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on the Hydrolytic Activity of Chloroplast ATPase
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The influences of Mft, Mg?*, and C&" on the enzymic activity of chloroplast ATPase have been
compared, using an HPLC method for the separation of ADP. The dissociation constants of the
divalent ion—ATP complexes have been determined by a spectrophotometric method, with the dye
antipyrylazo Ill, and enzymic constants (dissociation constant of the ion—-enzyme complexes,
Michaelis constants, maximum rates) have been calculated. The comparison between the rates ob-
tained, respectively, with Mit and C&* alone with that given by the mixture of these two ions,
allows us to conclude that, as for g Mn?* is also an activator of chloroplast ATPase and that
metal-free ATP is the true substrate.
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INTRODUCTION of the use of Mg+ chelating agents with different dis-
sociation constants (Berget al., 1998b). The interpre-

The enzymic mechanism of the protoyifi-ATPase tation that fits our data best is that metal-free ATP must

in its bacterial, mitochondrial, or chloroplastic forms has pe the true substrate of the enzyme and that’Mg an

been intensively studied for more than 30 years. The en- gctivator.

zyme can catalyze the hydrolysis or the synthesis of ATP We present here the comparison of enzymic data ob-

(ATP < ADP + P). For the hydrolytic reaction, there tained with different divalent cations Mh, Mg?t, and

is a good agreement on the hypothesis that MgATP is C&*, which confirm our interpretation in the case of

the active substrate, free ATP and free cation being in- Mn2+,

hibitors (Ulrich, 1964; Adolfsen and Moudrianakis, 1978;

Gepshsteiret al,, 1974; Hochmart al., 1976; Guerrero

et al, 1990; Malyan and Makarov, 1977; Anthon and MATERIALS AND METHODS

Jagendorf, 1983; Zhou and Boyer, 1992). As stated by

Adolfsen and Moudrianakis “the activation is indirect, be-

ing the result of complexation of inhibitory-free ATP. Free

ATP is a non competitive inhibitor of MgATP hydrolysis.

The inhibition by free Mgt is direct, being the result of

The enzymic activity was determined using an HPLC
method based on the separation of ADP and ATP and the
guantitation of ADP formed. ATPase activity was mea-
sured at 37C in 75 mM Tris sulfate buffer, pH 8.5, con-
Mg?* binding to a specific inhibitory site on the enzyme, taining variable concer;trations of ATP and diva_lent c_ation
which is distinct and separate from the MgATP binding (N€re Mg}*,_Ca” or Mn“"). Aliquots of the reaction mix-
site” (Adolfsen and Moudrianakis, 1978). ture were directly injected ona TSK_ DEAE.ZSW column
(4.6 x 250 mm). The reaction was immediately stopped
after injection on the column by the buffer used for elu-
tion (KH, PO, 0.1 M, NaCl 0.25 M, pH 4.3). The nu-
cleotides were separated in about 3 min, at an elution rate
of 1.2 ml/min, with a resolution (mean distance between

1 Section de Biehergstique, DBCM, CEN Saclay 91.191 Gif sur Yvette  P€2aks divided by peak width at half height) better than 2.
Cedex, France. The concentration of the released ADP was measured by

We have challenged this interpretation, however, on
the basis of comparison of binding and enzymic data
(Km must be superior t&y) (Bergeret al., 1994) and
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the height of the absorption peak at 260 nm, compared to RESULTS

a calibration curve established under the same conditions.

The concentrations of ATP and ADP standards were cal- Cation Ligand Binding Data

culated assuming)!., = 15,400 and were corrected for

the traces of AMP and ATP present in ADP and of ADP From curves ofA A versus total cation concentra-
in ATP, measured by HPLC. The amount of ADP released tion (Fig. 1, for Mg™"), free and bound cation concentra-
by ATPase-driven ATP hydrolysis increased linearly with tions were determined for different total concentrations of
the time of action of the enzyme in the reaction mixture added ATP. In the conditions used (Tris buffer 0.075 M,
up to a percentage of hydrolysis of about 10%. The initial pH 8.5), the mean dissociation constants of ATP com-
enzymic rate is well defined for a period of at least sev- plexes were 8.6 I® M, 14.2 106, and 25 10° M, re-
eral minutes. After this time, the rate decreases, becausespectively, for M+, Mg?*, and C&*.

