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Mechanism of ATP Synthesis by Mitochondrial ATP Synthase
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Previous studies of the rate constants for the elementary steps of ATP hydrolysis by the soluble
and membrane-bound forms of beef heart mitochondrial F; supported the proposal that ATP
is formed in high-affinity catalytic sites of the enzyme with little or no change in free energy and
that the major requirement for energy in oxidative phosphorylation is for the release of product
ATP.

The affinity of the membrane-bound enzyme for ATP during NADH oxidation was calcu-
lated from the ratio of the rate constants for the forward binding step (k, ;) and the reverse
dissociation step (k_;). k_; was accelerated several orders of magnitude by NADH oxidation.
In the presence of NADH and ADP an additional enhancement of k_; was observed. These
energy-dependent dissociations of ATP were sensitive to the uncoupler FCCP. k| was affected
little by NADH oxidation. The dissociation constant (K, o 1p) increased many orders of magnitude
during the transition from nonenergized to energized states.
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The transfer of reducing equivalents in the elec-
tron transport chain of mitochondria can generate
vectorial protons capable of supporting ATP syn-
thesis (Mitchell, 1961). As originally proposed by
P. D. Boyer, energy made available by proton trans-
locations can be utilized to alter conformational states
of the FoF; ATPase that result in ATP formation and
release (for a review see Boyer, 1993). This review
discusses changes in the catalytic sites of the FyF,
ATPase that can account for the reactions of ATP
synthesis.

W. P. Jencks has emphasized the role of the
intrinsic binding energy as a driving force in catalysis
(Jencks, 1975, 1989). According to Jencks, high-
affinity binding of ATP in the active site of an enzyme
“pulls” the equilibrium toward ATP formation
(Jencks, 1989). In contrast, binding of ADP and Pi
is relatively weak. The weak binding of ADP and Pi
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can be related to destabilization forces in the catalytic
site. Release of these forces favors ATP formation
(Jencks, 1989). Thus, the energy difference between
tight binding of ATP and loose binding of ADP and
Pi (the interaction energy) is a critical factor in the
formation of ATP (Jencks, 1989). The enzyme-—
substrate complex (see below) represents a higher
energized state, so that ADP and Pi can readily
react to form ATP (Jencks, 1989).

Based on the observation that the Pi = HOH
oxygen exchange reaction catalyzed by submito-
chondrial particles was less sensitive to uncouplers,
Boyer and coworkers concluded that the reversible
formation of ATP was independent of proton flux
(Boyer et al., 1973). In contrast, the Pi= ATP
exchange, a reaction requiring dissociation and
rebinding of ATP, was highly sensitive to uncou-
plers. This observation raised the possibility that the
energy of proton transductions is required, at least in
part, for release of bound ATP (Boyer et al., 1973;
Boyer, 1993).

Unisite catalysis is defined as ATP hydrolysis in a
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single catalytic site of multisite ATPases (for review
see Penefsky and Cross, 1991; Penefsky, 1986). Cata-
lysis at a single site of the enzyme is characterized by
the foliowing properties: (a) The affinity of the site for
ATP (K, srp) is very high, 102M. (b) Negative
cooperativity in binding. (¢} The rate of hydrolysis
of ATP in a single catalytic site is slow; the turnover
number is 1073571, (d) Cooperativity between cataly-
tic sites; ATP hydrolysis is accelerated to 600 s ! (as
much as five orders of magnitude) when substrate is
made available to additional sites on the enzyme
(Penefsky and Cross, 1991). The elementary steps
for ATP hydrolysis in a single catalytic site of soluble
beef heart F; (Cross et al., 1982; Grubmeyer et al.,
1982) and membrane-bound (FyF;) (Penefsky,
1985a) were determined under unisite conditions.
These steps are summarized below:

Step 1 Step 2 i
F; + ATP == F,-ATP == F,;-ADP-Pi
Step 3 Step 4

Pi ADP
Z—F,.ADP Z£= F,

Step 1 represents the formation of the enzyme—
substrate complex (F;-ATP). The bimolecular rate
constant describing the binding of [y-2PJATP by F,
the “on” rate (k;), is fast (6 x 106M™! sﬁl). However,
the first-order rate constant describing [y-2PJATP
dissociation from the enzyme-substrate complex,
the “off” rate (k_;), is slow (7 x 1076 S*I). The disso-
ciation constant (that is, the equilibrium constant,
K;arp) for ATP bound in a high-affinity catalytic
site, calculated from the ratio of the reverse (k_;)
and forward (k) rate constants is 1072 M. Thus,
under unisite conditions, addition of [7-32P]ATP to
F; is followed by rapid binding of added ATP and
virtually no dissociation.

