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The hydrolysis of 0.3 uM [a,y-**PJATP by 1 uM F,-ATPase isolated from the plasma membranes of Escherichia
coli has been examined in the presence and absence of inorganic phosphate. The rate of binding of substoichiomet-
ric substrate to the ATPase is attenuated by 2 mM phosphate and further attenuated by 50 mM phosphate. Under
all conditions examined, only 10-20% of the [&,y-32PJATP that bound to the enzyme was hydrolyzed sufficiently
slowly to be examined in cold chase experiments with physiological concentrations of non-radioactive ATP. These
features differ from those observed with the mitochondrial F,-ATPase. The amount of bound substrate in
equilibrium with bound products observed in the slow phase which was subject to promoted hydrolysis by excess
ATP was not affected by the presence of phosphate. Comparison of the fluxes of enzyme-bound species detected
experimentally in the presence of 2 mM phosphate with those predicted by computer simulation of published rate
constants determined for uni-site catalysis (Al-Shawi, M.D., Parsonage, D. and Senior, A.E. (1989) J. Biol. Chem.
264, 15376-15383) showed that hydrolysis of substoichiometric ATP observed experimentally was clearly biphasic.
Less than 20% of the substoichiometric ATP added to the enzyme was hydrolyzed according to the published rate
constants which were calculated from the slow phase of product release in the presence of 1 mM phosphate. The
majority of the substoichiometric ATP added to the enzyme was hydrolyzed with product release that was too rapid
to be detected by the methods employed in this study, indicating again that the F,-ATPase from E. coli and bovine

heart mitochondria hydrolyze substoichiometric ATP differently.

1. Introduction

The proton-translocating FF;-ATP synthases of en-
ergy-transducing membranes catalyze the synthesis of
ATP in response to proton electrochemical gradients
generated by electron transport processes. The en-
zymes are comprised of an integral membrane portion,
F;, which mediates proton translocation, and a periph-
eral component, F,;, on which the catalytic sites reside.
In its soluble form, which is more amenable to detailed
kinetic analysis, F, catalyzes net ATP hydrolysis. The
F,-ATPases are comprised of five different polypeptide
chains, designated a—e in order of decreasing M,. The
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subunit stoichiometry is a;B8;yde. In enzymes isolated
from different species, the a, 8 and y subunits are
each products of common evolving genes, whereas the
& and e subunits are not [1]. The molecular weight of
the F,-ATPase isolated from the plasma membranes of
E. coli (EF)), based on the stoichiometry and amino
acid sequences of its constituent subunit is 380000
(1,21

Extensive studies on the isolated F;-ATPase have
been made to elucidate the molecular mechanism of
the synthase on the assumption that the hydrolytic
reaction catalyzed by soluble F, is the reverse of ATP
synthesis. By adding ATP to MF, under substoichio-
metric conditions, which allowed less than one catalytic
site to be occupied, the following characteristic fea-
tures were revealed by Penefsky and his colleagues
[3-5]. (1) ATP binds to a single catalytic site rapidly
with very high affinity. (2) The equilibrium constant for
the interconversion of enzyme-bound products at the
high-affinity catalytic site is close to unity. (3) In the
absence of promotion caused by adding excess ATP to
bind to a second catalytic site, product release from the



single site is extremely slow. (4) Hydrolysis of ATP
bound to the single site and release of the products are
enormously enhanced when a second catalytic site is
occupied by the addition of excess ATP. This process,
which is known as uni-site catalysis, is considered to be
a partial reaction of the binding change mechanism for
ATP hydrolysis postulated by Boyer and his colleagues
[6,7]. The binding change mechanism was postulated to
provide an explanation for the disappearance of the
intermediate P; == HOH oxygen exchange reaction as
the ATP concentration is increased from 1 to 100 wM.
Whether cooperative ATP hydrolysis proceeds with
three equivalent catalytic sites participating sequen-
tially, as postulated by the Boyer’s laboratory or with
two of the potential catalytic sites hydrolyzing ATP
cooperatively and the third playing a regulatory role, as
suggested independently by Van Dongen and Berden
[8] and Fromme and Griber [9], remains unsettled.

