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THE USE OF HPLC FOR THE STUDY OF 
CHLOROPLAST ATPase ENZYMATIC ACTIVITY 

AND ATP BINDING 

G. Berger, G. Girault, S. Pezennec, J. L. Zimmermann 

Section de Bioenergetique 
DBCM, CEA Saclay 

F-9 1 19 1 Gif sur Yvette Cedex, France 

ABSTRACT 

The advantages of the use of HPLC for the purification of the 
activated chloroplast F1 ATPase, for the measurement of 
enzymatic activity (by ADP-ATP separation on anion exchange 
column) and for ATP binding measurement (by the Hummel and 
Dreyer chromatographic method on gel filtration columns) are 
pointed out, by comparison with conventional methods such as 
ATP regenerating method or centrifugation on Sephadex 
columns. 

The enzymatic data obtained at various ATP and M C  
concentrations and with different M$ chelators and the ATP 
binding data led to the conclusion that metal free ATP is the true 
substrate of the enzyme and that M$ is the activator. MgATP 
also binds to the enzymatic sites but with a weaker affinity (KD = 
180 pM) than ATP (KD = 14 pM) and is not hydrolysed. 
Moreover, no cooperativity between the sites is needed to account 
for the results. 

1925 
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1926 BERGER ET AL. 

A schema is proposed in whlch the protonated form of the 
lysine of the enzymatic site interacts with the negatively charged 
y phosphate of ATP. Complexation with Mg2+ would prevent 
this interaction. 

These results and their interpretation are discussed and 
compared with those of the literature. 

INTRODUCTION 

Importance of Methods of Analysis 

F1 ATPase activity and ATP binding have been studied for more than 
30 years and, in spite of the establishment of the structure' and of the binding 
change and rotational  mechanism^,^‘^ several points remain obscure. 

ATPase Activity 

Various methods have been used to determine the enzymatic activity of 
ATPase: those in which the phosphate released from ATP was measured 
without separation from other reaction products,6 or after solvent extraction of 
the complexed Pi,' precipitation of this complex,* or after adsorption of the 
radioactive unmodified ATP on charcoal.' The release of protons due to 
hydrolysis of ATP has also been measured by means of pH indicator" or by 
using a pH Stat." However, the majority of the studies have been carried out 
with an ATP regenerating system involving phosphoenolpyruvate and pyruvate 
kinase, in order to maintain a constant substrate concentration. 

The reaction was monitored either by the release of phosphate" or by the 
decrease of the absorbance of NADH in the presence of lactic dehydr~genase.'~ 
Nevertheless, the use of high concentrations of phosphoenolpyruvate modifies 
the free Mg2+ concentration and, hence, the enzymatic rate.I4 In fact, this 
widely used method cannot be applied for studies of the effect of substrate or 
Mg2+ ion concentrations. 

We have developed an HPLC method based on ADP-ATP separation and 
measurement of ADP" which is simple, rapid, and without artifacts (see 
Experimental). 
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CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1927 

Nucleotide Binding 

Nucleotide binding has been widely often measured using rapid separation 
by size exclusion chromatography on small Sephadex  column^.'^-^^ This 
method is simple and rapid; however, it has the major defect of modlfying the 
equilibrium of binding since the free ligand concentration is not kept constant 
during the separation step. In the hypothetical case of a macromolecule ligand 
complex which obeys first order kinetics during dissociation and associates at 
the rate of lo6 M-’ s-’, the loss of binding during separation reaches ten per cent 
in 0.1 s for a dissociation constant KD = M.20 The 
separation techmques must then be extremely rapid in the case of loosely bound 
complexes. This is the reason why centrifugation is used to filter mixtures on 
small Sephadex columns. However, rapidity involves a decrease of the 
efficiency of the separation and several operations are then needed, during 
which dissociation may occur. 

M, or in 1s for KD = 

The methods which do not require separation are not subject to this 
constraint. They include physical methods, such as fluorescence emission of 
the tetracycline-CF1 complex,21 or of ethenoadenine bound to CF1,” which are 
quenched by ADP binding, ultraviolet absorption spectroscopy of nucleotides, 
based on the modification of the spectrum due to the hydrophobic conditions of 
the binding pocket,19223224 or circular dichroism of ADP, which is changed when 
fixed on CFI .25 The uv-visible spectral changes induced by binding of analogs 
of nucleotides (TNP ADP, TNP ATP) have also been st~died’~,’~ as well as the 
modification of fluorescence of the tryptophane probes incorporated by site- 
directed mutagenesis near the binding or the steady state fluorescence 
intensity of maleimide attached to the cysteine at position 63 on /3 CFl .31 In all 
these cases, additional hypotheses are generally needed to relate the signal 
amplitude with the fraction of bound ligand and this requirement limits the 
validity of these methods. 

Another method which is theoretically suitable in every situation, 
particularly for low affinity systems, is equilibrium dialysis. However, its 
sensitivity is poor since nucleotide binding is measured by the difference of 
concentrations between two compartments. Moreover, the results can be 
disturbed by the ligand adsorption on the dialysis membrane. 

We have used, in the present study, the chromatographic method of 
Hummel and D r e ~ e r . ~ ~  The advantage of this method is that the complex does 
not dissociate during the course of the chromatography, even if the affhity 
constant is low, since the complex is always in equilibrium with the free ligand. 
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1928 BERGER ET AL. 

The initial method of Hummel and Dreyer has been extended to HPLC by 
Sebille et al.33 for the study of the binding of different drugs on albumin and, in 
a preceeding work, we have applied it to the determination of the binding sites 
of CFI and of some of its subunits34 (see Experimental). 

