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Cooperativity Between the Enzymatic Sites of F1ATPase
Revisited by the Use of HPLC Methods
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The fundamental question of the cooperativity between the enzymatic sites of F|-ATPase is
examined in the light of new measurements of the enzymatic rate of ATP hydrolysis by
CF1, the enzyme isolated from spinach chloroplasts. The experimental data, obtained with a
chromatographic method, fit a model that involves two kinds of independent enzymatic sites
working with metal-free ATP, with no need of cooperativity between the sites. Binding measure-
ments between ADP or ATP and CF1 by the chromatographic method of Hummel and Dreyer
(1962) also support this conclusion. The present data and interpretation are in agreement with
those reported recently (Reynafarje and Pedersen, 1996) which show that the first order rate
constant of ATP hydrolysis by MF1, the analogous enzyme from mitochondria, is virtually
constant under experimental conditions involving either unisite or multisite hydrolysis of ATP.
The present data and interpretation are discussed together with those reported previously, in
particular with regard to the methods that were used to support the commonly accepted
opposite viewpoint.
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INTRODUCTION

F-type H+-ATP synthases are membrane-bound
enzymes present in chloroplasts, mitochondria, and
certain bacteria that catalyze the phosphorylation of
ADP to ATP using a transmembrane proton gradient
as a source of energy. The F1 part of the protein com-
plex has the stoichiometry a3B 3-yoe, is hydrophilic,
and can be isolated from the whole enzyme. The bind-
ing sites for nucleotides are located on this part, which
retains, when isolated, the ability to drive the hydroly-
sis of ATP. The mechanism of this hydrolysis reaction
has been studied for more than 30 years and, recently,
the structures of the enzymes from bovine heart(l) and
the a3B3 subcomplex from the thermophilic bacterium
Bacillus PS3(2) have been resolved by X-ray diffrac-
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tion. The commonly accepted scheme for ATP hydroly-
sis involves a binding change mechanism(3,4) between
the three nucleotide binding sites of the B subunits
acting sequentially. The rotation of the y subunit with
respect to the rest of the enzyme has actually been
observed under some particular conditions.(5)

An additional property, which has been reported
for the F| enzyme, is the cooperativity between the
enzymatic sites: positive cooperativity of catalysis and
negative cooperativity of binding.(3,4,6,7) Numerous
reports appear to be in favor of the theory of coopera-
tivity between the nucleotide binding sites, however a
number of reports,(8-11) including a recent one, demon-
strate the Michaelian character of the FrATPase.

FrATPases can be isolated from a variety of dif-
ferent sources. The enzymes from chloroplasts, mito-
chondria, Escherichia coli, Bacillus PS3, and
Rhodospirillum rubrum have been used in enzymatic
studies. If qualitative differences exist between the
enzymes from different sources, it may be thought
that, given the similarity of their primary structures,
all must share the main common properties such as
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the subunit interactions, the nucleotide binding sites,
and the mechanism of ATP hydrolysis, and that the
discrepancy of the results cannot be reasonably
ascribed to a difference in the material used. It must
be noted, however, that the ATPase from chloroplasts,
CF|, is a latent enzyme that must be adequately acti-
vated. Different protocols have been reported by vari-
ous groups, but the most frequently used treatment
involves heating the enzyme in the presence of a large
excess of ATP and dithiothreitol.(12)

Various experimental methods have been used to
measure the enzymatic rate of F1,-ATPase. The first
group of methods includes those in which the phos-
phate released from ATP was measured without separa-
tion from the other products,(13) after extraction of the
complexed Pi,

(14) precipitation of this complex,(5) or
with radioactive ATP, by adsorption on charcoal of
the unmodified ATP.(16) The release of protons due to
hydrolysis of ATP has also been measured by means
of a pH indicator (17) or by using a pH Stat.(l8) The
chemiluminescent method based on the luciferin/lucif-
erase reaction is a sensitive method that can be used
for monitoring ATP hydrolysis.(19) The majority of
these studies have been carried out with an ATP-regen-
erating system, that involves phosphoenolpyruvate and
pyruvate kinase, in order to maintain a constant sub-
strate concentration. The reaction was monitored either
by the release of phosphate (20) or by the decrease of
the absorbance due to NADH in the presence of lactate
dehydrogenase.(21)

