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Orlando Bonifacio Martins, A. Gbmez-Puyou and M. Tuena de Gbmez-Puyou 
Institute de Fisiologia Cehdar, Universidad National Authnoma de Mekim, Apartado Postal 70-600, D.F. M&i&b &ty, Mxica 

Accepted 15 October 1987 

H+-ATP synthase; Mitochondria; ATP synthesis 

A brief survey is made of the function of the H+-ATP synthsse of mitochondria with emphasis on how it is regulated. A main 
regulatory factor is a low molecular weight protein whose binding to the enzyme appears to be essential for optimal acoumulation of 
ATF’ as driven by electron transport. The ATP synthase is also controlled by ADP that, by biding to a site in the enzyme, inhibits 
ATP hydrolysis. Data on the spontaneous synthesis of a tightly bound ATP are discussed. Apparently, this requires proper subunit 
interactions to yield a competent catalytic site. 

phosphorylated enzyme intermediates have been 
detected during the operation of catalytic cycles. 
Thus, the precise molecular events that occur dur- 
ing synthesis and hydrolysis of ATP appear to be 
difficult to unveil. A second point is how the 
enzyme is regulated. In recent years, evidence has 
accumulated that indicates that the enzyme has 
complex regulatory mechanisms. These essentially 
involve the function of a low-molecular-mass pro- 
tein known as the ATPase inhibitor protein [6], 
and of adenine nucleotides that may bind to the 
enzyme. With respect to adenine nucleotides, it 
has been shown that the enzyme possesses six 
binding sites for adenine nucleotides, three being 
catalytic whereas the other three are noncatalytic 
[5,7,8]. Finally, since the function of the enzyme is 
to produce ATP, the most important point is to 
ascertain the mechanism of how the enzyme trans- 
forms the energy of electrochemical H+ gradients 
into that of the j3-y pyrophosphate bond of ATP. 
It is clear that all three processes are intimately 
related, and that in the background of the process 
is a complex molecular structure. Nevertheless, for 
the sake of clarity, these three points will be 
treated separately stressing the regulation of the 
enzyme and energy transduction, since these are 
two aspects of the enzyme which we have studied 

1. Introduction 

In the energy-transducing membranes of 
mitochondria, chloroplasts, photosynthetic bacte- 
ria, and the plasma membrane of bacteria, elcc- 
tron transport results in the formation of electro- 
chemical H+ gradients. These in turn are utilized 
by H+-ATP synthases for driving synthesis of 
ATP from ADP and phosphate [l-3]. The enzyme 
may also function as an ATPase, i.e., it hydrolyzes 
ATP with formation of electrochemical H+ gradi- 
ents. The H+-ATP synthases may be classified 
among the various ion-translocating ATPases. 
However, the structure of the former is more 
complex, at least with respect to the number of 
subunits which is significantly much larger in the 
H+-ATP synthases [3,4]. 

In order to understand fully the mechanism 
through which the ATP synthases carry out the 
synthesis of ATP, there are essentially three points 
that must be clarified. The first is catalysis; in 
contrast to other ion-translocating ATPases, ATP 
synthases have three catalytic sites [5], and no 
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in more detail. The reader is referred to excellent 
recent reviews on various aspects of H+-ATP syn- 
thases [l-4,9,10]. 

At this point, it is worthwhile to recall briefly 
some aspects of the structure of the enzyme that 
are relevant to the experimental data that will be 
discussed. The H+-ATP synthases contain a mem- 
brane sector known at F,, that is deeply embedded 
in the membrane. Its function is to mediate the 
transport of H+ across the membrane to a compo- 
nent known as Fi where synthesis and hydrolysis 
take place. F0 is composed of at least three defi- 
nite subunits (a-c) [11,12]. The most thoroughly 
studied component [13] is a proteolipid (subunit c) 
that binds dicyclohexylcarbodiimide (DCCD); its 
binding abolishes H+ translocation. H+-ATP syn- 
tbases also corrtain a molecular entity known as 
F,; this is where synthesis and hydrolysis of kTP 
are catalyzed. Fr may be easily detatihed from the 
membrane and purified as a water-soluble protein 
[14,15]. In its soluble form, Fi catalyzes the hy- 
drolysis of ATP. The latter is the function of Fi 
that has been most extensively studied, but re- 
cently it has been found that the enzyme may also 
catalyze the synthesis of enzyme-bound ATP 
[16-191. Fi is composed of five different subunits 
a[s, &, y, S, and c in the indicated stoichiometry 
and in order of decreasing molecular mass. The 
molecular mass of the complex has been calcu- 
lated to be 347 kDa [14]. 