HPLC Purification of Active ATPase 

Heat activated CF1 ATPase, as prepared by the Lien and Racker 
and used by numerous authors, contains a large excess of ATP and 

dithiothreitol. Under these conditions, the fractions of ADP and ATP bound to 
the enzyme are not well defined and the effect of Mg2+ incubation can be 
largely perturbed.36 

In this work, we used an activated CFI ATPase, obtained by E subunit 
depletion and HPLC purification, which contains only one to two ADP per 
molecule (see E~perimental).~~ 

EXPERIMENTAL 

CFl was extracted by EDTA, sucrose, and chloroform treatment from 
spinach chloroplasts as in ref. 38, then passed on a DEAE cellulose column, 
equilibrated with 50 mM Tris HCI, 2 mM EDTA, pH 7.8 and eluted with the 
same medium supplemented with NaCl 0.4 M, precipitated with (NH& SO4 at 
50 % saturation, and eventually stored at 4°C. 

HPLC was performed on a Waters apparatus, consisting in two pumps 
M 5 10, a solvent programmer M 660, an injector U s ,  and a spectrophotometer 
M 490. Crude extracts, prepared as above, were chromatographed on Protein 
Pak DEAE 5 PW columns 2 1.5 x 150 mm equilibrated with 20 mM Tris buffer 
pH 8.5. A linear ammonium sulfate gradient 0 to 1 M was applied during 30 
min at 4 ml/min. Fractions corresponding to purified coupling factor were 
pooled, precipitated with (NH& SO4 at 50 % saturation and dialyzed against 
20 mM Tris buffer pH 8.5. The solution was submitted to 3 cycles of freeze- 
thawing, centrifuged at 40 000 g during 15 min, and the Supernatant was 
injected onto the Protein Pak DEAE column. Extensive washing with 20 mM 
Tris buffer (1 to 2 hours, 4 d m i n )  led to partial fractionation of CFl: p 
subunit, CFl - 6, CFl - E complexes were eluted by ammonium sulfate gradient 
(0 to 0.8 M during 40 min). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1929 

Protein elution profile was monitored at 280 mm, protein concentrations 
were determined with Bio Fbd protein assay using bovine serum albumin as a 
standard, or by uv absorption, assuming for CFl an E ;2  of 0.48 at 280 nm. 
Fluorescence spectra (excitation at 280 nm, emission between 280 and 350 nm) 
were performed on spectrofluorimeter JYSD Jobin et Yvon. SDS 
polyacrylamide gel electrophoreses were performed as in ref. 39. 

ATPase activity was measured at 37°C in 0.075 M Tris sulfate buffer 
pH 8.5, containing variable concentrations of ATP and Mg2f ion (routinely, 1 
mM and 0.2 mM, respectively). Aliquots of the reaction mixture were directly 
injected on a TSK DEAE 2 SW column (4 x 300 mm). The reaction was 
immediately stopped after injection by the lowering of pH 4.3. The nucleotides 
were separated by isocratic elution with P04H2K 0.1 M, NaCl 0.25 M, at the 
rate of 1.2 mL/min, in about 3 minutes and with a resolution better than 2 (Fig. 
la). The concentration of the released ADP was measured by the height of the 
absorption peak at 260 nm, relative to a calibration curve established under the 
same conditions. ATP and ADP concentrations of standards were calculated 
assuming an E E  = 15,400 and were corrected for the presence of A M P  and 

ATP in ADP and from ADP in ATP, measured by HPLC. 

The amounts of released ADP increased linearly with time of action of the 
enzyme in the reaction mixture, up to a degree of hydrolysis of about 10 %. The 
initial enzymatic rate, for a period of at least several minutes, is thus well 
defined (Fig. lb). 

Beyond, the rate decreased because of the consumption of ATP and of the 
inhibition due to released ADP. No lag time, nor burst of activity were observed 
under these conditions, when CFl - E was previously dialyzed against Tris 
buffer 0.075 M, even in the first minute (aliquots were taken every 10 s, frozen 
in liquid nitrogen, before analysis). The initial concentration of ADP 
(extrapolated to zero time) corresponded exactly to that brought by ATP as 
impurity. The amounts of ADP carried along with CFl - E were negligible. 
Endogenous ADP or ATP bound to CFl - E or CFl were measured by the same 
chromatographic method, after acid denaturation of the protein. 

Nucleotide binding was measured according to the method of Hummel 
and Dreyer (32) : a known quantity of macromolecule (here, CFl) is injected on 
a gel filtration column (here, TSK 2000 SW, 7.5 mm x 300 mm), equilibrated 
with a fixed concentration A of ligand (here, ATP or ADP, between 0.5 and 15 

M, in Tris buffer 0.075 M, pH 8.5, containing different concentrations of 
M e  ion). In the simpler case where there is a reversible binding of the ligand 
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Figure 1. a) HPLC separation of ADP from ATF'. Conditions: column TSK DEAE 
2 SW, 4 x 300 mm, eluent POI H2K 0.1 M, NaCl 0.25 M, 1.2 mL/min. b) Released 
ADP from ATP hydrolysis by CF1, versus time. Conditions: ATPt concentration 
0.22 mM, MgplmM; Tris buffer 0.075 M, pH 8.5, temperature 37°C. 

on n independent identical sites, with a dissociation constant KD, the number of 
molecules of bound ligand per molecule of protein is nA/(KD + A), the fraction 
of sites which is filled is r = M(KD + A). T h s  fraction is independent on the 
concentration of the protein and depends only on the concentration of the free 
ligand of the eluent and on the dissociation constant. The ligand which is 
bound to the macromolecule migrates with it and is withdrawn from the 
solvent. The local decrease of the ligand concentration migrates with the 
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CF, 1.09 nm 

2 1 6 
TIME , min 
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- 1  0 1 2 
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Figure 2. a) ATP-CF1 binding measurement by the chromatographic method of Hummel 
and Dreyer. Conditions: column TSK 2000 SW, 7.5 x 300 mm. Eluent: Tris buffer 
0.075 M, pH 8.5, ATPt 0.228 mM, Mg:+0.41nM The major peak (3.5 min) 

corresponds to the protein-ATP complex, the second one (5.8 min), to free ATF’. 
b) ATP peak area versus ATP excess. The arrow indicates the quantity of ATP bound 
by the injected CFl (same conditions as in a)). 
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1932 BERGER ET AL. 