The binding of nucleotides to F1-ATPase has also
been measured using different experimental methods.
The isotope trapping method of Rose(22) has been used
by Cross et al.(7) and Grubmeyer et al. (6) to determine
the dissociation and association rates of nucleotides
on ATPase and, therefore, the KDs for nucleotides on
catalytic sites. The separation by rapid chromatography
on Sephadex columns, as described by Penefsky,(23) has
been widely applied for the determination of binding
constants of nucleotides.(6,24–26) Several physical meth-
ods do not require separation of bound nucleotides.
These include fluorescence emission of the CF|-
tetracycline complex (27) or of ethenoadenine ADP
bound to CF1,

(28) which is modified by nucleotide bind-
ing, and the differential UV absorption spectroscopy
of nucleotides, (26,29,30) which is based on the modifica-
tion of the spectrum due to the hydrophobic conditions
in the nucleotide binding pocket (30) or the circular
dichroism of the ADP molecule, which is changed
when bound to CF|.(31) The fluorescence (32) or the
UV-visible spectral changes (33) induced by binding of

analogs of natural nucleotides like TNP ADP and TNP
ATP have also been studied, as well as the modification
of the fluorescence of the tryptophan probes incorpo-
rated near the nucleotide binding sites by site-directed
mutagenesis(34–36) or the steady-state fluorescence
intensity of maleimide attached to B-Cys-63 of
CF1. (37) The binding of nucleotides has also been mea-
sured using equilibrium dialysis, which is a method
that is theoretically suitable in any situation, particu-
larly for systems with low affinity.(24,30,33)

Besides the materials and the methods used for
the enzymatic measurements, the conditions of the
measurements may also be an important source of
discrepancies. The ionic strength and the pH of the
medium both act on Km and Vm, as well as on the
dissociation constants. In addition, numerous sub-
stances like bicarbonate and sulfite anions, DMSO,
DNP, methanol, and octylglucoside have been shown
to enhance the hydrolytic activity of CF| and have
been routinely used in kinetic studies, although the
precise effect on the kinetics of F1 is unclear.

The effect of the divalent cations, especially Mg2+

and Ca2+, must be examined separately. This is because
these cations are normal constituents of the cell and
also because they are able to modify the enzymatic
rate by several orders of magnitude. The range of
concentrations for these cations that is usually explored
includes the micromolar and millimolar concentra-
tions. In fact, because Mg2+ and Ca2+ form complexes
with nucleotides, the important parameter for the enzy-
matic measurements appear to be the ratio of total
ATP and Mg2+ concentrations [ATP]t/[Mg2+]t. The
dissociation constants of divalent metal cations with
ATP are in the 10–4–10–5 M range (38) and it is virtually
unanimously accepted, but not quite demonstrated, that
the Mg-ATP complex is the true substrate of
F1-ATPase.(39–41) The free Mg2+ cation is deduced to
be an inhibitor, in order to explain the decrease of the
activity when the Mg2+ concentration is progressively
increased. We have challenged this interpretation,
however, on the basis of the comparison of the binding
and enzymatic data(42) and of the use of Mg2+ chelating
agents with different dissociation constants.(43)

Another interpretation has thus emerged for the mecha-
nism of ATPase, with metal-free ATP being the true
substrate of the enzyme and Mg2+ being an activator.
This different view should certainly also have an influ-
ence on the interpretation of other experiments, espe-
cially those involving the cooperativity of nucleotide
sites.
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MATERIALS AND METHODS

Preparation of CF1 and CF1 - e

Chloroplast ATPase (CF1) was prepared from
spinach and extracted by a treatment with EDTA,
sucrose, and chloroform (44) and then purified using
DEAE-cellulose and Protein Pak DEAE 5 PW HPLC
columns(45) Experiments reported in the present study
were performed with CF1 depleted of its e subunit
(CF1 - e): CF1 in 20 mM Tris-SO4, pH 8.5, was
submitted to three cycles of freeze thawing and then
centrifugated at 40,000 X g for 15 min. The resulting
supernatant was injected on a Protein Pak DEAE 5
PW column (21.5 X 150 mm). Extensive washing of
the column with 20 mM Tris-SO4, pH 8.5 (1-2 h, 4
ml/min) led to partial fractionation of CF1. By elution
with an ammonium sulfate gradient (0-0.8 M in 40
min), the B subunit, CF1 — 8, and CF1 - e complexes
could be separated.(45)