The basic characteristics of hydrolysis of substoi-
chiometric ATP displayed by MF,, which according to
Penefsky and Grubmeyer [5] are observed only after
activation with millimolar concentrations of P;, are not
exhibited by all F-ATPases. When substoichiometric
[a,y-**P]JATP is hydrolyzed by the F,-ATPase isolated
from the plasma membranes of the thermophilic bac-
terium PS3 (TF, ) at 23°C in the presence or absence
of P,, substrate binding is rate-limiting [10]. Conse-
quently, bound, radicactive products are not detected.
Furthermore, promotion of catalysis by excess non-ra-
dioactive ATP is not observed. In experiments with
TF, at 60°C, addition of excess non-radioactive ATP
to enzyme loaded with substoichiometric radioactive
ATP caused about 10% promotion of hydrolysis of
radioactive substrate. However, tightly bound products
were not detected at this temperature after passing
reaction mixtures through centrifuge columns of
Sephadex. Therefore, the characteristics of hydrolysis
of substoichiometric ATP catalyzed by TF, and MF,
differ considerably. On the other hand, Kasho et al.
[11] have shown that TF, exhibits intermediate P,
HOH exchange during ATP hydrolysis that increases
significantly as the concentration of substrate is de-
creased. These results suggest that the uni-site catalysis
may not necessarily be related to the oxygen exchange
reactions. Hydrolysis of substoichiometric ATP by the
F;-ATPase isolated from the plasma membranes of E.
coli (EF,) have been examined in the laboratories of
Senior [12-14] and Futai [15,16). Although in these
laboratories it was observed that hydrolysis of substoi-
chiometric ATP by EF, is heterogeneous, these work-
ers concluded that it proceeds in essentially the same
way as described for MF, [12-16]. However, the amount
of enzyme-bound *2P species detected in these studies
were much less than those observed in studies with
MF, under comparable conditions [3-5].

This report compares hydrolysis of substoichiomet-
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ric ATP by EF, in the presence and absence of P, using
[a,y-32P]ATP as substrate in order to follow the fate of
both products. The experimental results obtained in
the presence of P, are compared with computer simula-
tions based on rate constants reported by Al-Shawi et
al. [13,14]. Although the experimental results in this
study are in good agreement with those reported from
the Senior [12-14] and Futai [15,16] laboratories, the
computer simulations of the rate constants reported
for hydrolysis of substoichiometric ATP by EF, [13,14]
are inconsistent with the experimental results reported
here and by others [12-16]). These discrepancies indi-
cate that the majority of substoichiometric ATP added
to EF, is hydrolyzed by a process other than from
which the rate constants were obtained.

Experimental procedures

Materials. The [a->?PJATP and [y-3*PJATP were
purchased from New England Nuclear or Amersham
International. Other chemicals were of the highest
grade commercially available. EF, was the generous
gift of Drs. Massimo Tommasino and Roderick Ca-
paldi. It hydrolyzed 14 umol of ATP per mg per min
when assayed at 30 °C. When submitted to polyacryl-
amide gel electrophoresis in the presence of sodium
dodecylsulfate and stained with Coomassie brilliant
blue, the enzyme was found qualitatively to be defi-
cient in, but not depleted of, the € subunit. After
passing the enzyme through a centrifuge column of
Sephadex G-50 equilibrated with Tris-H,SO, (pH
7.5)/1 mM EDTA, the endogenous nucleotide content
was determined to be 1.8 mol of ADP and 2.6 mol of
ATP per mol of EF,.