MgATP 
E EMgATP - Hydrolysis ? 

-Hydrolysis ? 

Figure 3. Possible mechanisms for ATP hydrolysis. 

+\ 

W/thout Mgz+ 
0 
I 

+ \ 
+-+- 

+ I  + (  I I 

0 50 100 
Total ATP, M 

0 

Figure 4. Number of moles of bound ATP per mole of CFI, versus total ATP 
concentration, in presence of magnesium 1 mM, and without magnesium. 

same rate as the ligand. It can be detected at the column outlet as a negative 
peak of the optical density at 260 nm and the bound quantity can be measured 
by the surface of the peak. Hummel and Dreyer3* have proposed an internal 
calibration: when the same quantity of macromolecule is injected successively 
with increasing quantities of ligand, the size of the negative peak decreases 
progressively and becomes positive (Fig. 2a). Its area varies linearly with the 
excess of injected ligand over the quantity contained in the same volume of 
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CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1933 

eluent. The intersection with the X axis occurs when the bound ligand quantity 
compensates exactly the one that has been added in excess to the solvent (Fig. 
2b). 

Mg2+ binding on nucleotides and on CF1 have also been determined by a 
spectrophotometric method which uses the modification of the visible spectrum 
of the dye Antipyrylazo 111, when loosely bound to Mg2c.40,41 The Merence 
AA (523 nm - 602 nm) is characteristic of this complex and is quite linear with 
Mg2+ concentration, up to 100 $4. In the presence of a Mg2+, ligand with a 
dissociation constant sufficiently lower than that of Antipyrylazo 111 (- 1 mM 
in0.075 M Tris buffer pH SS), the binding of the dye does not perturb the 
equilibrium between Mg2+ and the chelating agent, and the concentration of 
free Mg2+ is satisfactorily measured by the AA (523 nm - 602 nm). The 
dissociation constants were calculated by the Scatchard method.42 

RESULTS 

Between ATP, Mg2+, Mg ATP and E, reversible binding site of ATPase, 
the simplest equilibria whch can be considered are described in Fig. 3. 

The HPLC study of the influence of MgZC ion and ATP concentrations on 
the enzymatic rate and on the binding of substrate allows to choose between 
these different possibilities. 

There is no appreciable binding of ATP in the absence of M$ ion 

Figure 4 illustrates clearly this point : the number of ATP moles per mole 
of CFl is less than 0.2 in the absence of Mg2+, up to a concentration of ATP of 
0.15 mM, when it reaches or exceeds 2, when Mg2+ is present. 

E + ATP + EATP. Pathway no 1 is then impossible. 

The binding of metal substrate complex on free enzyme is unlikely 

The dissociation constant of the Mg ATP complex, measured by the 
Antipylylazo I11 method has been found to be 0.36 lo4 I'd3 in our conditions 
(Tris 0.075 M pH 8.5), which is close to the value given in the literature 
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LL 
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1-without ATP- 
2-ATPz0.08mM 
3 -  .. =0.16mM 
4 -  .. = 0 2 4  mM 
5 -  .. = 0.32 mM 
6 -  .. = 0.68 mM 
1- '. = 0.64 r n M  

" 
0 0.1 0.8 1.2 1.6 2.0 2.I 

Added Mg '+ ~ p moles 

magnesium ATP = 0 48 mM 

1.2 1.6 2 2.1 2.8 3.2 3.6 I 

B , M 

Figure 5 .  a) ATP-Mg binding measurements by the Antipyrylazo lII method. 
A A  (523  nm-602 nm) is characteristic of the magnesium not bound to ATP. 
Conditions: Tris buffer 0.075 M pH 8.5, dye 40 pM, for different ATPt concentrations. 
b) Scatchard plot corresponding to a). 

around 0.2 M,),44 (Figure 5a and b). On the other hand, the dissociation 
constant between Mg2+ and CF1, measured by the same method is lower than 
0.8 M (43), involving 1.6 to 2 sites. Thus, the free enzyme cannot bind 
directly Mg ATP, since some Mg2+ from Mg ATP would immediately leave the 
complex to saturate the enzyme. 

E + Mg ATP + E Mg ATP. Pathway n"2 is also impossible. 

The remaining possibilities are then: 
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E + M g  z EMg 

EMg + ATP z EMg ATP -+ hydrolysis ? 

EMg + Mg ATP 2 EMg Mg ATP -+ hydrolysis ? 

Which is the true substrate? ATP, Mg ATP, or both? To our opinion, only 
metal free ATP is hydrolysable and the arguments are the following ones: 

a) In the case of a mechanism involving the equilibria: 

E + M g  2 EMg 

EMg + ATP EMg ATP -+ hydrolysis 

the enzymatic rate is given by the expre~sion:~' 

where K, is the Michaelis constant expressed with ATP concentrations, V, the 
maximum rate, s and a, the free ATP and MgZt concentrations and K,, the 
dissociation constant of the E + Mg z EMg equilibrium. On the other hand, if 

Mg ATP were the true substrate (E+ Mg ATP 2 EMgATP -+ hydrolysis), then 
the relationship giving the enzymatic rate would be:45 

where K; is the Michaelis constant expressed with MgATP concentrations 

and K F A w  is the dissociation constant of the MgATP complex. The two 
expressions are equivalent and the mechanisms cannot be hstinguished by 
enzymatic data alone. 

