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The influences of total magnesium ion concentration at different total ATP concentrations, and 
of total ATP concentration, for different total magnesium ion concentrations, on the enzymatic 
rate of the isolated chloroplast F1 ATPase, have been followed by a chromatographic method 
consisting in the separation and determination of ADP. From the various series of curves, it is 
concluded that the experimental results (position of the maxima, Km values) are better fitted by 
a mechanism involving the activation of the enzyme by magnesium ion and hydrolysis of free 
ATP, rather than by the classical mechanism, for which the enzyme hydrolyzes the MgATP 
complex and is inhibited by Mg 2+. Although the equations giving the reaction rate are similar 
in the two cases, the calculated values of Km are widely different. The value obtained from the 
classical mechanism does not agree with KD, the dissociation constant of the enzyme-substrate 
complex, measured by the Hummel and Dreyer method. Moreover, when the total ATP 
concentration tends toward the total magnesium ion concentration, the nucleotide binding 
to the enzyme tends toward zero, although it should be maximum if MgATP were the true 
substrate. Finally, the inhibitory effect of Na + is more easily explained as a competition 
between this ion and the activating Mg 2+, than by the classical mechanism. 
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INTRODUCTION 

The enzymatic behavior of the proton F0-F1 
ATPase found in bacterial, mitochondriat, and 
chloroplastic membranes has been intensively studied 
for more than thirty years. The enzyme can catalyze 
the hydrolysis or the synthesis of ATP: 

ATP ~ ADP + Pi 

For  the hydrolytic reaction, there is a fair amount  
of agreement on the hypothesis that MgATP is the 
active substrate, free ATP and free Mg 2+ being inhi- 
bitors, 1-8 as stated a long time ago by Adolfsen and 
Moudrianakis: "The activation is indirect, being the 
result of  complexation of  inhibitory free ATP. Free 
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ATP is a noncompetitive inhibitor of  MgATP hydro- 
lysis. The inhibition by free Mg 2+ is direct, being the 
result of  Mg 2+ binding to a specific inhibitory site on 
the enzyme, which is distinct and separate from the 
MgATP binding site". 2 The general agreement on this 
hypothesis should not conceal that another hypoth- 
esis could also account for the experimental results: 
the enzyme is activated by free Mg 2+, and ATP, not 
MgATP, is the true substrate. It will be shown in this 
paper that this last hypothesis can account for the 
effect of  Mg 2+ and for the inhibitory effect of  Na + 
or K +, which cannot be easily explained by competi- 
tion, if Mg 2+ is also an inhibitor. It would also 
account for the acceleration of  the hydrolysis rate 
when the total ATP concentration is increased, the 
so-called cooperative effect, attributed to the filling 
of  regulatory sites. 

Reexamining the question, we felt that an 
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essential experimental parameter, namely the reaction 
rate, could have been measured under non-optimal 
conditions, leading to a biased analysis. Three 
methods have been most widely used to determine 
the rate of ATP hydrolysis by the F 1 protein: (i) 
measurement of the phosphate released from hydro- 
lysis of ATP, without separation from other 
products, 9 or after solvent extraction of complexed 
Pi;10 (ii) determination of protons produced by hydro- 
lysis of ATP, with a pH-stat apparatus H or a pH 
indicator; 12 (iii) measurement of the released ADP, 
by means of a complex enzymatic system, allowing 
ATP to be regenerated. The enzymatic system 
includes phosphoenolpyruvate, pyruvate kinase, 
lactate dehydrogenase, and NADH, the absorbance 
of which is followed as a function of time. 13 A draw- 
back of this last method is that it makes use of phos- 
phoenolpyruvate at millimolar concentrations, a 
condition which may decrease the concentration of 
free Mg 2+ by formation of a complex between phos- 
phoenolpyruvate and Mg 2+. 

In a recent note, 14 we advocated an HPLC 
method, in which ADP is separated from ATP on 
an anion-exchange column and its concentration 
measured by its absorbance. This method is quite 
simple and is less susceptible to possible artefacts 
than previously used methods. As reported in this 
paper, we used it for a systematic study of the effect 
of the concentration of various entities (ATP, Mg 2+, 
Na +) on the rate of ATP hydrolysis by the purified c- 
depleted chloroplast F1. It was previously shown that 
this rate is constant during several minutes and 
proportional to the enzyme concentration. TM We 
conclude that the enzyme is activated by the Mg 2+ 
ion and that ATP, not MgATP, is its true substrate. 

MATERIALS AND METHODS 

Coupling factor CF1 was extracted from spinach 
chloroplasts by sucrose chloroform treatment, 15 then 
adsorbed on DEAE cellulose and eluted by 0.4M 
NaC1. It was further purified by HPLC on a Protein 
Pak 5 PW Waters column, eluted with an ammonium 
sulfate gradient (0-1 M, in 20 mM Tris, pH 8). The c- 
depleted CF1 (CF1 -c ) ,  used in this study as active 
ATPase, was obtained by HPLC under the same 
conditions from CF 1 after freeze thawing, adsorption 
on the column, and extensive washing (1 hour) with 
20mM Tris buffer, pH 8.16 ATPase activity was 
measured at 37°C in 0.075M Tris sulfate buffer, 

pH 8.5, MgSO4 from 0.0062 to 10mM, with ATP 
concentrations ranging between 0.025 and 10 mM. 