Measurement of Activity

The enzymatic activity was determined using an
HPLC method based on the separation of ADP and
ATP and the quantitation of ADP formed. This method
has proved to be rapid, simple, and without artifacts.(46)

ATPase activity was measured at 37°C in 75 mM Tris-
SO4 buffer, pH 8.5, containing variable concentrations
of ATP and Mg2+ (routinely 1 and 0.2 mM, respec-
tively.) Aliquots of the reaction mixture were directly
injected on a TSK DEAE 2 SW column (4 X 300
mm). This operation takes about 5 s (closure of the
injection port and of two valves). However, mixture
of the aliquot with the elution buffer can be estimated
to be effective in less than 1 s. It can be assumed that
the enzymatic reaction is then immediately stopped by
the low pH of the buffer (KH2PO4 0.1 M, NaCl 0.25
M, pH 4.3). The enzyme precipitates in this buffer and
bound nucleotides are released. ADP was separated
from ATP in about 3 min, at the elution rate of 1.2
ml/min, with a resolution better than 2. The concentra-
tion of the released ADP was measured by the height
of the absorption peak at 260 nm, compared to a cali-
bration curve established under the same conditions.
The concentrations of ATP and ADP standards were
calculated assuming E1

M
cm = 15,400 and were cor-

rected for the traces of AMP and ATP present in ADP
and of ADP in ATP, measured by HPLC. The amount
of ADP released by ATPase-driven ATP hydrolysis

increased linearly with the time of action of the enzyme
in the reaction mixture, up to a percentage of hydrolysis
of about 10%. The initial enzymatic rate is well defined
for a period of at least several minutes. After this time,
the rate decreases because of the consumption of ATP
and of the inhibition due to released ADP. No lag
time or burst of activity was observed under these
experimental conditions, that is, when CF1—e was pre-
viously dialyzed against 75 mMTris-SO4, pH 8.5, even
in the first minute (aliquots were taken every 10 s
and frozen in liquid N2 before analysis). The initial
concentration of ADP in the reaction mixture was
determined by extrapolation to zero time and corres-
ponded exactly to that brought as an impurity by ATP.
Endogenous ADP or ATP that are tightly bound to
CF1 or CF1—e were measured after acid denaturation
of the protein using the same chromatographic method.
These amounts were negligible in the conditions of
the measurements of the enzymatic activity. It was
verified that the quantity of ADP measured by HPLC
was completely independent on the quantity of ATP
from which it was separated (in the range 0-2.5 X
10~6 M ADP, in the absence or presence of 10~3 M
ATP). The enzymatic rate varies linearly with the quan-
tity of CF1—e, contrary to CF1, which dissociates into
CF1—e and inhibitory e at low concentration.

Measurement of Nucleotide Binding

For the binding studies, we have used the chro-
matographic method of Hummel and Dreyer.(47) The
advantage of this method is that the complex does not
dissociate during the course of the chromatography,
even if the affinity constant is low, since the complex
is always in equilibrium with the free ligand. The initial
method of Hummel and Dreyer has been extended to
HPLC by Sebille et al. (48) for the study of the binding
of different drugs on albumin and, in our previous
reports, we have applied it to the determination of the
number of binding sites of CF1 and of some of its
subunits or partial complexes.(42,43,49) A chromato-
graphic column separating the protein from the ligand
(here a TSK DEAE 2 SW anion-exchange column, or
a TSK G 2000 SW gel filtration column) is equilibrated
with a buffer containing a fixed concentration of ligand
(nucleotide). A known quantity of protein is injected,
which binds a fraction of ligand, depending on the
ligand concentration and the dissociation constant. The
bound ligand migrates with the protein and the local
trough of the nucleotide concentration migrates, as a
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negative peak, with the ligand rate. Hummel and Dreyer
have proposed an internal calibration by successive addi-
tions of known amounts of ligand to the same quantity
of protein. The size of the ligand peak varies linearly
with the excess of ligand over the quantity contained in
the same volume of eluent. The bound quantity corres-
ponds to the excess that anneals the peak. This bound
quantity depends only on the ligand concentration on the
column at the time of the injection and on the dissociation
constants of the complexes. It does not depend on the
volume of the mixture and is rigorously proportional to
the injected amount of protein. By this method, only
reversible sites can be measured, those that can be filled
within a few seconds. Slower bindings give rise to trail-
ings. In the case of CF1 the 1 to 1.5 tightly bound ADP
molecules, which are found on the isolated molecule, do
not interfere with the binding measurements. This is
because these tightly bound nucleotides do not dissociate
when the buffer does not contain any nucleotide. These
1 to 1.5 nucleotide molecules add to the extrapolated
number of reversible sites determined by HPLC to yield
the total number of binding sites. With ADP, in the
presence of 1 mM Mg2+, this total number is always 6
± 0.5 sites, as for ATP under the same conditions of Mg2+