In mitochondria from bovine heart, the proper 
attachment of Fi-F, for tight coupling requires 
additional proteins, oligomycin-sensitivity con- 
ferring protein (OSCP) [20], F, [21], and a protein 
that has been extensively studied by Sanadi and 
co-workers [22], viz., factor B. These proteins are 
devoid of catalytic properties, but it is very likely 
that they affect catalysis by Fi and certainly H+ 
conduction through F, to Fi. In some energy- 
transducing membranes such as those of Eache- 
richia coli, OSCP does not exist as a separate 
molecular entity, but instead its structure is em- 
bedded in other subunits of the enzyme [23]. 

Finally, H+ -ATPases have a low-molecular- 
mass protein that inhibits the hydrolytic activity 
[6]. It has been reported that it controls the kinetic 
properties of the enzyme [24]; it also affects H’ 
conduction [25] through F, even though the pro- 
tein binds to one of the &subunits of Fi [26]. 

2. Catalysis 

Synthesis and hydrolysis of ATP are catalyzed 
by the F, component of the ATP synthase. As 
mentioned above, it is composed of five different 
subunits, as, rS,l y, 6 and e. It is generally accepted 
that the catalytic site lies within the /3-subunit; as 
there are three /?-subunits per enzyme, there are 
three catalytic sites per molecular entity. Thus, 
any mechanism that is proposed for catalysis must 
account for the existence of three catalytic sites. in 
principle, the three could function independently 
(or two may be independent of the third one), or 
alternatively the three sites may function through 
a concerted mechanism. Based on the findings of 
Boyer and co-workers [27-301, the latter possibil- 
ity has received considerably atttention. In the 
mechanism proposed by this group, it is visualized 
that release of product ATP in the synthetic direc- 
tion (or ADP and Pi in the hydrolytic direction) is 
facilitated by the binding of substrate in an alter- 
nate catalytic site. Of relevance to this mechanism 
are the elegant experiments of Grubmeyer and 
Penefsky [31,32]; they were able to measure hy- 
drolysis by a single catalytic site of Fi .by using 
concentrations of substrate lower than that of the 
enzyme. Under these conditions, it was found that 
the enzyme had very high affinity for substrate, 
and that hydrolysis took place at very low rates. 
When the enzyme was switched from single-site to 
two-site catalysis by raising the substrate con- 
centration, the hydrolytic activity increased 106- 
fold. Moreover, the authors showed that the in- 
crease in activity was due to 106-fold increase in 
the rate of product release from one site upon 
binding of substrate to another. 

Nevertheless, the proposed mechanism is not 
generally accepted [33,34]; indeed, there are a 
number of experiments that at least for the mo- 
ment are difficult to explain unequivocally through 
a ‘binding change’ mechanism. Of relevance to the 
mechanism of catalysis by Fi is that there exist 
data on the structure of Fi at 9 8, resolution [35], 
and on its amino acid sequence [36] as well as 
cross-linking [37] studies indicating that the en- 
zyme possesses an asymmetric /3-subunit or an 
asymmetric a-j3 domain. The reason for this 
asymmetry is not well understood, but a priori it 
may be assumed that asymmetry has implications 
for the possible function of the three catalytic sites 
of Fi. 
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3. Regulation Table 1 

The ATP synthase can $xpress its catalytic 
properties either through synthesis or hydrolysis 
of ATP. Nevertheless, the data J&d in table 1 
show that through various treatments it is possible 
to prepare particles exhibiting a greater than 20- 
fold difference in hydrolytic activity; notwith- 
standing these differences, the various types of 
particles synthesize ATP at nearly equal rates. It is 
pertinent to add that as shown in previous works 
[24,38], the different behavior of the various types 
of particles is not due to a different degree of 
coupling or respiratory rates. Rather, the data 
reflect the fact that rates of hydrolysis do not 
necessarily correlate with rates of synthesis. That 
is, the enzyme possesses mechanisms of control 
that may be expressed to a different extent in 
either its hydrolytic or synthetic direction. 