The chromatographic apparatus (Waters) 
consisted of a M 510 pump, a U6K injector, and a 
490 E detector, set at 260 nm. Aliquots of the reaction 
mixture were directly injected into a TSK DEAE 2SW 
column (30 × 0.4 cm). The nucleotides were separated 
by isocratic elution with H2KPO4 0.1M, NaC1 
0.25 M, at a rate of 1.5 ml/min. With this procedure, 
the reaction was immediately stopped after injection 
by the separation of the enzyme from the substrate 
and by the pH drop to 4.3. ADP concentration was 
measured by the height of the peak at the column exit. 
It increased linearly with time of action of the enzyme 
in the reaction medium, for a period of several 
minutes to several hours, depending on the percen- 
tage of hydrolyzed ATP and of released ADP acting 
as inhibitor. A calibration curve for ADP was estab- 
lished under the same conditions. ATP and ADP 
concentrations of standards were calculated from 
the absorption at 260 nm, with a molar absorption 
coefficient of 15,400. They were corrected for the 
presence of impurities determined by HPLC: AMP 
and ATP (in ADP) and ADP (in ATP). 

Protein dosages were performed with the Bio 
Rad protein assay using bovine serum albumin as a 
standard or by UV absorption spectroscopy assuming 

J71% of 4.8 at 280nm. Rates of ATP for CFa - e an ,~1 
hydrolysis were thus evaluated as rates of ADP 
formation, expressed in #mol per rain per mg of 
protein. 

The Hummel and Dreyer method 17 was used to 
measure the dissociation constant K D of the equilib- 
rium between the ATPase and its substrate. It is based 
on the following protocol: a known quantity of 
enzyme is injected into a chromatographic column 
equilibrated with a constant concentration of ligand 
(here, ATP). The amount of ATP that binds is propor- 
tional to the enzyme quantity. It depends on the 
dissociation constant and on the ligand concentra- 
tion. This ATP is withdrawn from the eluent and 
migrates with the enzyme, while a trough in the 
ATP concentration profile runs with the ligand rate. 
This negative peak is measured; it gives the number r 
of molecules of ligand bound per molecule of enzyme. 
According to the multiple equilibrium theory, r/(s) is 
linear versus r, where (s) is the free ligand concentra- 
tion. The slope of the straight line is 1/KD and the 
extrapolation on the x axis gives the number n of sites 
(Scatchard plot18). The advantage of this method is 
that there is no dissociation of the complex during the 
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chromatographic separation, since the complex is 
always in equilibrium with a constant concentration 
of ligand. It thus permits one to measure the KD of 
low-affinity complexes. We have previously applied 
this method to the F1 ATPase, in order to measure 
KD and n with ADP and ATP, using a gel filtration 
column 19 or an anion exchange column. 2° 

ATP (disodium salt) and ADP (sodium salt) from 
Sigma were brought to pH 8.5 by NaOH. 
Tris(hydroxymethyl)amino methane (Trizma Base, 
Sigma) was brought to pH 8.5 by H 2 S O  4. 

RESULTS AND INTERPRETATIONS 

Influence of Magnesium Ion Concentration 

We measured the influence of total Mg 2+ concen- 
tration on the rate of ATP hydrolysis for several 
concentrations of total ATP, the enzyme concentra- 
tion being kept constant. As shown in Fig. 1, the 
enzymatic rate presents a maximum as a function of 
the total magnesium concentration. The position of 
this maximum varies with the total ATP concentra- 
tion but does not correspond to a simple integer value 
of the ATP/Mg 2+ ratio (Table I). 

In order to interpret this behavior, we have to 
consider that ATP, like other nucleotides, binds di- 
valent cations, in particular Mg 2+, according to the 
equilibrium 

ATP 2- ÷ Mg 2+ ~__ MgATP 

The dissociation constant/(as of this equilibrium 

0,~ I I I I I 
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Fig. I. Influence of the total Mg 2+ concentration on the rate of 
ATP hydrolysis. Conditions described in the text. Final concentra- 
tion of CF 1 - e :  59#g/ml. (0) 0.284mM ATPt; ( + )  0.914mM 
ATPt; (©) 2.71 mM ATPt; (A) 8.89mM ATPt. 

Table I. Optimal Concentrations of Total Magnesium Ion for 
Different Concentrations of Total ATP 

Total ATP concentration (raM) 0.284 0.914 2.71 8.89 

Total Mg 2+ concentration Between 0.05 
at the maximum of and 0.075 0.18 0.5 1.6 
enzymatic rate (raM) 

Ratio Total MgZ+/Total ATP Between 0.18 
at the maximum of the and 0.26 0.20 0.185 0.18 
enzymatic rate 

has been measured by other groups using different 
methods such as spectrophotometry with a Mg 2+ indi- 
cator acting by competition, 21'22 pH titration, 23'24 
resin competition, 25 or 31p NMR.26 The values 
obtained ranged between 1 and 0.01 raM. The value 
most appropriate to our experimental conditions 
(ionic strength, temperature) and most recently 
obtained is 0.02mM. 26 Assuming this dissociation 
constant value, the concentrations of free Mg 2+ (a), 
of free substrate (s), and of MgATP complex ( a s ) ,  can 
be computed from the concentrations of total Mg 2+ 
(a t )  and of total substrate ( s t ) .  They are given by (see 
Appendix 1) 

s2+s(at-st+Kas)-Kas(St) = 0  (1) 

a 2 + a ( s t  - at  + Kas)  - K ~ , ( a , )  = 0 (2) 