However, the comparison of the dissociation constant of the EMgATP 
complex kkMgATp ) with the Michaelis constant allows to choose between the 
two  mechanism^.^^ In the first hypothesis: 
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EMgATP=2 5 $ 4  KD , and in the second hypothesis: 
K, =200$4 

KkaATP =1 8OpM 
KL =14pM 

Only the first couple is possible, since the Michaelis constant must be 
larger than the dissociation constant of the enzyme substrate complex. 

b) Na+ and K' are inhibitors of the ATPase activity.45 This inhibition is 
competitive with Mg2+ concentration and it decreases as Mf increases. As 
Na+ and K" do not bind noticeably to ATP (dissociation constant of the complex 
with ATP on the order of 0.1 M),46 the competition must occur at the level of 
the binding on the enzyme. Consequently, the role of activator must logically 
be attributed to Mg2+, since there is inhibition by replacement of Mg2+ by 
monovalent ions. At constant total ATP concentration, the enzymatic rate first 
increases with total Mg2+ concentration, passes through a maximum for 
Mg2+/ATP ratio well under the equivalence (- 0.2) and then decreases,45 (Fig. 
6). If Mg2+ has an activating effect, the decrease of the rate must be attributed 
to the depletion of ATP, the true mbstrate, at the expense of the formation of 
Mg ATP. 

c) The third argument is given by the enzymatic study using Mgz+ 
chelators. In this study, we always used a slight excess of Mg2+ over ATP 
(Mg2+/ATP = 1.25). The residual activity of the ATPase was then around 25 % 
of the maximum. Then we added, progressively, Mg2+ chelators with different 
dissociation constants. 

With low binding chelators like 8-hydroxyquinoline ( KF:gHydro = 1.5 
M, measured by the spectrophotometric method), there was no modification 

of the enzymatic rate (Fig. 7): indeed, this chelator is unable to dissociate Mg 
ATP, nor Mg CFI. 

With tropolone (2 hydroxy - 2,4,  6 cycloheptatrienone) ( KFg-Trop = 0.78 

M) or pyrophosphate (first KF-4" = 0.25 loT4 M), the activity increased 
and reached a plateau at 50 - 65 % of the maximal activity. These ligands have 
a dissociation constant with Mg2+ comparable to that of ATP ( K F T P  = 0.36 

M) and they compete with it for Mg2+ binding. Mg ATP is then partially 
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Total Mg2'concentration , r n M  

Figure 6. Enzymatic activity of CFI - E versus total Mg2+ concentration. Conditions: 
Tris buffer 0.075 M, pH 8.5, ATPt 1 mM, CFI - E 6.8 ng/mL,. 

x 

8 Hydroxyquinoline + 
I 

0 0.4 0.8 1.2 1.6 2.0 
Total ligand concentration, r n M  

Figure 7. Enzymatic activity of CFI - E in the presence of an excess of 
Mg;+(Mg;' /ATPt=1.25), with different ligands of Mg? . Same conditions as in 

Figure 6. The arrow indicates the equivalence between the quantities of M g r  and 
chelating agents. 
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dissociated and more free ATP is available. This result gives evidence that ATP 
is the true substrate. It cannot be put forward that the increase of activity is due 
to the dissociation of Mg2+ from inhibitory sites on CF1, since the dissociation 
constant of Mg2+ from CFI is well below that of the chelator 
(0.8 M). If the MgATP complex was the substrate, the activity would 
decrease when the chelator dissociates MgATP without modifying the Mg CF1 
complex. 

In the case of EDTA, a tight binding Mg2+ chelator ( KF-EDTA < 0.2 
M), the dissociation constant is smaller than those of Mg ATP and Mg CF1. 
The activity of ATPase first increased, reached a maximum and then decreased 
by dissociation of Mg CF1, when the concentration of EDTA exceeds that of 
Mg ’+. 

Though only ATP is hydrolysable, ATP and Mg ATP competitively bind on 
CF1 

If metal free ATP is the only ligand of ATPase, the fraction r of the sites 
(supposed to be identical) which is filled is given by the relationship (see 
appendix 1) : 

, the where a and s are the free Mg2+ and ATP concentrations, K, and K, 
dissociation constants of the Mg CF1 and Mg CF, ATP complexes. As a is on 
the order of M in the binding studies, well larger than K, (0.810” M or 
less, see above), this relationship becomes : 

EMgATP 

r S 

The different curves of r versus s, obtained with various Mg? concentrations 
would superimpose, which is not observed in reality. 

If now MgATP is supposed to bind competitively with ATP, whde 
maintaining that only metal free ATP is hydrolyzable, for the reasons 
mentioned above, r is given by the equation (see appendix 1): 
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ATF i 1  

where KEMgMgATF is the dissociation constant of the Mg CF, Mg ATP 

complex. As above, the term 2 is negligible and the relationship simplifies : K .  
a 

r S 

This last equation is similar to that used in the Scatchard plots, with a 

, in the case instead of - EMgATP 
1 

D. D I KD 

a slope - 

where only ATP could bind. In addition, since a is approximately constant in 
the conditions of the binding measurements (Mg:+))ATPt), the representation 
of r/s versus r must be linear, which is effectively shown on Figure 8 (with 
Mg:f =0.4mM). 

Furthermore, a plot of the slopes of these straight lines as a function of the 
mean concentration of free Mg2+ (approximately Mg:f ) allows to determine 

KE&ATP=14pM and K;MgMgATF=180pM (Fig. 9). From these values, the 
fractions of ATP and Mg ATP bound on CFl can be calculated in different 
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CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1941 

conditions. Table 1 shows that ATP is preferentially bound to CFI, compared 
with MgATP, when the total ATP concentration is comparable or larger than 
that of Mg2+. 