Step 2 is the catalytic step. Products remain
bound in the catalytic site. The equilibrium constant
(K3) is near unity, suggesting that this step takes place
with little or no change in Gibbs free energy.

" Steps 3 and 4 are product release steps. Pi and
ADP dissociate from the enzyme at slow and
apparently equal rates. k_; and k_4 are 4 x 10735
(Cunningham and Cross, 1988). These latter rates
define the net rate of hydrolysis under unisite conditions.

The properties of unisite catalysis, as described
above, support the binding change mechanism
(Boyer, 1993; Rosing er al., 1977, Kayalar et al.,
1977). Reversible ATP formation takes place with
little or no change in Gibbs free energy, is not
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coupled to proton translocation, and is insensitive to
uncouplers. The release of product ATP is the energy-
requiring step in the ATP synthesis. Binding of ADP
and Pi are energy-requiring reactions (Boyer, 1993).

The energy-dependent release of ATP bound in
high-affinity catalytic sites of submitochondrial
particles from beef heart was studied under unisite
conditions during oxidation of reduced respiratory
chain substrates (Penefsky, 1985b). Rapid rates of
ATP dissociation were observed. The rates were
commensurate with the rate of ATP synthesis cata-
lyzed by the same particles (Penefsky, 1985b). The
NADH-stimulated dissociation of [y->’PJATP was
prevented by either FCCP or oligomycin (Penefsky,
1985b).

These properties of the high-affinity catalytic site
of beef heart mitochondrial ATPase support the con-
clusion that this site is a competent catalytic site. It
participates in hydrolysis at V,,,, rates, is accessible to
cooperative interactions between catalytic subunits,
and can utilize energy released during proton flux
(Penefsky, 1985b; Penefsky and Cross, 1991). Unisite
catalysis closely similar to that of beef heart mito-
chondria has been described for soluble F; from
years mitochondria (Mueller, 1989) and Escherichia
coli (Noumi et al., 1986; Al Shawi and Senior, 1988).
There were also similarities in chloroplast FyF;-type
ATPase (Graber, 1986). Yohda and Yoshida (1987)
found little or no evidence for unisite catalysis in the
ATPase of the thermophilic bacterium PS3 when ATP
was used as a substrate. However, an acceleration in
the hydrolysis of trinitrophenyl-ATP (TNP-ATP) was
observed when the enzyme was switched from con-
ditions of unisite to multisite catalysis (Hisabori
et al., 1992). Such an acceleration is diagnostic of
unisite catalysis (Penefsky and Cross, 1991).

An analysis of the soluble F; ATPase from E. coli
plasma membranes found that enzyme preparations
lacking the § subunit exhibited the rate accelerations
characteristic of unisite hydrolysis of ATP while
enzyme preparations containing a full complement
of the é subunit did not show such accelerations
(Xiao and Penefsky, 1994). Reconstitution of a
5-subunit enzyme by incubating 4-subunit prepara-
tions (lacking the  subunit) with a purified prepara-
tion of subunit § was accompanied by disappearance
of the response to a cold chase. Because the 6 subunit
was required for binding of the soluble enzyme to
F,-depleted vesicles (Bragg et al., 1973; Futai et al.,
1974; Sternweis and Smith, 1977, Engelbrecht and
Junge, 1990; Mendel-Hartvig and Capaldi, 1991), it
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might be expected that membrane-bound E. coli FyF,
would not exhibit rate accelerations characteristic of
unisite catalysis. An absence of cold-chase accelera-
tion of ATP hydrolysis by E. coli vesicles was in fact
noted. However, after extraction of the vesicles with
KCl, cold-chase accelerations were observed and
moreover, ATP bound in high-affinity catalytic sites
of membrane-bound E. coli F; was subject to energy-
dependent dissociation (Xiao and Penefsky, 1994).