In the presence of the enzyme, these equations 
remain valid, since the quantities of substrate and of 
magnesium ion bound to the protein are negligible. In 
order to explain our experimental results, we propose 
the hypothesis that the enzyme is first activated by 
magnesium ion and that free ATP (i.e., not MgATP) 
is then hydrolyzed. Let us designate by E, A, S, EA, 
and EAS, the enzyme (CFt - e), the activator (Mg2+), 
the substrate (ATP), and their complexes, respec- 
tively, that are involved in the equilibria: 

E + A+_~__~ EA, 

with a dissociation constant K a -- 
(e)(a) 
(ca) 

e l  
k2 

EA + S 7--+ EAS > EAP ---+ EA + P, 
k _ l  

k2 + k _ l  
with K m - -  - -  

kl 

The choice of this model, rather than the classical 
one, will be justified a p o s t e r i o r i  in the discussion. 
With this hypothesis, the enzymatic rate is given by 
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(see Appendix 2) 
k(e,) 

v - (3) 1 + (1 + Ka/(a))(Km/(s)) 

This formula accounts for the variation of the 
position of the maximum of the enzymatic rate as a 
function of the total magnesium ion concentration 
and allows one to calculate K a. Indeed, as long as 
the concentration of total magnesium ion is lower 
than that of total ATP (and in particular, in the 
region of the maximum of the enzymatic rate), it can 
be verified by Eqs. (1) and (2) that 

- (a,)  

(as) ~ (at) 
Then 

(a) = 

and (3) gives 

V = 
[ K~((st ) - (_a,) ) . l  gm 

1 + 1 -t Kas(a,) J" (st)~-(at) 

k(e,) 

1 + (s t )  - (at) + Km 

At the maximum, the derivative of the reciprocal 

Kas(as ) (at) 
~Kas" - 

is zero: 

d(1/v) _ 
d(at) 

k(e,) 

1 [ Km KaKm 
k(e,) L((St) -- (a,)) 2 Kas(at)2 = 0 

[ ( a , ) l = _ K o  
[(st) -~iat)j  - Ka, (4) 

The ratio [(at)/((st) - (at))] 2 obtained from our 
measurements is nearly the same for concentrations of 
total ATP of 8.89, 2.71, and 0.914mM: 0.048, 0.051, 
and 0.060, respectively. For a lower concentration 
(0.284mM), the maximum has not been determined 
with accuracy (a t between 0.05 and 0.075 raM), and 
the corresponding ratio is between 0.045 and 0.128. 
Assuming that K~s = 0.02 mM, the mean value for Ka 
would be 1.43 #M. 

Equation (4) can also be written as 

Ka ( ( a t )  "~2_ (a )2  ( a )  2 

Kas = lt(st) - (a,)J -- ~ or K~ -- Ka s 

The concentrations of free Mg 2+ corresponding 
to the maximum of the enzymatic rate, calculated 
from Eq. (2) for the four values of total ATP used 

above, are, respectively, 4.39, 4.52, 4.90, and between 
3.9 and 6.4 #M. The mean value of Ka, using this other 
method of calculation, is 1.38 #M. 

Influence of ATP Concentration 

The influence of ATP on the rate of hydrolysis 
was studied in greater detail using three different 
concentrations of total Mg 2+. The results are plotted 
in Fig. 2, which shows that the enzymatic rate is a 
complicated function of the total substrate concen- 
tration, depending also on the total magnesium 
concentration. At very low substrate concentration, 
the reaction rate varies linearly with that concen- 
tration (Fig. 3). Under these conditions most of the 
ATP is complexed with Mg2+; the free substrate 
concentration is thus very low (in the micromolar 
range) and, as will be shown below, far smaller than 
the Km value. 

Equation (3) becomes 

k(et) 13 ~ 
1 + (1 + Ka/(a)). (Km/(S)) 

k(et)(s) k(et)(s) 
(1 + Ka/(a))(Km ) K m 

Kas(aS) Kas(S,) 
(s)= (a) ~ (at) 

0.7 

0.6 

"g o.~ / 

~ 0.3 

< 0.2 

0.1 

I I 
0 I1 2 3 

,total ATP concentration mM 

Fig. 2. Influence of the total ATP concentration on the rate of 
ATP hydrolysis. Conditions described in the text. Final concentra- 
tion of CF 1 - e :  18 #g/ml. ( e )  0.1 mM M ~ + ;  (0 )  0 .33mM M ~ + ;  
(A) l mM Mgt 2+. 
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Fig. 3. Influence of total ATP concentration on the hydrolysis rate 
at low ATP concentrations. Same experiments as for Fig. 2, 
expanded to better show the results at low ATP concentration. 

k(et)Kas (st) v , ' ~ - -  
Km (at) 

v k(et)Kas k v (at) (5) 
(st) - (at)Kin or Km= (st) Kas(e, ) 

The slopes of the straight lines (v/st) in the initial 
parts of the curves (Figs. 2 and 3) allow one to 
calculate the k/Km ratio. The calculated values are 
6.15, 3.92, and 4.12, giving a mean value of  
4.73 ml min- lmg -1. 