Synthesis and hydrolysis of ATP by submitochondrial particles 
with various levels of control by the inhibitor protein 

Mg-ATP particles were prepared by sonication of bovine heart 
mitochondria in the presence of Mg-ATP as described in ref. 
38. All or most of the ATP synthases are complexed with the 
inhibitor protein. From these particles, ‘state 3’ particles were 
prepared according to ref. 24 following the procedure described 
by Van de Stadt and Van Dam [72]; this procedure partially 
relieved the inhibitory action of the inhibitor protein. Also, 
from Mg-ATP particles ‘noncontrolled’ particles were pre- 
pared as described in ref. 38; these are particles in which most 
of the inhibitory action of the inhibitor protein has been 
abolished. Synthesis of ATP was measured in an incubation 
medium that contained 25 mM Tris-HCl, pH 7.4, 20 mM 
succinate, 10 mM MgCI,, 15 mM 32Pi phosphate, 30 mM 
glucose and 10 U hexokinase, the incubation time being 4 min. 
Temperature, 3O*C [38]. Hydrolysis was measured in the 
presence of an ATP-regenerating system and 1 pM FCCP as 
described in ref. 73. 

A well-known factor of control of the ATP 
synthase is a low-molecular-mass protein first iso- 
lated by Pullman and Monroy [6] from bovine 
heart mitochondria and described as being very 
effective inhibitor of ATP hydrolysis. Proteins with 
similar characteristics have been isolated from 
many types of energy-transducing membranes 
[39-431. It has been docum$ed that the different 
hydrolytic activiti of the various types of paiticles 
as given in table 1 is due to their different content 
of inhibitor protein or to a change in the control 
of the enzyme by the protein [24,38,44]. Under the 
conditions of the experiment described in table 1, 
the data may suggest that the inhibitor protein 
does not affect ATP synthesis. However, this is 
not entirely correct, since studies of ATP synthesis 
as driven by electron transport in a time range of 
seconds showed that particles rich in inhibitor 
protein presented a ‘lag’ of l-3 s before steady- 
state ATP synthesis was attained 145-471. This 
was ascribed to the time required for relief of the 
inhibitory action of the protein in the process of 
ATP synthesis. Thus, the inhibitor protein does 
affect the enzyme not only in the hydrolytic, but 
also in the synthetic direction. 

Particles 

’ Mg-ATP’ 
‘State 3’ 
‘ NonumtroUed’ 

carried out in the presence of an ATP trap, a 
condition in which the ATP formed was not al- 
lowed to accumulate in the media. In the absence 
of an ATP trap, it was found that much less ATP 
accumulated in the media when the enzyme con- 
tained particles devoid of the protein [38]. This 
was explain4 by-means of a mechanism in which 
the inhibitor protein inhibited hydrolysis of ATP 
that was formed through oxidative phosphoryla- 
tion. The action of the protein serves to affect the 
kinetics of the enzyme; its effect is to increase the 
time of release of ADP from the catalytic site 
when the enzyme works in the hydrolytic direction 
[24]. The overall data indicate that the protein is 
essential for maximal net formation of ATP in 
systems such as mitochondria which intrinsically 
contain high concentrations of ATP [49,50]. 

Although the data in table 1 indicate that equal 
rates of ATP synthesis may occur in particles 
which are rich or depleted of inhibitor protein, it 
should be pointed out that the experiments were 

In addition to the inhibitor protein, the cata- 
lytic activity of F, is also controlled by other, 
factors. An important one is ADP. There are 
numerous reports indicating that the binding of 
one ADP to F1 promotes inhibition of hydrolysis 
[50-531. Interestingly, the inhibitory ADP may 

Activity (rmol min-’ mgl’) 

Synthesis Hydrolysis 

0.16 0.3 
0.19 2.2 
0.15 7.1 
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arise from the hydrolysis of ATP under conditions 
in which binding of medium ADP is prevented 
(O.B. Martins et al., unpublished results). All the 
observations strongly suggest that at least one of 
the adenine nucleotide binding sites of I$ has a 
regulatory function. 