of the consumption of ATP and of the inhibition due to

released ADP. No lag time or burst of activity was ob-

served under these experimental conditions, even in theComparison of the Dependence of the Enzymic Rate
first minute; aliquots were taken every 10 s and frozen in versus Total ATP Concentration, in the Presence

liquid nitrogen before analysis. The initial concentration of Mn2*, Mg?*, and C&* (Fig. 2)

of ADP in the reaction mixture was determined by ex-

trapolation to zero time and corresponded closely to that With Mn2* (1 mM), the rate is proportional to the to-
brought as an impurity by ATP. Endogenous ADP or ATP tal ATP concentration up to 1 mM, and limited to very low
that are tightly bound on GFor CFH-¢ were measured
after acid denaturation of the protein by the same chro-
matographic method. These amounts were negligible in

the conditions of the measurements of the enzymic ac-

tivity. It was verified that the quantity of ADP measured E 03 .

by HPLC was completely independent on the quantity of §

ATP from which it was separated (in the range 0 to 2.5 8

10-% M ADP, in the absence or presence of §M ATP). £ 0.2- 1 wi i

. L . . - without ATP

The enzymic rate varies linearly with the concentra- OC) 2-ATP =0.08 mM

tion of CFy-¢, contrarily to CR, which dissociated into N o1 - abzotemMm |

CF;-¢ and inhibitorye at low concentration (Beget al., : 5-ATP = 0.32 mM

1990). < 7-ATP 2 064 mM
CF; and Ck-¢ were purified by HPLC from spinach 0 = RS RS

chloroplasts as described in Bergeal. (1987). 0 04 08 12 2 6 20 24
Antipyrylazo Ill was used for M§" ligand com- Added Mg™*, p moles

plexes dissociation constant measurements (Sedrga

1978; Ogawaet al, 1980) and we have applied this

method to ATP Mg (Bergeet al., 1998b) and extended 8| F - Freo b

it to Mn?* and C&" complexes (this work). The differ- - magnesium

encesA A (523 nm)— AA (602 nm),AA (603 nm) and 61 B=.§g§g‘isium

AA (596 nm)— AA (515 nm) were characteristic, re- w ATP = 0.48 mM

spectively, of the M§", Mn?*, and C&" antipyrylazo o 4

complexes. TheKy of these complexes are superior to

1 mM in 0.075 M Tris buffer pH 8.5. For a 4GM dye 2|

concentration, these differences are quite linear with the

metal ion concentration, up to LM. In the presence of a 0 C1 P B

metal ion ligand, such as ATP, with a dissociation constant 12 16 20 24 28 32 36 40

sufficiently lower than that of antipyrylazo Il1, the concen- B,10%M

tratlons.Of the. free metal ion E.lre determme_d by the qptlcal Fig. 1. (a) ATP-Mg binding measurements by the antipyrylazo Il me-
absorp'qon differences mentloneq ak_)(_)ve' the bln_dlng of thod. AA (523-602 nm) is characteristic of the free magnesium ion
the cation to the dye does not significantly modify the concentration. Conditions: Tris buffer 0.075 M, pH 8.5, dye.4, for
equilibrium between the cation and the chelating agent. different ATR concentrations ki) Scatchard plot corresponding te)(
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Fig. 3. Influence of the total cation concentration on the rate of ATP

hydrolysis. Conditions: total ATP concentration 1 mM; other conditions

Fig. 2. Influence of the total ATP concentration on the rate of ATP hydrol- L
asin Fig. 2.

ysis. Conditions: Tris buffer 0.075 M, pH 8.5; total cation concentration
1 mM.

values (0.1-0.2M ADP/min/mg), then increases steeply 0.2, and 0.7 mM, respectively, for Mh, Mg, and
at equivalence between ATP and ¥nto reach 2.2uM cat.
ADP/min/mg for ATR = 2 mM.
With Mg?*, (1 mM), the same dependence is also
observed, as already described (Bergieal., 1994), but Determination of the Enzymic Constants
the acceleration of the rate at equivalence of ATP and

Mg?* is less pronounced than with ¥h The value The two simplest models, which can account for the
of the rate for AT = 2 mM is around 1M ADP/ data, are the following:
min/mg.

On the contrary with C& (1 mM), the enzymic rate 1. the classical model, for which the substrate is the
increases steeply and linearly from the low concentrations metal ATP complex and the divalent ion is the
of substrate, to reach a maximum of81 ADP/min/mg inhibitor:

for ATP; = 2 mM.
E + A <& EA

active divalent inactive
enzyme ion
Comparison of the Dependence of the Enzymic Rate site
versus Total Divalent lon Concentratl.on, fora E + AS <& EAS — EA + products
Constant Total Substrate Concentration
. metal ATP (ADP + P)
(1 mM) (Flg. 3) complex