When the total substrate concentration exceeds 
the total magnesium concentration, the free substrate 
concentration [calculated from Eq. (1)] increases 
rapidly and linearly with the difference (st) - (at), as 
can be seen in Fig. 4. This behavior is simply due to 
the high affinity of  ATP for Mg 2+ (/<as = 0.02 mM). It 
follows that the evolution of  the enzymatic rate versus 
total substrate concentration shows an acceleration in 
this region, which is particularly visible in Fig. 2. This 
upward curvature has been attributed by several 
authors to a positive effect of regulatory sites (for a 
review, see Ref. 27). On the contrary, when the 

1.5 

E 
a." 1.o 

u_ 0.5 

i I I i i 

03 1 1.5 2 2.5 
total ATP. mM 

Fig. 4. Free ATP concentration, calculated according to Eq. (1), 
assuming K~ = 0.02 mM,  versus total ATP for different Mg 2+ total 
concentrations. Same symbols as in Fig. 2. 

Fig. 5. Rate of  ATP hydrolysis replotted versus (s)/[1 + Ka/(a)]. 
Same experiments as for Fig. 2. 

reaction rate is plotted versus free ATP concen- 
tration, or more exactly versus (s)/(1 + K,/(a)),  the 
initial upward curvature disappears (Fig. 5). The 
curves obtained for any total magnesium concentra- 
tion ought to be identical if the enzyme mechanism 
were completely described by Eq. (3). In fact, the 
curves are clearly different, which means that another 
phenomenon occurs. However, these curves are 
approximately homothetic, and the Km's measured 
from them are of  the same order: 0.1 and 0.4 mM. 
The determination of  K m is difficult. Indeed, the 
initial part of  the curves is unworkable, because the 
(s)/(1 + Ka/(a)) ratio must be of the same order of 
magnitude or greater than Kin, which is only possible 
when (st) is greater than (at). The final part of the 
curves also cannot be used because of an inhibition 
of  the reaction velocity, which can be attributed to 
excess of  substrate, as will be shown below. When 
the total concentration of  Mg 2+ is too low (Fig. 2, 
curve Mgt 2+ = 0.1 mM), these two conditions are not 
met and Km cannot be determined. 

Plots of the reaction rate versus total magnesium 
concentration at fixed total substrate can also be used 
to measure Km. However, the low values of 
(s)/(1 + Ka/(a)) should be avoided (initial parts of 
the curves in Fig. 1), since v becomes proportional 
to (s)/(1 + Ka/(a)). The final parts of  the curves of 
Fig. 1 are not considered either, because the rate is low 
and not accurate. For  total substrate concentrations 
of 0.284, 0.914, and 2.71 mM, the Km values are deter- 
mined with sufficient accuracy in the middle part of 
the curves: 0.28, 0.13, and 0.21mM, respectively. 
These values are in reasonable agreement with those 
obtained from Fig. 5 (0.1 and 0.4 mM). 

If  we accept 0 .2mM as a reasonable average for 
Km, the maximum rate of ATP hydrolysis can be 
obtained from Eq. (5), k = 0 .95#molmin -1 mg -1. 
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The discrepancy between this value and the generally 
much higher values found by the phosphate release 
method, has been discussed previously. 14 

However, Eq. (3) does not account for the 
existence of  a maximum in the reaction rate when 
the total substrate concentration is varied and the 
total magnesium concentration is held constant (as 
is seen in Fig. 2): the derivative dv/d(st)  does not 
reach zero for any finite value of  (st). The occurrence 
of  a maximum can be explained by the hypothesis of 
an inhibition of the reaction rate by the binding of  a 
second molecule of  substrate: 2'28 

EAS + S ~ EAS2, 

(eas)(s) 
with dissociation constant Km2 - (eas;) 

The fixation of  ATP on the enzyme could occur 
by two subsites: one binding the adenine moiety, the 
other, the phosphate groups. We propose that, when 
ATP is present in large excess, two molecules of  ATP 
are bound per site on the enzyme, one on each of the 
two subsites, and that the hydrolysis mechanism is 
then inhibited. With this hypothesis, the reaction 
rate is (see Appendix 3) 

k(e,) 
v = (6) 

1 + (Km/s)(1 + Ka/(a))  + (s)/Km2 

When the total substrate concentration is varied 
at fixed total magnesium concentration, the maximum 
rate is reached when d(v)/d(st) or d(1/v) /d(st)  = O. 

As seen in Fig. 2, the maximum occurs when 
(st) > (at). Thus, 
Kas(at)/((st) - (at)). 

We have 

(s) ~ (st) - (at) and (a) 

k(e,) 
Km KaKm ( s t ) -  (at) 

1 + (st) - (at) ~ - ~  + Km2 

d(1 /v )  _ - K m  1 
a ( , t )  - ( a , ) )  + = 0 

( ( s t )  - ( a t ) )  2 = KmKm2 ( 7 )  

From the values of  the maxima with (at) = 0.33 
and 1 mM (Fig. 2), we have Kin2 -- 24 mM. However, 
the determination of  this constant is not precise 
because of the uncertainty in the positions of  the 
maxima. 