Recently, we examined the kinetic properties of
FoF,-ATPase from beef heart mitochondria during
NADH oxidation in the presence and absence of
ADP (Souid and Penefsky, 1994). The first-order
rate constant for dissociation of bound [y->*P]JATP
from high-affinity catalytic sites of submitochondrial
particles (k_;) was accelerated several orders of
magnitude by NADH oxidation. In the presence of
NADH and ADP, an additional enhancement in k_;
was observed. The bimolecular rate constant for
binding of ATP to high-affinity catalytic sites of the
enzyme (k) was affected little if at all by NADH or
NADH and ADP. The dissociation constant (K; atp)
increased more than seven orders of magnitude during
the transition from nonenergized to energized states
(Souid and Penefsky, 1994).

The ADP-promoted dissociation of ATP was
observed only during respiration and was sensitive
to FCCP (Souid and Penefsky, 1994). Thus, part of
the energy of respiration was utilized by the enzyme to
bring about cooperative interactions between sub-
units, facilitating product release (Souid and
Penefsky, 1994). Cooperative interactions also were
observed during ATP hydrolysis (Grubmeyer and
Penefsky, 1981a,b) and ATP synthesis (Matsuno-
Yagi and Hatefi, 1985). Addition of excess ATP
(cold chase) or ADP promoted the hydrolysis of
bound [7—32P]ATP in nonenergized membranes and
the dissociation of bound [7-32P]ATP in energized
membranes (Souid and Penefsky, 1994). Thus, coop-
erative forces are directed toward facilitating product
ATP release during respiration (Souid and Penefksy,
1994).

To illustrate the discussion, a representation of a
reaction mechanism for ATP synthesis in accord with
the concepts of binding energy, binding change
mechanism, and unisite catalysis is shown in Fig. 1.
The catalytic steps at a single site are shown in A. The
energy level of the conformational states of a catalytic
site during ATP synthesis is shown in B. Possibie
conformational states of the F; complex are pre-
sented in C. The first step of the forward reaction
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Fig. 1. Reaction Mmechanism for ATP Synthesis. (A) The cata-
lytic steps at a single site. (B) The energy level of the conformational
states of a catalytic site during ATP synthesis and hydrolysis. (C)
Possible conformational states of the F, complex.

(ATP synthesis) couples binding of ADP and Pi to
proton translocation from the intermembrane space
(D to the mitochondrial matrix (M) (Fig. 1A). The
captured energy of proton translation is utilized to
overcome the loss of entropy of binding of ADP
and Pi (Jencks, 1989). This energy is stored in a
higher-energized state of the enzyme, E, (Fig. 1B,
ATP synthesis). Destabilization forces are respon-
sible for the energized E,-ADP-Pi complex
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(Fig. 1B). Release of these forces favors ATP forma-
tion (Jencks, 1989). In step II, the reversible formation
of ATP occurs independent of proton translocation,
that is, the reaction is insensitive to uncouplers.
During synthesis, ATP formation is driven by the
free energy of binding of product ATP. Tight binding
of ATP occurs in the high-affinity catalytic site
observed during unisite catalysis (Fig. 1B, ATP
hydrolysis). In step 111, the energy of proton translo-
cation from I to M is captured to lower the affinity of
the enzyme for ATP, thus promoting its release.
Proton translocation from I to M requires that ATP
formation should take place at the catalytic sites. In
the absence of net phosphorylation (due to, for
example, ADP depletion) generated protons fail to
translocate and inhibition of respiration supervenes
(respiratory control). The formation energy (equiv-
alent to binding energy) of ATP may be captured by
F, in conformational changes that are necessary for
proton translocation (Fig. 1C). Each of these catalytic
steps, including those which are independent of pro-
ton translocation, can be inhibited by compounds
such as oligomycin or dicyclohexylcarbodiimide,
both of which bind to the F, portion of the FyF;
complex. This observation supports the suggestion
of long-range interactions between subunits of the
enzyme during ATP synthesis (Penefsky, 1985c).

The first step in ATP hydrolysis is the binding of
ATP in high-affinity catalytic sites of the enzyme
(Fig. 1B, ATP hydrolysis). The free energy of binding
of ATP is coupled to proton translocation from M to
L. In step II, the reversible hydrolysis of ATP is inde-
pendent of proton translocation (Fig. 1A). Release of
ADP and Pi (step III) relieves the destabilization
forces and regains the loss of entropy of bound
ADP and Pi. These reactions drive the net movement
of protons from M to I (Fig. 1B).
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