a function of (a) Hj, (b)
H; /HZ,, and (c) H, for chloroplast ATP synthase. Bold lines

out out
represent calculated rates using Eq. (8) obtained from our kinetic

model and parameter values [8]. Points represent experimental data
[34] — (a and b) pHou: 9.3 (©); 9.0 (A); 8.5 (O); 8.2 (x); 7.9
(O); (©) pHin: 4.5 (©); 4.8 (A); 5.1 (O); 5.5 (x); 5.8 (D).

synthesis mode. This implies that H_,, competes with

H$, or the H];r bound to its binding site on the c-rotor
changes the conformation of the binding site for H; on
the c-rotor, thereby not allowing H; to bind to its
binding site. Hence, unless the binding site for H;' gets
unprotonated, binding of H; is not possible. Thus, an
order is imposed on binding and release events in the
F, portion of ATP synthase, i.e. during physiological
steady state ATP synthesis, H, unbinding and its
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subsequent release must precede H binding. The rate
constant for the rotation of the c-rotor, &, (Fig. 1b) is a
function of the electrical potential difference, Ay
[6,8,9,35] and since ApH and Ay act at different
elementary steps in the kinetic scheme based on our
molecular mechanism of torque generation [6,8], the
two components of the electrochemical potential dif-
ference, Auy [36,37], are kinetically inequivalent.
Further analysis using Eq. (8) by equating the rate
of ATP synthesis due to an increase of ApH by one unit
by increasing pH,, keeping pH;, constant with the
rate of ATP synthesis by increasing Ay (to a value
AY), keeping ApH constant at its original value leads
to the expression

k. 10[H /HZ, + (Ki/K>) + (Ki /HE,)]

out out

ke 10H} /HE, + (Ki/K>) + (10K, /Hy,)

©))

By comparing the observed rate of ATP synthesis by
chloroplast ATP synthase for ApH 4.4 at different Ay
[38] with Eq. (8), we observe that k, shows a cubic
dependence with respect to Ay and the principal result
for the rate of ATP synthesis in terms of ApH and Ay
works out to be

5701 + (Ay/42) |H;

in Ay with pH;, and Ay clearly indicates kinetic
inequivalence of the two driving forces.

4.5. Thermodynamic analysis of molecular
mechanisms for ATP synthesis

4.5.1. Energy transduction and ion transport in ATP
synthase

During hydrolysis of ATP, the y-phosphate bond of
ATP is cleaved, resulting in the products ADP and P;
along with ~35 kJ/mol of energy stored in the con-
formation of ATP. According to the binding change
mechanism, energy is required only for release of
synthesized ATP, but not for its synthesis [2,4,5,16].
This implies that E.ATP and E.ADP.P; are isoener-
getic. The binding change mechanism also conceives
P; binding to be spontaneous, which means that
E.ADPP; and E.ADP are isoenergetic too. On the
other hand, according to the torsional mechanism,
all the elementary steps require energy, and the
ion—protein interaction energy obtained from the ion
gradients is used for synthesizing ATP, for P; binding,
and for straining the B—¢ bond in order to enable ADP
to bind. The energy to release preformed ATP from the

Vsyn
out

where Ay, (=42 mV) is the value of the electrical
potential difference due to the charge configuration
and/or the diffusion of anions when there is no
externally applied electrical potential. Eq. (10) can
be used to simulate the rate of ATP synthesis as a
function of ApH as well as Ays. The simulated rates of
ATP synthesis as a function of pH;, at constant pH,
for various values of Ay, and as a function of Ay for
various values of pHj,, keeping pH,,, constant are
shown in Fig. 3. From the cubic dependence of &, and
k! in Eq. (9) on Ay and Ay, respectively, the values
of Ay’ to match the rate of ATP synthesis obtained by
increasing ApH by one unit can be calculated (Fig. 4).
If ApH and Ay had been kinetically equivalent
driving forces, we would have obtained horizontal
lines because the increase in Ay required to match
the rates would have remained constant irrespective
of the value of ApH, as predicted by a model con-
sidering kinetic equivalence. However, a variation

" HY 1 900H, + (1.8 x 10-) + 4.8 x 10-5[1 + (Ay/42)]]

(10)

tight catalytic site (Bpp) is provided by the formation
of the B—¢ ester linkage [6,16,17,22]. The comparison
of energy requirement for ATP synthesis in the two
mechanisms is depicted in Fig. 5, and the differences
between the two mechanisms are highlighted. As per
the torsional mechanism, since the system functions in
a nonequilibrium steady state, and the mode of cat-
alysis is irreversible, the Gibbs free energy cannot be
employed to study the thermodynamic aspects of the
energy transduction process in ATP synthase. Further,
the binding change mechanism fails to explain the
conversion and utilization of the total energy of the ion
gradients (Fig. 5).