Preparation and treatment of reaction mixtures for
hydrolysis of substoichiometric [a,y-3*PJATP. Before
use in experiments, EF, was passed through a 1.0 ml
centrifuge column of Sephadex G-25 equilibrated with
50 mM Hepes-NaOH buffer (pH 7.4) /0.5 mM MgSO,.
The gel-filtered enzyme solution was diluted to contain
1.1 uM EF,, in 50 mM Hepes-NaOH (pH 7.4) /0.5 mM
MgSO,, with or without 2 mM sodium phosphate. In
these experiments, 44 ul of 1.1 uM EF, was pipetted
directly into 6 ul of 2.5 uM [a,y-¥*PJATP (0.3 uM
final concentration ), prepared as described [17] in a
10 X 75 mm test-tube using a Gilson Pipetman. For
each of the points indicated in the figures, a separate
reaction mixture was prepared and incubated at 23°C.
In acid-quench experiments, reactions were terminated
by adding 10 wl of 14% perchloric acid directly, whereas
in cold chase experiments they were terminated by
adding 10 ul of 14% perchloric acid 10 s after addition
of 5.5 ul of 50 mM MgATP. To determine bound
species, reaction mixtures were passed through 5 ml
centrifuge columns, equilibrated with 50 mM Hepes-
NaOH (pH 7.4) /0.5 mM MgSO,, directly into 20 ul of
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Fig. 1. Hydrolysis of substoichiometric [a,y-3>P]JATP by EF, in the presence of 2 mM P,. The reaction mixtures were prepared as described

under Experimental procedures. (A) Fluxes of bound plus free radioactive species. The abbreviations on the figure are: (cc), cold chase; and (aq),

acid quench. The ADP, P; curves represent the averages of the values for ADP and P, obtained in the acid quench and cold chase experiments.
(B) Fluxes of bound radioactive species.
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Fig. 2. Hydrolysis of substoichiometric [u,y-”P]ATP by EF, in the absence of P.. The reaction mixtures were prepared as described under
Experimental procedures. The abbreviations used are the same as those of Fig. 1. (A) Fluxes of bound plus free radioactive species. (B) Fluxes of
bound radiocactive species.
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Fig. 3. The effect of 2 mM and 50 mM P; on hydrolysis of substoichiometric [a,y->*PJATP by EF,. Reaction mixtures contained indicated
concentrations of sodium phosphate in addition to the components described under Experimental procedures. In acid-quench experiments
(unshaded boxes), perchloric acid was added 10 s after initiating the reactions. In cold chase experiments (shaded boxes), excess nonradioactive
MgATP was added 10 s after initiating the reactions which was followed 10 s later by the addition of perchloric acid. The details of acid quench

and cold chase experiments are described under Experimental procedures.



7% perchloric acid. Radioactive species were analyzed
by monitoring labeled ATP, ADP and P, which were
separated by ion-exchange HPLC as described previ-
ously [17].

Analytical methods. ATPase activity was assayed with
a regenerating system which contained 3 mM ATP, 5
mM Mg?*, 50 mM KCl, 2.0 mM phosphoenol pyruvate,
5 units of pyruvate kinase, 8 units of lactate dehydro-
genase and 0.3 mM NADH in 50 mM Tris-HCI (pH
8.0). Assays were performed at 30°C.

Reaction mixtures quenched with perchloric acid
containing [a,y->*PJATP, [a-* PJADP and [*’P]P, were
processed and analyzed for the quantities of radioac-
tive species present in the following manner. The sam-
ples were placed in ice for 30 min at which time
precipitated protein was removed by centrifugation in
a microfuge. The supernatants were neutralized with
2.5 plof 5 M K,CO;, placed in ice for 30 min, and
then centrifuged to remove KCIO,. The supernatant
thus obtained were submitted to anion-exchange HPLC
on a TSK DEAE-2SW (0.46 X 25 cm) column that was
equilibrated and eluted with 0.40 M sodium phosphate
(pH 6.0) at a flow rate of 0.8 ml per min at 23°C.
HPLC was performed with an Alex model 332 liquid
chromatograph as described in Ref. 17. Radioactivity
was determined with an on-line monitor equipped with
50 ul CsCl solid scintiliant cell (Radiomatic Flo-One).

To determine protein removed from centrifuge
columns during analysis of enzyme-bound species la-
beled with *2P, protein pellets obtained after precipita-
tion of enzyme with perchloric acid were resuspended
in 200 ul of 5% perchloric acid. The protein was
repelleted by centrifugation, freed of supernatant, and
then analyzed for protein by the method of Lowry et
al. [18]. The recoveries of protein from the centrifuge
columns varied from 65 to 85%. Therefore, for each
sample, a separate protein determination was per-
formed to calculate the enzyme-bound radioactive
species bound to the enzyme.