4. Energy 

The function of the ATP synthase is to trans- 
form energy of electrochemical H+ gradients into 
the /3-y pyrophosphate bond of ATP. Thus, the 
central question concerning this enzyme is how 
this is brought about. As a first approach, it would 
be of importance to ascertain the step or steps of 
the catalytic cycle at which energy is required. 
Boyer and co-workers [29,30,54] have thoroughly 
studied the exchange in Fi that occurs between the 
y-phosphoryl oxygens of ATP and the oxygens of 
water during hydrolysis of ATP. From the char- 
acteristics of the reaction, it was concluded that 
reversal of hydrolysis may occur at the catalytic 
site. In other words, at the catalytic site synthesis 
and hydrolysis of ATP may take place before 
ADP and Pi are released into the medium. Along 
this line, under conditions for single-site catalysis, 
it was possible to determine the equilibrium con- 
stant for ATP hydrolysis at the catalytic site; the 
value obtained was near unity [55]. These observa- 
tions indicate that at the catalytic site no input of 
energy is required for synthesis of ATP. This is in 
marked contrast to the overall process of ATP 
hydrolysis which occurs with a large energy change 
[56,57]. 

More recent considerations [58,59] of the free 
energy changes during hydrolysis of ATP and 
other compounds that belong to the class of ‘high 
energy’ indicated that intramolecular effects such 
as opposing resonance and electrostatic repulsion 
are of secondary importance, and that the dif- 
ferences in salvation energy of reactants and prod- 
ucts were the predominant free-energy contribu- 
tions to’ the large negative free energy of hydroly- 
sis of these molecules. More recently, De Meis 
[60], in an impressive ,work on the free energy of 
hydrolysis of pyrophosphate in media in which the 
structure of water svas altered by cosolvents, 

showed that the free energy of hydrolysis reached 
values of 5 kcal/mol lower than in totally aqueous 
media. Thus, it would seem that the energy re- 
quired for synthesis of the 8-y pyrophosphate 
bond of ATP is critically dependent on the char- 
acteristics of the environment in which the reac- 
tion is carried out. 

Of great significance to ascertaining the role of 
water in the process of energy transduction in 
biological membranes was the observation that 
phosphorylation of the acyl residue at the catalytic 
site of the Cay+-ATPase of sarcoplasmic reticulum 
by Pi is largely facilitated by cosolvents that alter 
the aqueous structure of the media [61]. Similar 
data have been obtained with other ATPases (for 
a review, see ref. 62). Therefore, it has been pro- 
posed [60,61] that the main energy barrier for 
synthesis of ‘high-energy phosphates’ from 
medium phosphate would be the partitioning of 
the highly polar phosphate into the hydrophobic 
pocket of the catalytic site. Once phosphate is in 
such environment spontaneous synthesis of acyl 
phosphates would take place in the ATPases that 
function through a phosphorylated intermediate. 
For Fi in which no phosphorylation of the enzyme 
takes place, an analogous situation would prevail, 
except that the species to be phosphorylated would 
be ADP that lies at a catalytic site. 

This possibility has been experimentally ex- 
amined, and it was found that in soluble Fr 
synthesis of ATP is achieved [16-191 by incuba- 
tion of Fi that has bound ADP with Pi, Mg2+ and 
an organic cosolvent such as dimethyl sulfoxide 
(Me$O). The ATP thus formed is not released 
into the medium, but remains bound to the en- 
@me. In the synthesis of ATP in the presence of 
MqSO the K, value for Pi is approx. 1 mM, 
whereas in totally aqueous media is above 100 
mM [16,19]. Thus, by diminishing the difference 
iu hydrophobicity between the media and the 
catalytic site, by means of organic cosolvents, the 
entrance of Pi into the catalytic site, and the 
subsequent phosphorylation of ADP are largely 
facilitated. Phosphorylation of the Ca2+-ATPaae 
of s~Ec@.s~~c~ reticulum by Pi shows a similar 
behavior [61]. These overall findings are consid- 
ered to be strong evidence in favor of the pos- 
tulate that the major energy barrier for ATP 