With these hypotheses, the maximum of  the reac- 
tion rate, when the total concentration of  magnesium 
is varied and the total concentration of  substrate is 

held constant, is 

d(1/v) _ 

or  

Km KaKm 1 
- - - - 0  

d(at) ((st) -- (at)) 2 Kas(a,) 2 Kin2 

(at) 2 Ka (at) 2 
(8) 

((st) -- (at)) 2 -- Ka s KmKm2 

Equation (8) differs from Eq. (4) by the term 
(at)e/KmKm2, which is negligible compared to 
Ka/K,~ when (at) does not exceed 0.2raM (as for 
curves (st) --- 0.284mm and (st) -- 0.914raM, Fig. 1). 
In these cases, the calculation of  Ka as above is valid. 
But, as the ratio (at)Z~((&)- (at)) 2 is found to be 
quite constant for the four curves in Fig. 1, one 
must admit that the constant Kin2 is underestimated. 

Inhibition by Sodium Ions 

The experiments reported in Fig. 6 show that 
sodium ions inhibit ATPase activity and the per- 
centage of  inhibition, for the same concentration of 
total substrate, decreases with the concentration of 
total magnesium ions. The same phenomenon occurs 
with potassium ions (data not shown). These cations 
do not bind to ATP to any significant extent since the 
dissociation constant is 0.066-0.11 M for sodium and 
0.069-0.10 M for potassium. 29 The affinity of  ATP for 
Na + or K + is thus between three and four orders of 
magnitude smaller than for Mg 2+. Consequently the 
inhibition must be attributed to a binding of Na + or 
K + on the enzyme. If, for the sake of  simplicity, we 
neglect the inhibition by excess of  substrate, the 
system can be treated as follows: 

E + I  ~ EI, 

with dissociation constant Ki - (e)(i) 
(ei) 

.E.E 0.12 
e -  

• g o.lo 

o.os 

~. 0.06 
~o.o4 

o" 

i I I I I 

I i I i I , I , 
20 40 60 80 100 

N a  ÷ coneentration, mM 

Fig. 6. Rate of ATP hydrolysis versus Na + concentration for 
different concentrations of Mg 2+. Final enzyme concentration: 
10.2#g/ml. Total ATP concentration 1.86mM. (A) 0.182mM 
Mg2+; (×) 0.454mM Mgt2+; (<>) 0.91 mM Mgt 2+. 
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where I is Na + or K + 

(et) = (e) + (ea) + (ei) + (x) 

where (e) is the concentration of free enzyme, (ea) and 
(el) are the concentrations of magnesium and sodium 
forms and (x) is the concentration of the EAS 
complex. We have i ,~ (it) = total inhibitor concen- 
tration, since high concentrations of sodium ions 
(20-80 mM) are required to observe inhibition. Then 

(e)(it) 
(ei) - -  Ki 

and ( (< (e,) = (e) l + Ki j + (ea) + (x) 

since 
Ko(ea) 

(e)-- (a) 

Ka(ea) (1 + (it)'~ 
(et) - (a~-- Ki il + (ea) + (x) 

From the above, we have (see Appendix 2) 

k(et) 
v : (9) 

[ Ka ( ( i ' )~lKm 
1+ l + / q j j ( s  ) 

This model accounts for the experimental results 
shown in Fig. 7, where 1/v varies linearly with Na + 
concentration. Moreover, for the three concentrations 
of magnesium ion used and with the K~, Km, and k 
values determined above, the inhibition constant Ki 
is found to be 0.67, 0.56, and 0.62mM respectively 
(mean value 0.62 mM). 

DISCUSSION 

In this work we have reinvestigated in a 

18 '~• , I , i i I i I ' 

~ 12 • x x - 

E 10. 

8~ ~ ' ' ' ' -  ~> 

01" , I t I , I ~ I , 1" 
0 20 40 60 80 I00 

Na + concentrat ion, mM 

Fig. 7.  R e c i p r o c a l  o f  t h e  r a t e  o f  A T P  h y d r o l y s i s  v e r s u s  N a  + c o n -  

c e n t r a t i o n .  S a m e  d a t a  a s  f o r  F i g .  6. 

systematic manner the influence of ATP and ion 
concentrations on the rate of ATP hydrolysis by 
e-depleted F 1 from spinach chloroplasts. The reason 
why we have used e-depleted CF1 and not native CF1 
is that the latter is naturally inhibited by its e subunit 
and thus has a very low ATPase activity, which 
depends on the dissociation of the e subunit from 
the complex and varies greatly, in a nonlinear 
manner, with CFL concentration. We have found, 
however, that at constant CF~ concentration the 
shapes of the plots of ATPase activity versus Mg 2+ 
concentration are identical to those obtained with 
e-depleted CF1 (data not shown). 