Computer simulation. A BASIC program using the
Runge-Kutta-Gill method was developed for computer
simulation of the rate constants of Al-Shawi and Se-
nior [13] and Al-Shawi et al. [14]. The program was run
on a NEC PC-9801 computer.

Results

Hydrolysis of substoichiometric [a,y-3?PJATP by EF, in
the presence and absence of P,

Figs. 1A and 2A provide a comparison of the fluxes
of radioactive species which develop after mixing EF,;
with [a@,y->*PJATP in the presence or absence of 2 mM
P,. From this comparison, it is clear that the rate of
binding of substoichiometric ATP to EF,; is diminished
significantly in the presence of 2 mM P;,. That P;
inhibits hydrolysis of substoichiometric ATP catalyzed
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Fig. 4. The effect of 2 mM P; on the hydrolysis of 1 pM [a,y-*?PJATP

by 1 nM EF,. Samples of 1 nM EF, were incubated with and without

2 mM P, in 40 mM Mes-SO, and 40 mM Tris-SO, (pH 7.5) contain-

ing 0.25 M sucrose and 0.5 mM MgSO, for 30 min before adding 1

w1 of 50 uM [y-*?PJATP. A separate reaction mixture was prepared

for each time indicated. Completed reactions were quenched by the
addition of 10 ul of 14% perchloric acid.

by EF, is further illustrated in Fig. 3, which compares
the extent of the hydrolysis of 0.3 uM [a,y-*>P]JATP by
1.0 uM EF, in the absence of P; or in the presence of 2
or 50 mM P,. These results clearly demonstrate that
the total amount of ATP committed to hydrolysis in 10
s decreased as the concentration of medium P; is
increased as a consequence of decreased rate of bind-
ing of substrate. In contrast, the extent of hydrolysis
promoted by the addition of 5 mM nonradioactive ATP
is about the same under all conditions as illustrated in
Figs. 1A, 2A and 3. However, the magnitude of pro-
moted hydrolysis of radioactive substrate from a pre-
loaded, single catalytic site by excess nonradioactive
ATP in these experiments is not nearly as great that
observed in comparable experiments with MF, [3-5,19].
The relatively weak cold chase observed for EF, in this
study is also evident in studies reported from the
Senior [12-14] and Futai [15,16] laboratories. In paral-
lel with the decreased rate of binding of substoichio-
metric ATP in the presence of P;, Fig. 4 shows that 2
mM P, inhibits hydrolysis of 1 uM ATP by catalytic
concentration of EF,.

The fluxes of enzyme-bound radioactive species
formed after adding [@,y-**P]ATP to EF, in the pres-
ence or absence of 2 mM P, respectively, are illus-
trated in Figs. 1 B and 2B. Under both conditions and
in the absence of promotion the amount of bound
[*?P]P, and [a-**P]JADP detected in 20 s is consider-
ably less than the total amount of [a,y->*PJATP hydro-
lyzed at this time. In the absence of P,, 73% of the
[a,y-*P]ATP added is hydrolyzed in 20 s. However, of
the products formed, only 31% of the [*?P]P, and 39%
of the [a-**PIADP remained bound to the enzyme in
this interval after passing the samples through cen-
trifuge columns of Sephadex G-50. In the presence of
medium P;, 37% of the added [a,y-**P]ATP was hy-
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Fig. 5. Computer simulation of hydrolysis of 0.3 uM ATP by 1.0 uM EF, using the rate constants reported in Refs. 13 and 14. The initial
conditions were set for [EF;]=1.0 uM and [ATP]= 0.3 pM. Integration was performed with a program written in N-88 BASIC using the
Runge-Kutta-Gill method. The rate constants used in the simulations were from Al-Shawi and Senior [13] and Al-Shawi et al. [14]. (A)
Simulation of fluxes of total species with (cc) and without (aq) cold chase. (B) Simulation of fluxes of bound species in the absence of cold chase.

drolyzed in 20 s. Of the products formed, 34% of the
[32P]P; and 71% of the [a-3*P]ADP were tightly bound.
Since the amount of bound [a-*?PJADP increased at
subsequent sampling times shown in Fig. 1B, part of
the [a-32PJADP bound at 20 s may be the result of
released product rebinding to noncatalytic sites.