concentrations.(49) For ATP, however, the total number of
six binding sites is not always reached when the condi-
tions of binding are not favorable and the extrapolation
is not reliable. With CF1 containing the e subunit, no
appreciable hydrolysis of ATP occurs during the time
(<20 s) of the preparation and the injection of the mix-
ture(50) In this method, the size of the negative peak
corresponding to ligand binding is not modified by events
occurring after the binding of ATP on the enzyme and
the withdrawal of the corresponding quantity of ligand
from the eluent. Thus, only ATP binding is really mea-
sured and not ADP that would correspond to hydrolysis
of ATP. Using this method, quasilinear Scatchard plots
are obtained, which are characteristic of an apparently
unique class of sites.

The binding and enzymatic studies are measured
using 75 mM Tris buffer, pH 8.5, and with variable
concentrations of Mg2+ and ATP. We have avoided
the use of any activating substances such as detergents,
solvents, reducing agents or others, that could modify
the binding and hydrolysis mechanisms.

RESULTS

Enzymatic Data

The ATPase rate of CF1-e has been followed in
the range of total ATP concentrations from 0.7 X 10-6

M-10 -3 M, with a total Mg2+ concentration of 1 mM.
With the present method of measurement, the enzy-
matic rate cannot be determined with accuracy for
concentrations of ATP lower than 0.7 X 10-6 M. This
lower limit does not actually correspond to what is
usually called unisite conditions ([ATP],/[CF1], < 1).
However, only about one nucleotide site of ATPase is
filled with ADP or ATP: the enzyme used here has
been shown to contain 0.94 mole ADP per mole of
CF1, and no ATP. The binding of ATP to CF1 is propor-
tional to the concentration of ATP for low concentra-
tions (0.3 site/mole for 10-5 M [ATP]1, and 1 mM
[Mg2+],, 75 mM Tris-SO4) (Fig. 1). Consequently, at
the lowest level of ATP used in this work, only about
one nucleotide site is filled with nucleotides and far
less than one site is filled with ATP.

In the low range of concentrations ([ATP], from
0.7 to 6 uM), the evolution of the enzymatic rate can
be compared with that of a Michaelian enzyme (Fig.
2). For concentrations ranging from 6 to 50 uM, the
rate varies quite linearly with [ATP], (Fig. 3). Beyond
50 uM and up to 600 uM, a new Michaelian type
curve is observed (Fig. 4), which is the commonly
described evolution, the deviations at lower concentra-
tions being negligible at this level of enzymatic rates.

In order to account for all the data, especially
those obtained at low substrate concentrations, we have
used a model involving two types of catalytic sites
that hydrolyze ATP independently from each other and
with two different Kms and Vms. A similar model has
been proposed to explain the enzymatic data obtained
for TF1.

(5l)

Fig. 1. Number of moles of bound ATP per mole of CF1 versus total
ATP concentration, in the presence of I mM Mg2+ or without Mg2+.
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Fig. 2. Enzymatic rates of CF1 - e. Conditions described in Table
I Closed symbols, experimental data; open symbols, calculated as
V] + v2, v1 = 0.36/(l + 0.018/s) nmol ADP/mg/min and v2 =
114/(1 + \2/s) nmol ADP/mg/min; s is the free-metal ATP in
umol/1.

Fig. 4. See legend, Fig. 2.

When two types of sites are active, this becomes:

The enzymatic rate of a single type of sites has
been shown to be described by the equation:

where s is the metal free substrate concentration, a is
the free Mg2+ concentration, Ka is the activation con-
stant (1.4 X 10-6 M; see Ref. 42), Km is the Michaelis
constant, and K'm is the dissociation constant of a com-
plex containing two molecules of substrate per site (24
mM; see Ref. 42).