We have shown that the experimental results can 
be explained by assuming a mechanism in which the 
enzyme must be activated by magnesium ion before 
hydrolyzing free ATP: the ascending parts of the 
curves in Fig. 1 are attributed to the activation of 
the enzyme by magnesium ion, and the descending 
parts to the depletion of the true substrate, i.e., free 
ATP, by formation of the MgATP complex. We have 
determined the values of different constants of the 
enzymatic reaction. It must be noted that they 
depend on the experimental conditions (pH, ionic 
strength) and on the value of the dissociation 
constant of MgATP (we have chosen the value of 
0.02 mM, which corresponds to the most recent deter- 
minations under conditions similar to our enzymatic 
assays. 26 

We will now show that the classical mechanism, 
in which the free enzyme hydrolyzes the MgATP 
complex and is inhibited by magnesium ion, is unable 
to explain the totality of the experimental results. 
Indeed, if we write 

E + A  ~ EA 

where A is Mg 2+ and Ka is the dissociation constant of 
the complex, assumed to be inactive, and 

E + AS ~ EAS k;, Products 
k ' l  

where AS is MgATP and 

K ;  - k'_l + k l  
kl 

we have (see Appendix 4) 

k(et) (10) V - -  
1 + (1 +Ka/(a))" (K~mKas/Ka) " 1/(s)) 

This relationship is similar to (3). The inhibition 
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constant K a is equal to the activation constant of the 
first model (1.4 #M), and: 

K" KmKa 0.2mM 
- - - -  x 1 . 4 # M  = 14#M 

Ka~ 0.02 mM 

The curves of reaction rate versus total substrate 
(Fig. 2) can be effectively explained by the following 
mechanism: the initial low value of the velocity is due 
to a very strong inhibition of the enzyme by mag- 
nesium, until an excess of substrate lowers the free 
magnesium concentration and reactivates the 
enzyme. This mechanism could also account for the 
general shape of the curves of reaction rate versus 
total magnesium concentration (Fig. 1): the 
increasing initial part is due to the formation of 
MgATP, and the decreasing part to inhibition of the 
enzyme by magnesium ion. 

However, there is a contradiction between the K~ 
value calculated for this mechanism from enzymatic 
data (14#M) and the dissociation constant K MgATP 
measured by the Hummel and Dreyer method and 
by a Scatchard plot under the same conditions, 
which was found to be 180#M (Fig. 8). Indeed 
K'm=(k'_l+k'2)/k~ ought to be superior to 
K MgATP= U_I/U1. This discrepancy does not exist if 
we consider that ATP is the true substrate: Km is 
200#M and KD ATP, measured from the same experi- 
ment (Fig. 8) by calculating free ATP, is 2.5 #M. 

If we accept that Mg 2+ inhibits the enzyme, it is 
logical to think that the Na + form of the enzyme, like 
the free form, is active. Assuming that these two forms 
have the same enzymatic constant toward MgATP, 
and that Na + competes with Mg 2+ at the same sites 
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MgATP complex concentration (O) or free ATP concentration (©), 
measured by the Hummel and Dreyer method. Total magnesium 
ion concentration = l mM. Tightly bound ADP = 1.7mol/mol 
CF1. Other conditions described in the text. 
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on the enzyme, we obtain (see Appendix 5) 

k(et) 
v =  KIm ( ( a )  % )  (11) 

1 + ~ - ~  l + KaKi- ~ 

where (it) is the total concentration of Na +. 
According to this relationship, for the same (a) and 
(as) values, v would increase in the presence of Na +. 
An activating effect of Na + would be predicted with 
these hypotheses, which is in contradiction with the 
experimental results. A more complex explanation 
could also be given, in which Na + would bind to the 
enzyme in a noncompetitive manner with Mg 2+. 

Finally, the shape of the curve of r (moles of ATP 
bound per mole of enzyme) versus substrate concentra- 
tion for 0.2 mM total magnesium concentration (Fig. 9) 
cannot be explained by the binding of the free enzyme 
with the MgATP complex: the r value tends toward zero 
when the MgATP concentration increases toward 
0.2mM, although it should be maximal. On the 
contrary, this phenomenon is well explained by our 
hypothesis: the binding decreases because of a lowering 
of the free magnesium ion concentration and thus of the 
Mg2+-enzyme complex concentration. 

We have neglected the contribution of the equi- 
librium E + S <  'ES.  There is no appreciable 
binding of ATP by CFb as measured by the Hummel 
and Dreyer method, in the absence of magnesium: 
r = 0.2 4-0.2 up to (s) = 150 #M (data not shown). 
Nevertheless, the enzymatic rate is low but not zero 
(see Fig. 1). Traces of divalent cations in the water or 
in the buffer are perhaps responsible for this slight 
activation of the enzyme. 
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The equilibrium EA + AS ~ EA AS has also 
not been taken into account in this study. The 
Hummel and Dreyer method shows that the binding 
of ATP by CF1 (r value) for the same concentration of 
total ATP below 0.1 mM is 1.5-2 times smaller with a 
total concentration of magnesium of 5 raM, compared 
to 1 mM (data not shown). This phenomenon is due to 
the depletion of free ATP when the total magnesium 
ion concentration is increased. It would be the same if 
MgATP were competing with free ATP on the 
enzyme-Mg 2+ complex (EA). However, we cannot 
exclude the formation of a small amount of the 
EAAS complex. What is sure is that it does not 
dissociate into ADP since the rate of hydrolysis 
tends to nearly zero when the total magnesium 
concentration is increased. 