Computer modelling of published rate constants to simu-
late hydrolysis of substoichiometric ATP by EF,.

The experimental results obtained in this study for
the hydrolysis of substoichiometric ATP catalyzed by
EF, are in good agreement with those reported by
other laboratories [12-16]. However, computer simula-
tions of fluxes of bound and free species calculated for
hydrolysis of substoichiometric ATP by EF, from pub-
lished rate constants [13,14], illustrated in Fig. 5, are
inconsistent with the experimental results presented in
Fig. 1 and those reported by other laboratories [12-16].

From comparison of the experimental fluxes of sub-
strate and products illustrated in Fig. 1A with the
computer simulations of the same fluxes calculated
from rate constants illustrated in Fig. 5A, it is clear
that the experimentally determined concentrations of
ATP, ADP and P, formed with and without promotion
with excess ATP are considerably different from those
modelled from the rate constants. Furthermore, the
amounts of bound species shown in Fig. 1B are much
less than those predicted from simulations presented in
Fig. SB. Computer modelling using the published rate
constants predicts that the amount of ATP, ADP, and
P; bound to the enzyme at 150 s, in the absence of
promotion, should be 43%, 57% and 50%, respectively,
of added ATP. However, the experimentally observed
values for bound species are 18% for ATP, 34% for
ADP and only 7% for P,. From the differences be-
tween experimentally determined and simulated values

for bound ADP, it could be argued that about 40% of
the added ATP is hydrolyzed rapidly via bi-site cataly-
sis caused by inadequate mixing. However, when ap-
propriate corrections were incorporated into the com-
puter model to account for 40% rapid, bi-site
catalysis *, the amount of P, observed to be bound to
the enzyme experimentally was still considerably less
than that predicted from the rate constants. With the
corrections, the amounts of ATP, ADP and P, pre-
dicted to be bound to the enzyme by computer simula-
tion are 26, 34 and 30% of the added ATP, respec-
tively. Clearly, computer modelling of the rate con-
stants for uni-site catalysis determined by Al-Shawi et
al. {13,14] does not adequately describe the fluxes of
substrate and products observed experimentally. Fur-
thermore, when the first-order release of P, from the
single catalytic site is extrapolated to zero time using
the rate constant of 1.0-1072 s~1 [13,14], it is esti-
mated that only 14% of the total ATP added to EF,
under the conditions of Fig. 1 forms P; which is re-
leased with this rate constant. Inorganic phosphate is
released from greater than 80% of the enzyme engaged
in hydrolysis of substoichiometric ATP at a rate that
could not be determined by the method employed.
Thus, the rate of P, release is clearly biphasic.

To assure that these characteristics are not re-
stricted to the experimental conditions of Fig. 1, fluxes
of ATP and P, were computed from published rate

1

* Initial conditions were set with [EF;]=1 uM and [ATP]=0.18
uM (60% of 0.3 uM). The remaining 40% of ATP added (0.12
M) was assumed to be hydrolysed at time zero. The hydrolysis
products were added to ADP and P; detected in hypothetical
quench determination. Rebinding of rapidly released product was
ignored. )
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Fig. 6. Comparison of computer simulation for hydrolysis of 1.0 uMATP by 1.0 uM EF,; and 0.25 uM ATP by 0.5 uM EF, with experimental

fluxes reported in Ref. 13 and Ref. 15, respectively for those conditions. The algorithm and rate constants are those of Fig. 5. (A) The initial

conditions for the simulation were [EF,]=[ATP]=1.0 uM. The experimental points were taken from the data presented in Fig. 2. of Al-Shawi

and Senior {13]. (B) The initial conditions for the simulation were [EF,]= 0.5 uM and [ATP]=0.25 uM. The experimental points were taken
from the data presented in Fig. 6 of Noumi et al. [15].

constants to simulate the experimental conditions of
Al-Shawi and Senior [13] when they examined hydroly-
sis of an equivalent amount of [y-**PJATP by EF,. A
comparison of computer simulation of bound radioac-
tive species during hydrolysis of 1 uM ATP by 1 uM
EF, calculated from published rate constants with the
experimental results of Al-Shawi and Senior [13] under
these conditions are presented in Fig. 6A. It is clear
that the experimentally determined, bound species are
much lower than the calculated amounts. Fig. 6B shows
a comparison of the experimental fluxes of bound ATP
and P, determined by Noumi et al. [15] after adding
0.25 uM [y-**PJATP to 0.5 uM EF, with computer-
simulated fluxes using the rate constants of Al-Shawi
and Senior [13]. Again, the experimentally determined
bound species are much less than those calculated
from the rate constants.