An extensive study is needed to understand energy
coupling in the F, portion of ATP synthase. ATP
synthesis has been demonstrated with the enzyme
molecule isolated, purified, and reconstituted into
liposomes, which do not contain any redox complexes
[9,34,35,38]. Therefore, either Ay is not created, or it
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Fig. 3. Simulated rates of ATP synthesis catalyzed by chloroplast
ATP synthase. (a) Rates of ATP synthesis as a function of pH;, at
various values of Aiy. The value of pH,,, was kept constant at 9.3
and pH;, was changed from 2.9 to 5.9. The Ay values for the
curves (from bottom to top) were 0, 80, 108 and 152 mV,
respectively. (b) Rates of ATP synthesis as a function of Ay at
various values of pH;,. The value of pH,, was 9.3 while Ay was
varied from O to 160 mV. The pH;, values for the curves (from
bottom to top) were 6.6, 5.5, 4.9 and 4.7, respectively.

is created in the vicinity of the ATP synthase enzyme
complex, i.e. Ay is localized. Since ApH supplies only
half the energy requirement for ATP synthase, the rest
has to be supplied by a locally present but independent
source of Ay. One possible explanation suggested by
several research groups is electroneutral transport of
ions [39-42]; however, we postulate a dynamically
electrogenic but overall electroneutral ion transport
involving membrane permeable anions (such as suc-
cinate), and protons. In fact the importance of these
membrane-permeable anions has been repeatedly
emphasized [9,41-43]. In order to utilize the energy
of the anion gradient, the anion flows along its con-
centration gradient through the membrane in the
vicinity of the enzyme complex and creates a Ay
(negative inside) of —60 mV. This is followed by the
transport of protons through the proton half-channel
[6,8] along its concentration gradient. The proton
binds to the essential Asp (or Glu) residue of the

400 -
300 -
S
£ 200 | x
>
<100 | x
0 1 1 1 |
0 1 2 3 4 5 6

AbPH

Fig. 4. Kinetic inequivalence of Ay and ApH in driving ATP
synthesis. The figure shows the electrical potential difference (Ay/’)
required to match the rate of ATP synthesis by chloroplast ATP
synthase due to an increase in ApH of one unit (by increasing pHoy,
by one unit, keeping pH;, constant at 4.0). The curves represent
different initial values of Ay (Ay; from bottom to top) of 0, 80, 108
and 152 mV, respectively. The graph should be interpreted as
follows. If ApH is increased from ApH; to ApHy keeping Ay fixed
at Ay;, then, to match the rate due to this increase in ApH, the Ay
value needs to be increased to the value Ay’ corresponding to
ApH = ApH; and the curve for which Ay = Ay;.

c-rotor resulting in a change in the overall Ay,
A(Ay) of approximately 60 mV (30 mV due to
ApH across the entry proton half-channel, and
30 mV due to change in Ay upon proton binding to
the Asp residue). The energy released in this step
rotates the c-rotor by 15°. The incoming Asp residue
releases its bound proton at the a—c interface, resulting
in a A(Ay) of ~60 mV (30 mV due to ApH across the
exit proton half-channel, and 30 mV due to change in
Ay upon proton unbinding from the Asp residue) and
a consequent rotation of the c-rotor by 15°. During
each 15° rotation of the c-rotor, the ion—protein inter-
action energy is transiently stored as twist in the
helices of the 10 membrane-bound c-subunits. The
simultaneous untwisting of the c-subunit helices
drives the rotation of the e-subunit and the bottom
of the y-subunit by 15°, and the ion—protein interaction
energy is now stored as torsional energy in the y-
subunit. In this way, through cation binding within the
electrostatic potential field created by the transport of
anions, the enzyme is able to utilize the energy of both
the delocalized ApH and the localized Ay.

When the K™ -valinomycin system is used, the H"
moves in response to K" transport, and therefore, as the
concentration of K*—valinomycin is increased, H™
transport increases and the rate of ATP synthesis
correspondingly increases. However, when the K
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Fig. 5. Energy of the ion gradient as a function of the reaction coordinate during ATP synthesis by ATP synthase according to (a) torsional

mechanism and (b) binding change mechanism.

transport attains a maximum limit upon saturation, the
rate of ATP synthesis also becomes constant. This is in
complete agreement with the experimental observa-
tions that the K*/H™ ratio increases with an increase in
K" concentration and becomes constant at 4 for very
high K™ [39,40]. The dynamically electrogenic but
overall electroneutral ion transport implies that if the
transmembrane potential (Ayr) is measured with nano/
microelectrodes, the potential should be close to zero,
as found by direct measurements on giant mitochond-
ria [41,42]. The anion and the proton are transported
back to the outside against the concentration gradients
by the redox complexes, thereby storing the energy of
oxidative phosphorylation as proton and anion gradi-

ents. In this context, we predict that Complex II in the
respiratory chain (succinate ubiquinone oxidoreduc-
tase) transports anions against the concentration gradi-
ent and thus plays a key role in energy coupling. Hence,
the proposed mechanism of dynamically electroge-
nic but overall electroneutral ion transport explains
all the experimental observations on ATP catalysis.