Another hypothesis has been proposed which 
attributes the inhibitory effect of Mg 2+ to the binding 
of ADP in the MgADP form at the catalytic 
sites. 5'31'32 This hypothesis was based essentially on 
the observation of a high enzymatic rate during a 
transient period (30 s to 2 min) after the start of the 
reaction, followed by the establishment of a constant 
value at a lower level. Our results are quite different 
since we observe neither a significant burst of rate nor 
a lag during the first minutes. The measured ADP 
values (the first one can be measured at 30 s) are, 
within the limit of our accuracy, aligned with the 
zero-time value (corresponding to ADP contained in 
ATP as impurity).14 The slope of this line is taken as 
the initial rate and is constant up to a percentage of 
ATP hydrolysis of around 10%, during several 
minutes to more than one hour, depending on the 
experimental conditions. 

Moreover, we think that the amount of ADP 
produced by ATP hydrolysis cannot influence 
strongly the hydrolysis rate by binding on the 
ATPase since its initial concentration is very low 
(the ADP content of ATP is of the order of 1%); it 
then increases linearly with time, several times during 
a period where the rate of ATP hydrolysis remains 
constant. It is known that ADP is inhibitory when 
added to the medium, 6'14'33 but the inhibition is 
only noticeable when its concentration is rather 
high, of the order of more than 20% of that of 
ATP. We thus think that ADP produced by hydro- 
lysis cannot influence the initial rate. 

Conversely, it seems that the transient rate 
observed by these authors 5'31'32 can be explained by 
our hypothesis: the totality of the catalytic sites of the 
activated CFI used by Guerrero et al. 5 are certainly 

filled (the final concentration of ATP in the activating 
medium is around 5mM), and the initial rate is 
maximal. After dilution with the ATP regenerating 
medium, the concentration of ATP decreases, 
ATPase loses nucleotides, and the rate decreases. On 
the contrary, during incubation with magnesium, Mg 
ATP complex is formed, the free ATP concentration is 
low, only a few sites are filled, and the enzymatic rate 
is low. The t 1/2 of 1 min of the spectral changes of TF 1 
mixed with nucleotides studied by Hisabori et al. 34 

corresponding to the binding of nucleotides on the 
different sites, agrees with the duration of the tran- 
sient rate. The reason why we do not observe such a 
phenomenon is presumably that our assays are 
performed at 37°C instead of 22°C in the work of 
Guerrero et al. Under our conditions, the equilibrium 
of fixation is more rapidly reached. These authors 
indeed noted that "an increase in temperature 
(50°C), . . .  reduces drastically the Mg2+-induced 
inhibition of the steady-state rate." 

CONCLUSION 

In conclusion, we propose here a mechanism of 
action of the chloroplast ATPase involving first an 
activation of the enzyme by magnesium, followed by 
binding and hydrolysis of free ATP, whereas the 
classical theory considers that there is inhibition of 
the enzyme by magnesium ion and hydrolysis of the 
MgATP complex. To our knowledge, the explanation 
we propose has only been advocated in an early paper 
of Adolfsen and Moudrianakis concerning the 
coupling factor from Alca l igenes faeca l i s .  3° 

Our data are based on HPLC separation and 
determination of ADP. No ATP regenerating system 
has been used in order to avoid any possible modifi- 
cation of free Mg 2+ concentration by phosphoenol- 
pyruvate. The enzymatic rates are defined with 
sufficient accuracy during several minutes and are 
proportional to the CF 1 - e concentration, as shown 
in a previous publication. 14 The binding measure- 
ments are obtained chromatographically using the 
Hummel and Dreyer method, which allows us to 
determine low-affinity binding, since the complex is 
always in equilibrium with a constant concentration 
of ligand. It will be of great interest to reinvestigate 
the question of the actual substrates of similar 
nucleotide-binding enzymes, such as adenylate kinase 
or DNAses, in order to learn if they use free or metal- 
complexed substrates. 
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APPENDIX 1 

Calculation of (a) and (s) from (at) and (st) 
(See Also Ref. 35) 

(at) = (a) ÷ (as) 

(st) = (s) -t- (as) 

gas -- (a)(s) 
(as) 

(a)(s) ( (s)'~ 
(at) = (a) ÷ Kas -- (a) l ÷ Kas] 

Kas(aS) ( (S) ~ 
(a t )= (s) • l + Kas] 

Kas ( , (s)'~ 
(at) = -(j-y [(st) - (s)] \ 1 -l- ~*a*) 

= (st) ÷ (st)ga~s gas -- (s) 
(s) 

(S) 2 ÷ (s)[(at) -- (st) ÷ gas] -- gas(St) = 0 

-[(at) - (st) +/(as] 4- q[(a,) - (st) + K~,] 2 + 4K~(st) 
s =  

a =  

2 

In the same way, 

(a)(s) ( (a)~ 
(st) = (s) ÷ ~sas -- (s) l + Kas] 

Kas(aS) ( 1 '  (a)'~ 
( s t ) =  (a) " -i-K-~aJ 

(st) =-~f-)) [(at) - (a)]( l ' (a)'~*~-£j 

a 2 ,l, a[(s,) - (at) + Kas] - Kas(at) = 0 

-[(st) - (at) + Ka,] -4- ~/[(st) - (at) + Ka~] 2 + 4Ka,(at) 

2 

In bo th  cases, there is only one positive (physi- 
cally meaningful)  solution. 