Discussion

It is clear from the results presented in this study
and those presented by the Senior [12-14] and Futai
[15,16] laboratories that classical features of uni-site
catalysis described by Penefsky and his colleagues [3-5]
for MF, are not exhibited when EF, hydrolyzes substo-
ichiometric ATP. At most,only part of the substoichio-
metric ATP added to EF, is hydrolyzed by a mecha-
nism in which bound products in equilibrium with
bound substrate are released slowly from a high-affin-
ity site. Instead, the majority of the substoichiometric
ATP added to the enzyme binds rapidly and is hydro-
lyzed with rapid release of products. Clearly, computer
simulation of the rate constants of Al-Shawi and Se-
nior, which were determined for the hydrolysis of sub-
stoichiometric ATP by EF;, is not consistent with the

experimentally observed fluxes of total and bound
species reported here and from the Senior [12-14] and
Futai [15,16] laboratories. On the other hand, com-
puter modeling of the rate constants of Grubmeyer et
al. [3], as amended by Cunningham and Cross [20],
determined for the hydrolysis of substoichiometric ATP
by MF, are somewhat more consistent with the experi-
mentally observed fluxes of total and bound species
reported by Penefsky and his colleagues {3-5].

It might be argued that the observed heterogeneity
is caused by extensive bi-site catalysis introduced by
inadequate mixing of substoichiometric substrate with
the enzyme. This appears not to be the case. Using the
same method of manual mixing employed in this study,
it was shown in a previous study that an MF, prepara-
tion hydrolyzed substoichiometric ATP in the presence
of 2 mM P, [19] with characteristics very similar to
those observed by Penefsky and his colleagues [3-5].
Since the rate of binding of substoichiometric ATP to
EF, is only 1% of that observed for the binding of ATP
to a single catalytic site of MF,, it is not likely that
significant bi-site catalysis took place during our exper-
iments reported here when 0.3 uM [a,y->?PJATP was
added to 1 uM EF,. Supporting this contention, Al-
Shawi et al. [14] have presented evidence that bi-site
catalysis did not occur during hydrolysis of substoichio-
metric ATP by EF, using another method of manual
mixing. The fluxes of bound and free species reported
by Al-Shawi et al. [14] are very much similar to those
reported here. Although Dunn et al. [21] assumed that
biphasic release of product that they observed when
examining hydrolysis of substoichiometric ATP by EF,
in the presence and absence of the e subunit was
caused by bi-site catalysis, experimental evidence was
not presented to support that this was indeed the case.
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As mentioned in Results, computer simulation of the
rate constants of Al-Shawi and Senior [13], even with
corrections for assumed bi-site catalysis, are inconsis-
tent with the experimental results reported here and by
others [12-16,21].

Several factors might be responsible for the hetero-
geneous hydrolysis of substoichiometric ATP by EF,
observed in this study and in others {12-16]. Owing to
partial loss of minor subunits or partial inactivation,
one might argue that the enzyme itself is heteroge-
neous. However, since our experimental results are in
good agreement with those obtained in other laborato-
ries with different preparations of EF,, enzyme hetero-
geneity does not appear to cause the heterogencous
kinetics observed. Another possibility is that the ob-
served heterogeneity is related to the endogenous nu-
cleotide content of the enzyme. The EF, preparations
used by the Futai and Senior laboratories [12-16]
contained about 5 mol of adenine nucleotide per mol,
which is about the same endogenous nucleotide con-
tent of the enzyme preparation used in this study. If it
is assumed that 3 mol of adenine nucleotide are bound
to noncatalytic sites, then the other 2 mol of endoge-
nous nucleotide would be randomly distributed over
three potential catalytic sites, thus causing the hetero-
geneous kinetics observed. It is clear that a minor
fraction of EF, hydrolyzes substoichiometric ATP with
slow release of products. From this observation, it
could be argued that this fraction represents enzyme
with three open catalytic sites. However, this possibility
is not supported by experiments reported by Hanada et
al. [16]. Although they demonstrated that the rate of
binding of substoichiometric ATP to EF, increased
significantly when 3 mol of endogenous nucleotide
were removed, the amount of chase promoted hydroly-
sis observed decreased. This is an enigma. In our view,
the factor or factors contributing to the heterogeneous
hydrolysis of substoichiometric ATP by EF, remain an
open question.