4.5.2. Mechanistic P/O stoichiometry in oxidative
phosphorylation

The question of mechanistic P/O stoichiometries
has been the subject of extensive studies for over 50
years [44,45]; yet it remains an unresolved issue [46].
To address this aspect, we consider the dynamically
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electrogenic but overall electroneutral ion transport
for the complete process of oxidative phosphorylation
in mitochondria. ATP synthesis is regulated by its
demand for various cellular processes; when ATP*~
is required, it is transported out from the matrix to the
cytoplasm along its concentration gradient. The elec-
trical potential thus created drives ADP*~ along its
concentration gradient to the mitochondrial matrix in
exchange for ATP*~ by the adenine nucleotide trans-
porter. The resulting unbalanced potential causes
HPO42_ to move into the matrix, and the OH™ pro-
duced during ATP synthesis in the F; portion of ATP
synthase [16,47] is driven out of the mitochondria in
exchange for the HPO,>~ by the HPO,> /OH ™ anti-
porter. The OH™ released per ATP produced is neu-
tralized by a proton from the external medium,
forming water. Thus, we need four protons to synthe-
size one molecule of ATP and one proton to neutralize
the released OH ™, i.e. 5 H"/ATP overall. In each cycle
of oxidative phosphorylation, 12 protons are pumped
out by the redox complexes with NADH-related sub-
strates such as 3-hydroxybutyrate, and eight protons
are transported from the matrix to the inner membrane
against the concentration gradient with succinate as
substrate. This implies that the mechanistic P/O ratio
equals 12/5 (=2.4) and 8/5 (=1.6) for 3-hydroxybu-
tyrate and succinate, respectively, for the overall
oxidative phosphorylation process. This P/O ratio
corresponds to the physiological steady state mode
of operation. However, if only the coupling between
the redox complexes and ATP synthase is considered,
then the P/O ratio equals 12/4 (=3) and 8/4 (=2) for 3-
hydroxybutyrate and succinate, respectively [23,24].
The experimentally observed P/O ratio will be lower
than the mechanistic P/O due to the presence of proton
leak through the membrane, as found [24,48,49]. It is
worthwhile to note that if unsteady state experiments
(pulse mode experiments) are carried out, the
observed P/O ratios will depend on the time of incu-
bation with 2.4 (complete neutralization of OH ™) and
3.0 (no neutralization of OH ") as the theoretical lower
and upper limits (without considering proton leaks).
Thus, if the system is incubated for short durations
(<1 min), all the OH™ released by the population of
the ATP synthase molecules will not be neutralized by
H™, and the observed P/O ratio will be higher than that
observed for steady state operation or for systems
incubated for long durations (>2 min). According to

the above analysis, the observed P/O (or Jp/Jo) should
show a continuously decreasing trend with time during
the state 3 to state 4 transition due to the progressive
neutralization by protons of the hydroxyl ions released
into the external medium. This is in complete agree-
ment with classical experimental data recorded by
Slater et al. for respiring mitochondria [48]. The
consistently observed increase in the magnitude of
the phosphorylation affinity (Ap) with time [48] during
the state 3 to state 4 transition is explained by the
progress of the system from the initial unsteady state
non-optimal operation to its steady state optimal
operation. The decrease of the P/O ratio with increase
in (the magnitude) of Ap agrees with the nonequili-
brium thermodynamic analysis of oxidative phosphor-
ylation also [24]. In a systematic experimental
investigation of mechanistic P/O ratios for mitochon-
drial oxidative phosphorylation [49], long incubation
times of 4.5 min led to the lower values of the P/O
stoichiometries of 2.27 for 3-hydroxybutyrate and
1.48 for succinate as substrate, as predicted by our
analysis above. The same analysis can also be
employed to explain the variation in observed P/O
ratios with successive additions of substrate ADP to
mitochondria [50]. In this study, for pyruvate + malate
as substrates, P/O ratios as high as 3 and 2.6 were
observed in the presence of EDTA and MgCl,, respec-
tively, for short incubation times of <60s. The
observed decrease in the P/O ratios (from 3.01 to
2.87 and from 2.58 to 2.51) occurs due to the un-
neutralized OH™ remaining in the medium from the
previous incubat-ion. The longer incubation time dur-
ing the second incubation (e.g. ~100s instead of
~50s for the EDTA case and ~75s instead of
~50 s for MgCl,) step led to partial neutralization
of the OH™ remaining in the medium from the first and
the second incubation steps, which was reflected in a
slight increase (2.87-2.91 for EDTA) or a constant
value (2.51 for MgCl,) of the P/O ratio during the third
incubation step.