APPENDIX 2 

Calculation of the Enzymatic Rate with the Hypotheses 
That ATP Is the Substrate and Mg 2+ is the Activator 
(See Also Ref. 36) 

At the steady state, the concentra t ion x of  the 

complex EAS is constant:  

d(x) 
d~- -- (k2 + k-1)(x)  ÷ kl(ea)(s) = 0 

then 
(x) - (ea)(s)kl 

k2 ÷ k _ l  
and 

(et) = (e) + (ea) + (x) 
where ( e t )  , (e), and (ea) are, respectively, the con- 
centrat ions of  the total enzyme, free enzyme, and 
magnesium bound  enzyme. 

The dissociation constant  Ka = (e)(a)/(ea). We 
then have 

Ka(ea) 
( e ) -  (a) 

( (et) = (ea) 1 (a)J + (x) 

( e t ) -  (x) 
( e a ) -- f T -KT /-~) 

k, (s)((et) - (x)) 
(x) = (k 2 + k_l)(1 ÷ Ka/(a)) 

• ) + (s)(x) = (s)(et) 

(eD 
(x) = 1 + (1 ÷ Kala)((k2 ÷ k_ l ) l k l ) ( l l ( s ) )  

if we write (k2 + k_ l ) /k l  =Km and k for max imum 
velocity, we obtain Eq. (3): 

k(e,) 
V ~ 

1 + (1 + Ka/(a))(Kml(s)) 

APPENDIX 3 

Calculation of the Enzymatic Rate with the Hypothesis 
That the Binding of a Second Molecule of ATP Inhibits 
the Hydrolysis Mechanism 

In addit ion to the above-ment ioned equilibria, 
we have 

(eas)(s) 
EAS ÷ S ~ EAS2, with Krn2 - (eas2) 

(e,) = (e) ÷ (ea) ÷ (eas) ÷ (eas2) 

(+go') = (ea) 1 (a)J ÷ (eas) + (eas2) 

=(eas)  I I + ~ ( l + ~ )  ) -t - (s)]  
Km2J 
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V = 

k(et) APPENDIX 5 

l+(Km/(S))(1 +Ka/(a))+((s)/Km2) 

APPENDIX 4 

Calculation of the Enzymatic Rate with the Hypotheses 
That MgATP Is the Substrate and Mg 2+ is the 
Inhibitor (See Also Ref. 36) 

We consider the equilibria 

E + A ~ EA, where A is Mg 2+ 

with K~ = dissociation constant of the complex, 
assumed to be inactive. 

k', 

E + AS ~ EAS ~ Products, 
k'_, 

where AS is MgATP 

K" ki+k' 

A + S  ~ AS, 

where Kas = dissociation constant of AS 

With the same definitions as in Appendix 2 and 
(x ~) for the concentration of  the EAS complex, we 
have 

( (a)'~ 
(et) = (e) + (ea) + (x') = e l + Ka j + (x') 

(e,) - (x') 
(e) -- i T ~)'-~a 

The steady state is reached when d(x~)/dt = O: 

- (k ' - i  + k~2)(ff) + k] (e)(as) = 0 

k~ (e)(as) (e) (as) (e). (a). (s) 
(x') ---- k,_l + U2 = ,  K~ m - K~mKas 

(et)  -- ( x  t) (a) . (s) 
1 + ( a ) / K ~  ' K'Ko~ 

We have 

and 

(e t )  
(x') = 1 + K~K~.  (1/(a)-(s))(1 + (a)/Ka) 

k(e,) 

Calculation of the Enzymatic Rate in the Presence of 
Na +, with the Hypotheses That MgATP Is the 
Substrate and Mg 2+ is the Inhibitor 

We have the equilibria 

E + A  ~ _  EA, where A i s  Mg 2+ 

Ka =dissociat ion constant of  the complex EA 
assumed to be inactive, 

E + I ~ EI, where I is Na + (or K +) 

K; = dissociation constant of the complex EI assumed 
to be as active as E. 

E + AS ~ EAS ~ Products, 

concentration of EAS = (x) 

EI + AS ~ EIAS ---* Products, 

concentration of  EIAS = (ix) 

With the same definition as in Appendices 2 and 
3, we have 

(e) + (ea) + (ei) + (x) + (ix) = (et) 

( (a) (i)) (ix) (e) 1 + ~ +  Ki) + (x) + = (et) 

If E and EI are as active toward AS, we have 

(x)  = ( e ) (as )  ( ix)  - -  ( e i ) ( a s )  
K k  ' 

(x) + (ix) = [(e) + (ei)](as)K[n _ if/,,,1 (as)(e) (1 + -~)  

(e , )  - ( x )  - ( i x )  

(x)+( ix)  K~ ( (a) (i)5 
l + ( i ) l K  i "(as--) l+K-~a+-~ / )  + ( x ) + ( i x ) = ( e , )  

( x )+( i x ) - -  
(e,) 

(as)(1 + (i)lKi) 

k(et) 
"V= 

1+~-~-~ 1-4 Ka K i - + ( i , )  

"(  l + (a) + K,,, 

since (i) ~ (it) 
V 

1 + (K~m/Ka)Kas • (1/(s))(1 + Ka/(a)) 
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