The results of this study clearly show that the rate of
binding of substoichiometric ATP to EF, is inhibited
by increasing concentration of P,. Similar results have
been reported by Hanada et al. [16]. According to
Penefsky and Grubmeyer [5], MF, must be activated
with P; (or ATP) to observe rapid binding of substoi-
chiometric ATP and to overcome a lag observed in
hydrolysis of 1 uM ATP by catalytic concentration of
the enzyme. In a previous study {19], using an MF,
preparation with a endogenous nucleotide content dif-
ferent from that used by Penefsky and Grubmeyer [5],
the hydrolysis of 1 uM ATP by catalytic concentrations
of enzyme proceeded without exhibiting a lag in the
absence of activation by P,. However, incubation of the
enzyme with 2 mM P, stimulated the rate of hydrolysis
of 1 uM ATP. In contrast, the hydrolysis of 1 uM ATP
by catalytic concentration of EF, is inhibited by 2 mM

P,. From this comparison, it is clear that millimolar
concentrations of P, have opposite effects on the ca-
pacity of the two enzymes to catalyze both single site
and multi-site hydrolysis of ATP.

That the characteristics exhibited when MF, hydro-
lyzes substoichiometric ATP under the conditions de-
scribed by Penefsky and his colleagues [3-5] may be
unique to the mitochondrial enzyme is also suggested
by the failure to reproduce these characteristics with
other F,-ATPases. The results presented here show
that, at most, only about 15% of the substoichiometric
ATP added to EF; is hydrolyzed slowly which would be
consistent with the mechanism described by Grub-
meyer et al. [3] and Cross et al. [4]. As mentioned in
the introduction, TF, hydrolyzes substoichiometric ATP
with rapid release of products. Promotion of hydrolysis
by a cold chase was not observed at 23°C and only a
slight amount was observed at 60°C [10]. Recently,
Fromme and Graber [9] reported that the activated,
reduced CF,F, complex from spinach chloroplasts and
reconstituted into asolectin liposomes hydrolyzes sub-
stoichiometric ATP with much higher rates of release
of P, (0.2 s7') and ADP (0.1 s™') than reported for
MF, [3].

Therefore, of the F;-ATPases for which hydrolysis
of substoichiometric ATP has been examined, slow
release of P, and ADP from the major portion of the
single catalytic site is only observed for isolated MF,
[3-5] or MF, in submitochondrial particles activated by
removal of its specific inhibitor protein [22,23].

Several mutant forms of EF, have been described
[12-16,24-26] with substitutions in either the a or 8
subunit, which show impaired hydrolysis of physio-
logical concentration of substrate, yet retain the capac-
ity to catalyze hydrolysis of substoichiometric ATP
added to them that proceeds with slow release of
products in a nearly unimpaired manner. It has been
suggested that these mutant enzyme forms cannot make
the transition from uni-site to multi-site activity when
substrate binds to additional catalytic sites. Thus, they
are thought to be deficient at sites which are involved
in site-site catalytic cooperativity. However, as is ob-
served here and elsewhere [12-16] for the wild-type
enzyme, only a small percentage of the substoichiomet-
ric ATP added to many of the mutant forms of EF; was
hydrolyzed with slow release of products. Because of
the variety of unknown factors that may impinge on
uni-site experiments, there should be more careful
attention in the interpretation of these results. Given
the lack of universality of hydrolysis of substoichiomet-
ric ATP with slow release of products by F,-ATPases,
it is possible that examination of hydrolysis of the

‘major fraction of substoichiometric substrate which

occurs with rapid release of products might be more
useful in uncovering differences in catalytic properties
between wild-type and mutant enzyme forms.
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