One view to explain different P/O ratios for differ-
ent classes of organisms is to consider variability in
both the molecular mechanism as well as the stoichio-
metry of proton transport and ATP synthesis with the
source of the enzyme [46]. However, considering our
molecular mechanism and the energetics of the oxi-
dative phosphorylation process, we believe that a
universality in the mechanistic, kinetic and thermo-
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dynamic characteristics of the system is operative. A
possible explanation of the variations in the number of
c-subunits and stoichiometries in some experiments
[46] is the absence of the a-subunit during the forma-
tion of the c-ring. The a-subunit may be a critical
determinant of the size of the c-ring and may well
dictate the assembly of the individual c-subunits into
the complete c-rotor.

Since, the phosphate potential (x = Ap/Ap) can be
looked at as the fraction of the oxidative phosphoryla-
tion energy for synthesizing each ATP molecule, x can
be taken as 1/3 and 1/2 for 3-hydroxybutyrate and
succinate, respectively, which is in accordance with
the experimental measurements for the state 3 phos-
phate potential in rat liver mitochondria [51,52].
Hence, for short incubation times, the mechanistic
stoichiometry in the absence of proton leak, Z = 3 for
3-hydroxybutyrate, which corresponds to a degree of
coupling, g =0.982 [24,51] or n =35 [51], which
implies that the system optimizes output power, effi-
ciency, and developed phosphate potential. On the
other hand, for steady state operation or for long
incubation times, Z = 2.4 for 3-hydroxybutyrate
which corresponds to a ¢ = 0.986 or n = 6, which
implies that the system optimizes output power, effi-
ciency, and developed phosphate potentials due to
protons as well as anions. The occurrence of n = 6
for steady state operation, which is the physiological
mode of operation, supports the dynamically electro-
genic but overall electroneutral ion transport discussed
in the previous section. Hence, knowledge of the
underlying molecular mechanism of ion translocation
permits the assessment of the final mechanistic stoi-
chiometries for the oxidative phosphorylation process.

5. Summary

In summary, we have defined a quasi-steady state
constant for ATP hydrolysis and shown it to be the
ratio of the rate constants of the catalytic steps, and
thereby a characteristic property of the system. Hence,
the experimental observations can be explained by an
irreversible mode of catalysis. Mathematical analysis
of our proposed kinetic schemes based on irreversible
catalysis enabled the study of the mechanistic and
kinetic characteristics for both the F, and F; portions
of ATP synthase in great detail. We find that there is no

site—site  cooperativity among catalytic  sites
[16,17,28,29] and that ATP release precedes ADP
binding in the F; portion of ATP synthase. A single
equation with a single set of enzymological kinetic
parameters explains the experimentally observed pH
dependence of the rate of ATP synthesis over the entire
range. We have also simulated the rate of ATP synth-
esis as a function of ApH and Ay and our general
analysis predicts the rates of ATP synthesis by chlor-
oplast ATP synthase under any set of operating con-
ditions. Our analysis also shows that ApH and Ay are
kinetically inequivalent driving forces in ATP synth-
esis [6,8,35,38] and that Auy does not drive ATP
synthesis. Further, the change in Ay needed to match
the rate due to a change in ApH has been quantified.
The apportioning of energy of the ion gradients among
the elementary steps leading to ATP synthesis based
on the torsional mechanism has been depicted and the
differences vis-a-vis the binding change mechanism
have been highlighted. Consideration of the ion trans-
port across the membrane points to a dynamically
electrogenic but overall electroneutral mode of trans-
port. A detailed sequence of events for ion transport
has been proposed and all the experimental observa-
tions in this context without exception have been
explained. The mechanistic stoichiometry has been
predicted based on the torsional mechanism and has
been shown to explain the wealth of experimental data
on the P/O ratios and be in agreement with the
thermodynamics. These results point to the urgent
need for a paradigm shift in the approach, thinking,
analysis and interpretation to elucidate the molecular
mechanism of ATP synthesis by ATP synthase.
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