When r (or nr, number of moles of ligand bound per mole of enzyme) is 

, the experimental points obtained plotted versus s 1+ ,EMgMgATPKMgAP 
.-&MgAP [ K D .  D 

with various MgTf concentrations, which should theoretically be gathered on 
the same curve, are in fact distributed within a sector, with a mean dispersion 
of 30% (Fig. lo). This rather high dispersion is perhaps due to differences in 
the intrinsic nucleotide content (ADP) of the CFI batches. Nevertheless, the 
fitting is much better than when only one entity (metal free ATP or Mg ATP) is 
supposed to bind. 

DISCUSSION & CONCLUSION 

All the results presented here with CF, are in favor of the role of metal 
free ATP as the true substrate of ATPase and consequently of the role of free 
M C  as activator. The same conclusion has been reached with TFI from PS3 
(47). The ascending part of the curves of the enzymatic rate versus MgTf 
concentration is attributed to activation of the enzyme by M$ and the 
descending part, to the depletion of the true substrate (metal free ATP), by 
complexation with Mg2+. There is no reason that the maximum of the rate 
curve occurs at a stoechiometric value: in our conditions it occurs for 
MgT+/ATPtd.2 (Fig. 6 and ref. 45). On the curves of the influence of total 

substrate concentration at fixed M g p  (Fig. 2 of ref. 4 3 ,  the acceleration 

observed when ATPt becomes larger than M g p  is conveniently explained by 

the hypothesis of metal free ATP as the true substrate : as K F P  is very low, 
the quasi totality of the nucleotide is complexed in the MgATP form when 
ATPt < MgTf and metal free ATP is only present in noticeable amounts when 

ATP,> MgTf . 

It must be pointed out that the opposite point of view has been generally 
developed. For Ulr i~h,~ '  Mg2+ inhibition is a mixture of competitive and 
non competitive inhibition, Mg ATP is the substrate and free ATP acts as a 
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Figure 8. Scatchard plot of CFI - ATP binding measurements by the Hummel and 

Dreyer method: Conditions : Tris buffer 0.075 M, pH 8.5, Mg?’ 0.4 mM . 

competitive inhibitor. The data of Adolfsen and Mo~drianakis~~ are in favor of 
a non competitive binding of free Mg2+, although a combination of non 
competitive and competitive kinetics is not ruled out. Free ATP would be a non 
competitive inhibitor of the MgATP hydrolysis. Anthon and Jagendorf” 
proposed that free Mg2+ inhibits the activity non competitively, the inhibition by 
high free ATP concentration being due either to substrate inhibition or to 
competition with MgATP. Uncompetitive inhibition by Mg2+ was observed by 
Malyan,” depending on micromolar concentrations of ADP. The majority of 
the authors now think that the presence of ADP is necessary for Mg2+ inhibition 
to develop, through the formation of MgADP bound to a catalytic site: 
M a l ~ a n , ~ ” ~ ~  M i n k ~ v , ~ ~  Va~ilyeva,~~ Dr~binskaya,~’ M i l g r ~ m , ~ ~  B~lygin ,~~”’  
G ~ e r r e r o , ~ ~  Murataliev.60361 Though ADP would be necessary for Mg2+ 
inhibition, the two compounds could bind independently to CF1 .36 The 
induction and relief of the inhibition of the activity would be caused by slow 
binding and slow release of Mg2f336 or by the absence or presence of ATP on the 
regulatory sites.62 For H i ~ a b o r i , ~ ~  the inhibitory effect of Mg2+ was attributed to 
a marked increase of k,, for the inhibitory ADP binding at the high 
affinity sites, induced by the previous binding of Mg2+. Ahled4 and Schobed5 
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Figure 9. Slopes of the Scatchard plots of the CF, - ATF' binding measurements, versus 
free magnesium concentration. The slope of the straight line is the reciprocal of 

and the intersection with the Y axis is the reciprocal of Mg ATP K' EMg Mg ATP 
KD . D 

K E ~ ~ ~ ~  (see text) 

proposed that two independent binding sites were responsible for the inhibitory 
and activatory effects of Mfl. To our knowledge, Adolfsen and Moudr~anakis 
were the only authors to attribute to free Mg*+ the role of activator and to free 
ATP the role of substrate,66 but they have later withdrawn their concl~sions.~~ 

The discrepancy with the commonly accepted model for which Mg ATP is 
the substrate may have been due to differences in the methods and conditions of 
measurement of the enzymatic activity, such as differences in the nature of the 
ATF'ases used and in the conditions used for their activation. We have pointed 
out, in the Introduction, the drawbacks of some of the methods of measurement 
of the enzymatic activity (ATP regenerating method) or of nucleotide binding 
(centrifugation on Sephadex columns). 