Under the present experimental conditions, the
[A/g2+], concentration is larger than the [ATP], concen-
tration, so that Eq. (1) reduces to:

Km2 and Vm2 corresponding to high substrate con-
centration, can be determined by neglecting the first
term of the relationship. We found Vm2 =114 nmoles/
min/mg and Km2 = 12 uM (Fig. 5).

At low substrate concentration, Vm1 and Kml can
be calculated by subtracting from v the contribution
from [Vm2l(1 + Km2/s)] (Table I). We found Vml =
0.36 nmoles/min/mg and Km1 = 18 nM (Fig. 6).

The trace representing the evolution of Eq. (2)
with the parameters determined above fits well the
experimental points (Figs. 2-4). Thus the present
model with two independent categories of sites can be
considered as adequately describing the experimental
data, without the need of cooperativity between the
sites.

Fig. 5. Lineweaver-Burk representation of the enzymatic rate for
high [ATP], concentrations. The extrapolation yields Vm2 = 1 1 4
nmol ADP/mg/min and Km2 = 12 (uM.Fig. 3. See legend, Fig. 2.
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Table I. The Calculated Metal-Free ATP and Free Mg2+ Concentrations, Measured Enzymatic Rate, and Calculated Rates for Two
Kinds of Sites for [Mg2+], = 1 mM and variable [ATP], Concentrations"

Free-metal |
[ATP], L
(V.M)

0.625
0.94
1.25
1.87
2.5
5

10
20
40
80

160
320
640

ATP J
(V.M)

0.0125
0.01891
0.02503
0.03747
0.0501
0.1005
0.198
0.3998
0.8156
1.699
3.704
9.026

31.13

[Free Mg2+]
(M.M)

999.4
999.1
998.8
998.1
997.5
995
990.2
980.4
960.8
921.7
843.5
689
391.1

V

Experimental
enzymatic rate

(nmol
ADP/min/mg)

0.278
0.336
0.461
0.439
0.772
0.984
1.68
3.71
6.94

14.9
25.8
46.5
81.6

V|

Calculated
enzymatic rate

first type of site
(nmol

ADP/min/mg)

0.147
0.184
0.209
0.243
0.264
0.305
0.33
0.344
0.352
0.356
0.358
0.359
0.359

V2

Calculated
enzymatic rate

second type of site
(nmol

ADP/min/mg)

0.119
0.179
0.237
0.355
0.474
0.947
1.85
3.68
7.25

14.14
26.9
48.9
82.3

V, + V2

(nmol
ADP/min/mg)

0.266
0.363
0.446
0.598
0.738
1.25
2.18
4.02
7.60

14.50
27.3
49.3
82.6

" Measurements were performed at 37°C, using CF, - e containing 0.94 mol/mol of residual ADP at a concentration of 8.4 jjig/ml in Tris
buffer, 75 mM pH 8.5. ArDMg-ATp = 0.019 mM.

When the total ATP concentration is further
increased beyond [Mg2+],, the concentration of metal-
free ATP steeply increases and if the enzyme is not
yet completely saturated at the equivalence point, then
an acceleration of the enzymatic rate is observed (Fig.
7). As it will be discussed below, this kind of stimula-
tion has been attributed to cooperativity between the
enzymatic sites.(52>53)

Finally, at even higher metal-free ATP concentra-
tions, the hydrolysis rate passes through a maximum

and then decreases. We have ascribed this phenomenon
to substrate inhibition, due to the binding of a second
molecule of substrate in the enzymatic site.(42)

Nucleotide Binding Data

Figures 8 and 9 show the Scatchard plots, corres-
ponding to the binding of nucleotides, measured by
the chromatographic method of Hummel and Dreyer.
The curves obtained for ADP and ATP are both linear,
reflecting that no cooperativity between the sites

Fig. 7. Enzymatic rate of CF, - e (17.9 jig/ml), when the total
ATP concentration exceeds the total [Mg2+], concentration (1 mM).

Fig. 6. Lineweaver-Burk representation of the enzymatic rate
minus v2, for low [ATP], concentrations. The extrapolation yields
Vm, = 0.36 nmol ADP/mg/min and Km[ = 18 nM.
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Fig. 8. Scatchard plot of CF1-ADP binding measurements. The
measurements were performed in 75 mM Tris buffer, pH 8.5, and
1 mM [Mg2+],.