O.B. Martins et al/Properties and regtdation ojmitochonhial H ‘-A TP synthe 115 

synthesis is the partitioning of polar substrates 
from an aqueous medium into the hydiophobic 
catalytic site. In this respect, it is of interest that 
the establishment of electrochemical H+ gradients 
significantly increases the affinity of the enzyme 
for Pi and ADP [27,63]. However, this does not 
exclude the possibility that in addition to the 
binding of substrates the release of product ATP 
is not an energy-requiring process. 

As mentioned before, Fr has three catalytic 
sites, each localizd to each of the three #I-subunits 
of the enzyme. Gromet-Elhanan and co-workers 
[64,65] have succeeded in the isolation of the 
&subunit of chromatophores from Rhodospirillum 
rubrum [64,65]. The isolated subunit can recon- 
stitute photophosphorylation of chromatophores 
depleted of the subunit. This research group has 
also shown that the &subunit possesses two bind- 
ing sites for adenine nucleotides [66] and another 
for Pi [67]. Along the same lines, Harris et al. [68] 
reported that the purified &subunit exhibits the 
ability to hydrolyze ATP, albeit at rates much 
lower than those of the whole enzyme. 

We have purified the &subunit from chromato- 
phores of R. rubrum, as well as that from Fr of 
mitochondria of bovine heart following the estab- 
lished techniques [65,67]. The purpose was to de- 
termine whether the isolated subunit could cata- 
lyze synthesis of ATP under conditions similar to 
those in which soluble Fr catalyzes de synthesis of 
tightly bound ATP [16-191. Although, in agree- 
ment with Harris et al. [68], our preparation of the 
/3-subunit from R rubnun exhibited ATPase activ- 
ity, in repeated attempts under a number of condi- 
tions we failed to detect synthesis of ATP by 
B-subunits from either heart or chromatophores 
(table 2). We consider these negative findings of 
importance in the sense that they indicate that the 
separation of the &subunit from the rest of the 
structure abolishes the capacity of the catalytic 
site to form ATP, but not to hydrolyze it. 

Even though it has been described that the 
isolated &subunit possesses two binding sites’ for 
adenine nucleotides [66], it has been shown that 
the cr-subunit also has a site for adenine nucleo- 
tides [9,69]. This evidence was obtained from 
binding data with isolated subunits and affinity 
labeling measurements. Taking all of the various 

Table 2 

ATP hydrolysis and ATP synthesis by /%subtmits from 
Rhodarpirillum r&urn and bovine heart mitochondria 

~-subunit from R rubrwn was prepared ss described in refs. 
65 snd 67 while that of bovine heart mitochondria was pre- 
pared according to ref. 74. The assay media for hydrolysis 
contained 50 mh4 Triciae, pH 8.0, 1 mM M&l,, 0.1 mM 
[Y-‘~P]ATP (13.6 Ci/mol) and 25 cg /3-subunit. For the 
synthesis of tightly bound ATP the mixture cuntained~50 mM 
Mops, pH 7.0, 5 mM MgCl,, 40% DMSO, 2 mM 3:Pi (45 
Ci/mol), Q.2 mM ADP and 100 ag &subunit (see ref. 19). 
Both reactions were carried out over a period of 60 min 
incubation at 30 o C. 

&subunit 
Kalrce 

R. rubrum 
Mitochondria 

Hydrolysis 
(nmol mm-l 

mS_‘) 

6.8 
14.0 

Synthesis 
(mol ATp/ 
mol &subunit) 

< 0.01 
0.03 

findings into consideration, it is likely that in the 
whole enzyme, at least one biding site for adenine 
nucleotides lies in the interphase between a- and 
/I-subunits. This type of arrangement has been 
previously proposed [65,70,71]. Our findings with 
the isolated &subunit indicate that in the isolated 
form the subunit does not have a hydrophobic 
pocket where spontaneous synthesis of ATP may 
take place. Therefore, it would appear that only 
through the interaction of a /.% with an a-subunit 
can such molecular arrangement be achieved. 
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