The use of HPLC purified E depleted CF,, the HPLC determination of the 
released ADP and the simplicity of the reaction medium certainly reduce the 
risks of artifacts in the enzymatic rate measurement. 
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s ( 1 + 3.8 lo3 a 1 , M 

Figure 10. Number of nucleotides bound per mole of CFi, versus the product 

, for different Mg?' concentrations. 
a K;Mg ATP 

" 
-I- KMg ATP K' EMg Mg ATP 

[ D  D 

The enzymatic data obtained with CF1 by our method have been 
conveniently interpreted within a model involving one category of enzymatic 
sites45 with a single K,, whereas two kinds of sites are necessary to account for 
the results obtained with TFl .47 

However, no cooperativity between the sites is needed to explain the 
acceleration of the rate when ATP concentration is increased at fixed Mg? 
concentration. This is in contradiction with the commonly admitted 

(for a review, see Boyer, ref. 69), but a recent study by 
Reynarfarje and Pedersen7' shows that all the catalytic sites of the F1 moiety are 
kinetically equivalent in hydrolyzing ATP. 
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CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1945 

The binding data presented here have been obtained by the Hummel and 
Dreyer chromatographic method. This method allows to measure the binding 
of ligands on macromolecules, even when their mutual affinity is low, which is 
not the case when the centrifugation on Sephadex columns is used. With CFI, 
there is apparently only one class of ATP binding sites (straight lines on 

and its KEMgMpAw constants. Scatchard plots), characterized by its K, 
CFl, prepared according to Experimental, contains 1.5 to 2 moles of ADP per 
mole, which are irreversibly bound to it in the conditions of the 
chromatography and do not interfere with the measurement since they are not 
released when the CFl is injected on a column equilibrated without nucleotides. 
The total number of sites (intrinsic nucleotides + exchangeable ATP sites, 
extrapolated by the Scatchard plots) is around 6 (5.6 and 6.3 for an Mg? 
concentration of 1 mM). The same result has been obtained with ADP.34 
However, this value is not always reached, especially for low ATP binding, 
when extrapolation is not reliable. 

EMgATF' 

In the two models for the mechanism, the classical one, 
E+MgATP z EMgATP-+hydrolysisproducts), and that one we propose I +Mg zEMg and EMg+ATPzEMgATP-+hydrolysisproducts) , EMg ATP is 

the complex which gives rise to hydrolysis products. But, its structure is not 
necessarily the same in the two hypotheses and the distinction between them 
does not reduce to a difference in the order of binding of the constituents but, 
rather, in the position of the magnesium ions: in the classical model, Mg2+ is 
linked to ATP and must be located at the enzymatic site; in the second model, 
Mg2+ corresponding to the activation of the enzyme is not necessarily located in 
the enzymatic site. Moreover other sites of binding are also to be considered: 
those corresponding to the enzymatic inhibition and those located in the non 
enzymatic sites, for the classical model; in the second model, Mg ATP 
competing with the true substrate ATP is located in the enzymatic sites. These 
multiple Mf binding sites differ by their roles in the two mechanisms. 

Physical methods such as X ray diffraction of protein crystal,' EPR, 
ESEEM and HYSCORE spectroscopy of M$ analogs (Mn2+ and V02371-74 
give information on the M$ ligands (residue assignments of the bovine 
mitochondria1 F1 ATPase are designated to simplm the comparison between 
different ATPases). 

With M$: 176T, 2 oxygens from the y phosphate and one oxygen from 
the j3 phosphate of ATP in the a subunit, 163T, one oxygen from the y 
phosphate and one oxygen from the p phosphate of ATP in the j3 subunit.' 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1946 BERGER ET AL. 

With V02+: 176T, 269D or 27%, I7k, 2H20 in a subunits without ATP. 
163T, 256D or 188E, 2H20 in p subunit with ATP, but in the latent form, 

pT, '2s and two phosphates, l6;Kandl7:K with ATP in the activated 

form." With 

Mn2+: K and phosphate from 

163 

I6iK and izsH and two phosphates (p and y) from 

It must also be noted that the Mn-P distance measured by the EXAFS 
techtuque is sigruficantly larger in the Mn ATF' enzyme complex (4.75 A), than 
in the Mn ATP complex in solution (3.36 A),74 which seems to exclude the 
binding of Mn ATP, just as it is. 

On the other hand, the role of the lysine present in the enzymatic site of 
the p subunit has been singled out by several authors: the fixation of pyridoxal 
5' phosphate (which is known to mod@ the lysine residues by formation of 
Schiffs bases with the E amino group of lysine) on CF175,76 or on chloroplast 
t hy lak~ ids~~  has been shown to inhibit the enzymatic activity. By the combined 
action of formaldelyde and cyanoborohydride (which is known to methylate the 
amino group of lysine and the terminal amino groups) we have reached the 
same conclusion (data not shown). From their study of the E. coli mutants p K 
155 Q and p K 155 E, Senior et al.78 have concluded that l5;K (analog of 

pKofMFl,orl$K of CFI) contributes to the high affinity of ATP, through 
hydrogen bonding to the y phosphate. 

162 

These data could be interpreted by the interaction of the negatively 
charged groups of the nucleotides with the positively charged groups of the 
lysine of the enzymatic site (K, EMgATP = 1 4 w  ). When the nucleotide is metal 
complexed, the interaction would decrease, due to screen effect 
(KEMgMgATP =lSOpM) (Fig. 11). 

However, the interaction with lysine is certainly not completely 
suppressed, since Mn2+ and V02' have been shown to be coordinated to lysine 
(in the deprotonated form), by EPR and ESEEM.72,73 

In order to activate the enzyme, to allow nucleotide binding and 
enzymatic activity, Mg2+ must be fixed on the enzyme, at a site which has not 
yet been determined, and which can be different than the enzymatic site. This 
metal binding site could involve a glutamic or an aspartic acid residue: 
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a 

second 
subsite, 

Md' filled 

subsite, 
lysine 

electrostatic 
interaction I 

- 
I 

6 
0 

second 
subsite, 

M P  filled 
NH, Mg-O O@ o@ 

OH OH 

firsf 
subsire, 

lysine 

1 
n o  interaction 

Figure 11. Proposition of mechanism for ATF' hydrolysis: a) The phosphate group is 
metal free and interacts with the positively charged lysine: hydrolysis would be possible. 
b) The phosphate group is MgZC complexed and does not interact with lysine: there 
would not be hydrolysis. 

APPENDIX 1 

In the model we propose, metal free ATP binds to Mg2+ activated CF, and 
the ternary complex gives rise to hydrolysis products. 