Fig. 9. Scatchard plot of CF1-ATP binding measurements. The
measurements were performed in 75 mM Tris buffer, pH 8.5, and
0.4 mM [Mg2+],.

occurs under the conditions used in the present
experiment.

The fraction r of each site supposed to be filled
with both metal-free and metal-complexed nucleotide
is given by the relationship(43)

Consequently, a plot of these slopes as a function
of mean a (or a1) allows the determination of K D E M g -

ANP and K1
 D,Mg-Mg-ANP (Table II).(43)

DISCUSSION

Only a few authors have described the mechanism
of F1-ATPase as belonging to the Michaelian type:
Pedersen(9,54) and Ebel and Lardy (8) for the enzyme in
the presence of bicarbonate. The thermophilic enzyme
TF1 has also been described as Michaelian for concen-
trations of ATP up to 20 uM(10). More recently, Reynar-
faje and Pedersen ( l l ) have shown that only one type
of nucleotide site was working under experimental
conditions involving unisite as well as multisite hydro-
lysis, and with the same rate constant. In their work, the
enzyme is shown to exhibit typical Michaelis-Menten
kinetics characterized by a single Vmax and a single Km

of 57 uM (expressed as Mg-ATP). No cooperativity
between the sites is observable.

where s is the concentration of metal-free ANP, a
is the concentration of free Mg2+, Ka is the dissociation
constant of the Mg-enzyme complex, Ka = ([E][Mg]/
[EMg]), KD,Mg-ANP is the dissociation constant of the
Mg-ANP complex, KD,Mg-ANP = ([Mg][ANP]/[Mg-
ANP]), KD.EMg-ANp is the dissociation constant of the
free-metal ANP-Mg activated enzyme complex,
KD,Mg-ANp = ([EMg][ANP]/[EMg-ANP]), and
k1

D,EMg-Mg-ANp is the dissociation constant of the
Mg-ANP-Mg activated enzyme complex,
K 1

D , E M g - A N P = ([EMg][Mg-ANP]/[EMg-Mg-ANP]).
Under the conditions of the measurements, a, is

in large excess over the total nucleotide concentration
(a = a,), and the term ( K a l a ) is negligible. The Scatch-
ard plot is a straight line and the slope is
— [l/KDEMg_ANP + al(K1

D.EMg-Mg-ANP X KD.Mg.ANp)]

Table II. Dissociation Constants of the CF1-Mg Complex with
ADP, ATP, and Their Mg2+ Complexes

KD.Mg-ADp: 5-15 uM
KD.EMg-ATp: 14 uM

K1
D,EMg-Mg-ADP

: 64 uM

K1
D,EMg-Mg-Ajp: 180 uM
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The interpretation that is proposed here for the
present results is in accord with their conclusion with
regard to the noncooperativity between the sites:
indeed, the model used above that best fits our data
does not need this hypothesis. In this model, however,
two kinds of independent nucleotide sites are consid-
ered, with quite different Vms and Kms, with only one
being observable (Vm = 114 nmoles/min/mg) in the
usual range of total ATP concentrations, i.e., from 10-3

to 10-5 M, the other one having a Vm 300 times smaller.
This difference with the results of Reynafarje and Ped-
ersen( l l ) can probably be ascribed to the difference in
the nature of the ATPases. In fact, for TFb the enzyme
from the thermophilic bacterium Bacillus PS3, the ratio
between the Vm of the two kinds of sites is 3 (Ref. 51)
and it is understandable that it could also be different
in the case of the mitochondrial FrATPase, in such a
way that the sites with lower rate could not be
observable.

At high substrate concentration, the specific activ-
ity of the CF| — e used in the present study is quite
low compared with results published in the literature.
It can be noted however, (Table III) that the measured
activity largely depends on the nature of the ATPase.
Activities reported for CF1 — e are about two orders
of magnitude lower than those for MFt and for TF1;

intermediate activities are found. On the other hand,
as mentioned above, the activity of CF| — e can be
enhanced by DTT,(55) octylglucoside,(56) sulfite,(56) eth-
anol,(52) DMSO, etc. These effectors, which are defi-
nitely not physiological substances, have purposely
not been used in the present study to avoid possible
perturbation on the enzyme mechanism. In addition,
because of the different physiological roles of MF1

and CFi, there is no reason why the maximal activities
of these two ATPases should be comparable.

The binding of nucleotides to CF|, measured by
the chromatographic method of Hummel and Dreyer,

does not show obvious signs of cooperativity. In fact,
the Scatchard plots are generally linear(43,50) This does
not mean that only one kind of binding site is present.
In CF1, between 1 and 1.5 nucleotide sites are irrevers-
ibly filled with ADP, which does not dissociate from
CF1, even when the chromatographic eluent does not
contain nucleotides. Thus these nucleotide sites do not
interfere with the binding measurements. The binding
of nucleotides to low rate enzymatic sites is possibly
too slow to be completely measured by this method.
Under certain conditions, we have observed on the
chromatogram a trailing near the negative peak of
optical density that corresponds to the binding of the
nucleotide. In addition, when the enzyme is incubated
for 5 min with ADP prior to the injection on the col-
umn, an additional 0.5 site is observed to be filled
with nucleotide and the Scatchard plot can be treated
with a two-sites type model.(49) However, this experi-
ment cannot be performed with ATP, which would be
partially hydrolyzed.

The enzymatic data shown above are interpreted
using a classical model with two kinds of nucleotide
binding sites and no cooperativity between the sites.
However, many authors have interpreted their enzy-
matic data using the double hypothesis of positive
cooperativity of catalysis and negative cooperativity
of binding. Some points relevant to these hypotheses
are discussed below.

The experimental results that are usually taken
as evidence for the cooperativity of catalysis between
the nucleotide sites are those of Grubmeyer et al. (6)

and Cross et al.(1} The turnover of catalysis that is
measured under unisite conditions (10-4 s-1) is com-
pared with that measured under multisite conditions
(300-600 s-1) and the ratio between the two (= 106)
is considered as reflecting the catalytic cooperativity.
It is of note, however, that if there is a relative agree-
ment on the turnover value under multisite conditions,

Table III. Specific Activity of CF1 - e in Present Study, Compared with Literature

Nature of the
ATPase

MF1

TF1

CF1 -e

Specific
multisite activity

(umoles ADP/min/mg)

100
100

12
3.8
4
1.6

0.1-1

Turnover number
(multisite activity)

s-'

600
600

80
25
27
11

0.7-7

Turnover number
(unisite activity)

s-'

io-2-10-1

3.6 X 1Q - 4

2.4 X 1Q - 1

Method of
measurement

Luciferin-luciferase
32P release ATP regenerating

Chromatography
32P release
32P release
32P release

Chromatography

References

11
6,7
51

55 (Table 1)
52 (Fig. 6)

56 (Table 1 )
This work and 42
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this is not the case for that in unisite conditions. Grub-
meyeretal.(6) have measured the latter by the dissocia-
tion of ADP from the F1-ADP-Pi complex as a
function of time. The ADP is separated by centrifuga-
tion on a Sephadex column and expressed as a percent-
age of the initial radioactivity. The results reported by
these authors(6,J) may, however, be biased by a number
of factors. First, the isotope trapping method of
Rose,(22) which is used in the experiment, has its own
limitations, and it is necessary, as indicated by the
author, that suitable controls for a mixing artefact be
included. Second, the frequently used ATP regenerat-
ing method(20,21) involving phosphoenolpyruvate at
high concentration, which certainly modifies by com-
plexation the concentration of free Mg2+, (51} is proba-
bly not suitable for studies of the effect of substrate
or Mg2+ concentrations. It is of note that Mal'yan and
Makarov (58) have observed large differences in the
measured enzymatic rate whether the regenerating sys-
tem was used or not. The discrepancies were ascribed
to the removal of the inhibitory ADP formed, but
this interpretation may be erroneous given the low
percentage of hydrolyzed ATP. Third, it is hard to
explain why the initial rate of release of ADP (mea-
sured below 5 min) under unisite conditions is several
times larger than the rate that is measured 10 minutes
after, the latter being taken as the true rate (see ref. 6,
Fig. 5) In addition, the different curves reflecting the
enzymatic activity obtained by the dilution of the same
ATP/Fi mixture are not superimposed. In fact the deter-
mination of the unisite turnover rate was revised later
(4 X 10-3 s-3; ref. 25), but this value is several orders
of magnitude lower than those reported by Gresser et
al. (3) or by Reynafarje and Pedersen (11) (9.6 and 0.1
s-1, respectively). In addition, the latter authors argue
that the measurement of the rate of hydrolysis reported
by Grubmeyer et al. (6) is not direct, but based on the
dissociation of ADP bound to F1 after catalysis has
taken place and that this could simply reflect the dis-
placement of inhibitory ADP bound to a catalytic site
when ATP concentration is increased.