The equilibria are the following ones : 

E +Mg + EMg 
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1948 BERGER ET AL. 

EMg + ATP + EMg ATP 

Mg + ATP + Mg ATP 

where e, a, s are the concentrations of the enzymatic sites, magnesium ion and 
metal free ATP and ea, eas, as, the concentrations of the different complexes. 

The total enzyme site concentration, Q, is given by the formula: 

e ,  = e  +ea+eas  

The fraction of the sites which are filled, r, is given by: 
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I 

S 
Scatchard plots of - versus r must give straight lines of slope: 

If, now, competitive binding of Mg ATP, together with free ATP, is 
possible, while maintaining our major statement that only metal free ATP can 
be hydrolyzed, it becomes: 

EMg + MgATP + EMg MgATP + no hydrolysis 

+ . ' .  . _ , .  

EMgATP K'EMgMgATP 
eas+eaas - - K D  D r =  

et = e + ea + eas + eaas 

K S 
EMgATP' 'EMgMgATP 

e t  =ea 1+>+ [ a K D  K D  
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r =  

1 

f 
r =  

Ka 
a 

As before, neglecting the term - 

1 

f 
r= 

r 
The Scatchard plot of - versus r gives straight lines of slope: 

S 

KEMgATP fK'EMgMgA7p =-I D D. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1951 

REFERENCES 

1. J. Abrahams, A. Leslie, R. Lutter, J. Walker, Nature, 370, 621-628 (1994). 

2. R. Cross, Ann. Rev. Biochem., 50, 681-714 (1981). 

3. M. Gressert, J. Myers, P. Boyer, J. Biol. Chem., 257, 12030-12038 (1982). 

4. T. Duncan, V. Bulygin, Y. Zhou, M. Hutcheon, R. Cross, Proc. Natl. Acad. 
Sci. USA, 92,10964-10968 (1995). 

5. H. Noji, RYasuda, M. Yoshida, K. Kinosita, Nature, 386, 299-302 (1997). 

6. H. Taussky, E. Shorr, J. Biol. Chem., 202,675-685 (1953). 

7. M. Anon, Biochim. Biophys. Acta, 40, 257-272 (1960). 

8. Y. Sugino, Y. Miyoshi, J. Biol. Chem., 239, 2360-2364 (1964). 

9. T. Girbes, B. Cabrer, J. Modolell, Meth. Enzymol, 59, 353-362 (1979). 

10. C. Carmeli, Y. Lifshitz, M. Gutman, FEBS Lett., 89, 211-214 (1978). 

11. I. Green, W. Mommaerts, J. Biol Chem., 202, 541-549 (1953). 

12. M. Pullman, H. Penefsky, A. Datta, E. Racker, J. Biol. Chem., 235, 3322- 
3329 (1960). 

13. D. Stiggall, Y. Galante, Y. Hatefi, Meth. Enzymol., 55, 308-315 (1979). 

14. J. Norby, Acta Chem. Scand., 24, 3276-3286 (1970). 

15. G. Berger, G. Girault, J. M. Galmiche, J. Liq. Chrom., 13,4067-4080 
(1990). 

16. C. Grubmeyer, R. Cross, H. Penefsky, J. Biol. Chem., 257, 12092-12100 
(1982). 

17. F. Kironde, R. Cross, J. Biol. Chem., 262, 3488-3495 (1987). 

18. D. Cunningham, R. Cross, J. Biol. Chem., 263, 18850-18856 (1988). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1952 BERGER ET AL 

19. T. Hisabori, H. Kobayashi, C. Kaibara, M. Yoshida, J. Biochem., 115,497- 
501 (1994). 

20. M. Hollenberg, in "Neurotransmitter Receptor Binding," H. Yamamura, 
S. Enna, M. Kuhar, eds., Raven Press, New York, 1978, pp. 13-39. 

21. G. Girault, J .  M. Galmiche, FEBS Lett., 95, 135-139 (1978). 

22. G. Girault, J. M. Galmiche, Eur. J. Biochem., 77, 501-510 (1977). 

23. T. Hisabori, M. Mochizuki, in "Research in Photosynthesis, 2," N. 
Murata, ed., Kluwer Academic Publ., Dordrecht, 1992, pp. 725-728. 

24. T. Hisabori, M. Yoshida, H. Sakurai, J. Biochem., 100,663-670 (1986). 

25. G. Girault, J. M. Galmiche, M. Michel Villaz, J. Thery, Eur. J. Biochem., 
38, 473-478 (1973). 

26. T. Hisabori, E. Muneyuki, M. Okada, K. Yokoyama, M. Mochizuki, 
M. Yoshida, J. Biol. Chem., 267,4551-4556 (1992). 

27. J. Geczi Digel, R. Mc Carty, Biochemistry, 34, 14482-14489 (1995). 

28. J. Weber, S. Wilke Mounts, E. Grell, A. Senior, J. Biol. Chem., 269, 
1126 1-1 1268 (1994). 

29. J. Weber, S. WilkeMounts, R. Lee, E. Grell, A. Senior, J. Biol. Chem., 
268,20126-20133 (1993). 

30. J. Weber, C. Bowman, S. WilkeMounts, A. Senior, J. Biol. Chem., 270, 
21045-21049 (1995). 

31. D. Mills, S. Seibold, T. Squier, R. Richter, Biochemistry, 34, 6100-6108 
(1995). 

32. H. Hummel, W. Dreyer, Biochim Biophys. Acta, 63, 530-532 (1962) 

33. B. Sebille, N. Thuaud, J. P. Tillement, J. Chrom., 167, 159-170 (1978). 

34. G. Girault, G. Berger, J. M. Galmiche, F. Andre, J. Biol. Chem., 263, 
14690-14695 (1988). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1953 

35. S .  Lien, E. Racker, Meth. Enzymol., 23, 547-555 (1971). 

36. K. Guerrero, Xhixiong Xue, P. Boyer, J. Biol. Chem., 265, 16280-16287 
(1990). 

37. G. Berger, G. Girault, F. Andre, J. M. Galmiche, J. Liq. Chrom., 10, 1507- 
1517 (1987). 

38. H. Younis, G. Winget, E. Racker, J. Biol. Chem., 252, 1814-1818 (1977). 

39. H. Schagger, G. von Jagow, Anal. Biochem., 166,368-379 (1987). 

40. A. Scarpa, F. Brinley, Jr, G. Dubyak, Biochemistry, 17, 1378-1386 (1978). 

41. Y. Ogawa, H. Harafuji, N. Kurabayashi, J. Biochem., 87, 1293-1303 
(1980). 

42. G. Scatchard, Ann. N. Y. Acad. Sci., 51, 660-672 (1949). 

43. G. Berger, G. Girault, S. Pezennec, in "Photosynthesis: from Light to 
Biosphere 3," P. Mathis, ed., Khwer Academic Publ., Amsterdam, 
1995, pp. 83-86. 

44. V. Pecoraro, J. Hermes, W. Cleland, Biochemistry, 23, 5262-5271 (1984). 

45. G. Berger, G. Girault, J. M. Galmiche, S .  Pezennec, J. Bionerg. Biomemb., 
26, 335-346 (1994). 

46. R. Phillips, Chem. Rev., 66, 501-527 (1966). 

47. S .  Pezennec, G. Berger, S. Andrianambinintsoa, N. Radziszewski, G. 
Girault, J. M. Galmiche, E. Bauerlein, Biochim. Biophys. Acta 1231, 98- 
110 (1995). 

48. F. Ulrich, J. Biol. Chem., 239, 3532-3536 (1964). 

49. R. Adolfsen. E. Moudrianakis, J. Biol. Chem., 253,4380-4388 (1978). 

50. G. Anthon, A. Jagendorf, Biochim. Biophys. Acta., 723,358-365 (1983). 

51. A. Malyan, Photosynthetica, 15, 474-483 (1981). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1954 BERGER ET AL. 

52. A. Malyan, A. Makarov, Biochemistry, 41, 888-893 (1976). 

53. I. Minkov, A. Fitin, E. Vasilyeva, A. Vinogradov, Biochm. Biophys. Res. 
Comm., 89, 1300-1306 (1979). 

54. E. Vasilyeva, I .  Minkov, A. Fitin, A. Vinogradov, Biochem. J., 202, 9-14 
(1 982). 

55. Y. Drobinskaya, I. Koslov, M. Murataliev, E. Vulfson, FEBS Lett., 182, 
419-424 (1985). 

56. Y. Milgrom, P. Boyer, Biochim. Biophys. Acta, 1020, 43-48 (1990). 

57. V. Bulygin, A. Vinogradov, Biochem. J., 276, 149-156 (1991). 

58. V. Bulygin, A. Syroeshkin, A. Vinogradov, FEBS. Lett., 328, 193-196 
(1993). 

59. V. Bulygin, A. Vinogradov, FEBS. Lett., 236,497-500 (1988). 

60. M. Murataliev, Y. Milgrom, P. Boyer, Biochemistry, 30, 8305-8310 (1991). 

61. M. Murataliev. Biochemistry, 31, 12885-12892 (1992). 

62. J. M. Jault. W. Allison. J. Biol. Chem., 268, 1558-1566 (1993) 

63. T. Hisabori, K. Mochizuki, J. Biochem., 114, 808-812 (1993). 

64. J. Ahlers, Biochem. Biophys. Acta, 649, 550-556 (1981). 

65. B. Schobert, J. Biol. Chem., 267, 10252-10257 (1992). 

66. R. Adolfsen, E. Moudrianakis, Biochemistry, 12, 2926-2933 (1973). 

67. C. Grubmeyer, H. Penefsky, J. Biol. Chem., 256, 3728-3734 (1981). 

68. R. Cross, C. Grubmeyer, H. Penefsky, J. Biol. Chem., 257, 12101-12105 
(1982). 

69. P. Boyer, Biochim. Biophys. Acta., 1140,215-250 (1993). 

70. B. Reynafarje, P. Pedersen, J. Biol. Chem., 271, 32546-32550 (1996). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CHLOROPLAST ATPase ENZYMATIC ACTIVITY 1955 

71. A. Houseman, R. Lo Brutto, W. Frasch, Biochemistry, 34,3277-3285 
(1995). 

72. C. Buy, T. Matsui, S. Andrianambinintsoa, C. Sigalat, G. Girault, J. L. 
Zimmermann, Biochemistry, 35, 14281-14293 (1996). 

73. C. Buy, G. Girault, J. L. Zimmermann, Biochemistry, 35, 9880-9891 
(1996). 

74. C. Carmeli, J. Huang, D. Mills, A. Jagendorf, A. Lewis, J. Biol. Chem., 
261, 16969-16975 (1986). 

75. Y. Sugiyama, Y. Mukohata, FEBS Lett., 98,276-280 (1979). 

76. S. Bickel Sandkotter, K. Esser, M. Horbach, Z. Naturforschung, 46c, 71-78 
(1991). 

77. S. Bickel Sandkotter, M. Gokus, Biochim. Biophys. Acta., 974,30-35 
(1989). 

78. A. Senior, S .  Wilke Mounts, M. Al Shavi, J. Biol. Chem., 268,6989-6994 
(1993). 

Received August 12, 1997 
Accepted October 16, 1997 
Manuscript 4606 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