A quite different approach has been used by
Andralojc and Harris,(52, 53) who have also concluded
that there is positive cooperativity of catalysis between
the sites. These authors, using CF1 in the presence of
Ca2+, have observed a stimulation of the activity as a
function of the total ATP concentration within the
range 15-50 uW and they attributed this phenomenon
to the cooperativity between the nucleotide sites. How-
ever, at a 1 mM metal ion concentration, the concentra-
tion of metal-free ATP, increases sharply when the total

ATP concentration exceeds 1 mM. If, as we propose,
ATP is the true substrate and if the enzyme is not fully
saturated at the equivalent point, then the enzymatic
rate should display a sharp increase as a function of
total ATP or Mg-ATP concentration (but not, versus
free-metal ATP). In fact, with 1 mM Mg2+, the acceler-
ation begins for lower concentrations of total ATP (=
500 uM; see Fig. 7 and Ref. 42) and for Ca2+, which
has a larger dissociation constant with ATP, the acceler-
ation occurs at even lower concentrations of total ATP.
Then, the stimulation observed by Andralojc and Har-
ris (52,53) can be explained by this phenomenon, without
referring to the hypothesis of cooperativity.

The 18O exchange measurements between ATP
and H2O performed by Hutton and Boyer (59,60) have
led their authors to eliminate the possibility of the
participation of two pathways of hydrolysis (unisite
and multisite) and this result was considered as readily
explained by catalytic cooperativity between the sites.
However, if the substrate of ATPase is actually metal-
free ATP, then the relative participation of two types
of independent sites can vary, as a function of total
ATP concentration, as follows:

At very low total ATP concentrations we have:

When s is low, but sufficiently larger than Km],

One can imagine particular conditions for which
the first mechanism would be predominant, for a given
range of [ATP], concentrations, for instance, if:

while the second mechanism would be predominant
at higher concentration of [ATP],. Two types of inde-
pendent sites could then exist, each being predominant
in a particular range of total ATP concentrations and
yet the 18O exchange measurement would reveal a
unique mechanism at low [ATP], concentrations. The
authors have performed their measurements at 3 and
6 uW, which may be out of the transition range where
the two mechanisms are both acting.
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The possibility of fitting both binding and rate
coefficients to the whole data of initial velocity, bound
ADP and I8O exchange between H2O and released
Pi, has been given as evidence for the model of the
alternating three-sites mechanism, i. e., catalytic coop-
erativity between three sites, because such a fit cannot
be obtained with an alternating two-sites model.<3) The
system may, however, be artificially parametrized, due
to the large number, 18, of independent constants in
the model that were modified using manual iterations
to obtain the best fit to the data.

CONCLUSION

The chromatographic methods used here for mea-
suring the enzymatic rate of CF1, ATPase or the binding
of nucleotides are simple methods based on the separa-
tion of ligands or reaction products from the protein.
They appear to be less susceptible to artifacts than
indirect methods often used to address these questions.
CF| — e was used in the present study as active ATPase,
which is better defined than the DTT-treated and-
heated enzyme. No exogenous activating agents such
as DTT, octylglucoside, methanol, DMSO, or sulfite
were used in the enzymatic measurements, which may
perturb the mechanism and are certainly not physiolog-
ical substances. Under the present conditions, the rates
are relatively low (<1 umole/min/mg). The present
data can be interpreted by the classical Michaelis Men-
ten mechanism, without the need of the additional
hypothesis of cooperativity of catalysis. This conclu-
sion is in agreement with that reached recently by
Reynafarje and Pedersen,(11) who have demonstrated
that the first rate constant of hydrolysis of ATP by
mitochondria! ATPase remains constant under both
unisite and multisite conditions. The binding data
obtained by the chromatographic method of Hummel
and Dreyer(471) (linear Scatchard plots; Ref. 43) also
indicate no cooperativity of binding. This simple model
has the advantage to be more easily verified and to
better predict phenomena than do complicated mecha-
nisms that involve the influence of regulatory sites or
cooperativity between catalytic sites. This also shows
that the mechanism by which ATP is synthesized and
hydrolyzed in biological systems needs much further
investigation.(54)
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