The three curves present a maximum, more or less 2. the model we have already proposed (Berger
pronounced, at different divalent ion concentrations: 0.1, et al, 1994, 1998b) for which the substrate is the
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metal-free ATP and the divalent ion is the activa- Table I. Enzymic Constants of Chloroplast ATPase in the Presence of

tor: Mn2+, Mg?*, and C&+°
E + A < EA Mn2+ Mg2+ cat
inactive divalent active
enzyme site ion Vi (u mole/min/mg) 3.4 1.87 10.6
EA + S <& EAS— EA + products K (M) 520 705 125
metal-free K (eM) 6.4 44 68
ATP Ka (uM) 0.106 0.89 136
_ _ Kas (kM) 8.6 14.2 25
It can be shown that the enzymic rate is expressed
by: 8Km = Michaelis constant, calculated with metal free AT, =
Michaelis constant, calculated with metal complexed AP+ disso-
v — Vim ciation constant of the enzyme site—metal complex;= dissociation
a Kr/n constant of the metal ATP complex.
1+(14+—)—
Ka/ as
or L . .
Y the release of inhibition due to the depletion of inhibitory
v = m ion. With the second model, it can be due to the emer-
1+ <1 + &) Km gence of metal-free ATP, beginning from values smaller
aj s thanK.,. In the case of C&, the rate increases sharply
according to the first or the second modeL WhVﬁeZ with the total ATP Concentration, to reach a maximum.
maximum enzymic rata — free divalent ion concentra- This can be eXplained by the first model as the release of
tion; s = metal-free ATP concentratioas= metal com- inhibition, occurring at low values of total ATP, sinkg

plexed ATP concentratiork, = activation or inhibiton ~ for C&* is much greater than for M and Mg+ and
constant= (E)(A)/(EA); Km = Michaelis Menten con- the EA complex is partially dissociated when free cation
stant, calculated with metal-free ATP; akij, = Michaelis begins to decrease. With the second model, the evolution
Menten constant, calculated with metal complexed ATP. can be due to the increase of metal-free ATP, bu¥'as

In fact, the two formula are equivalent, because of the iS reached before equivalencé{ < metal-free ATP at

relationship existing between the two kinds of substrate: €quivalence), no acceleration of the rate is observed.
The ratios between the rate values at the maximum

A +S & AS, with Kys dissociation constant (at constant total ATP concentration, versus total ion con-
Kas = (A)(S)/(AS) centration, Fig. 3) and at the equivalence can be calculated
The dissociation constants with ¥in Mg?*, and C&* from the constant values of Table I. They agree fairly well

have been determined above, by the use of antipyrylazo I11. With the experimental values (Table II).
The Kn, K}, andVp values can be calculated from the
enzymic rates (Fig. 2) and the calculated values of the free
and complexed ATP concentration, is deduced from
the total ion concentration at the maximum of the enzymic
rate, at constant total ATP concentration (Fig. 3).

Manganese lon Is an Activator of ATPase
and the Substrate Is Free ATP

The enzymic data presented above do not allow a

a \? choice between the two models. Another type of experi-
Ka = Kas (ﬁ) mentis necessary to settle the question, as ithas been done
o in the case of magnesium ion: determination of the dis-
Because of the equilibrium between A, S, and AS, sociation constant between the enzyme and the substrate,
K’ KmKa which must be smaller than th&, (Bergeret al., 1994),
me Kas

All these constants are brotht terther in Table I. Table Il. Vmax to V at Equivalence Ratios in the Presence of?¥n
These values account for the dlﬁergnce between the 52+ and ca+, Measured or Calculated from Table | Constants
two types of dependence of the enzymic rate versus to-
tal ATP concentration, at constant total ion concentration Vmax/ Vequivatence Mn2+ Mg?t cat
(Fig. 2): for Mr?t and Mg+, the rate is very low when the
tion is in excess, then there is an acceleration of the ratecalcma1ted 4.2 3.03 102
ca : »(hen , ! Experimental 5.06 3.18 1.05
beyond equivalence. With the first model, it can be due to
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Fig. 4. Influence of the simultaneous presence of2¥irand C&*.
Conditions: C&", 1 mM; Mr?t, 1 mM; C&* + Mn?*, 1 mM each;
other conditions as in Fig. 2.

use of chelators of Mg, with dissociation constants of
differentvalues (Bergaat al., 1998b), and inhibition of en-
zymic activity by monovalent cations Nand K™ (Berger
et al, 1994).

We can also remove the ambiguity in the case of
Mn?* by measuring the rate of hydrolysis in a mixture of
Mn?*t and C&". Figure 4 shows that the rate in a buffer
containing a mixture of M- and C&* (1 mM each) is
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not be the real substrate. Conversely, free ATP is largely
decreased by the addition of €awhich accounts for the
decrease of the rate only if free ATP is the true substrate
of ATPase.

CONCLUSION

The data presented here show that the hydrolytic ac-
tivity of the chloroplast ATPase is well defined by the
model of a Michaelian-type enzyme, activated bya¥ig
or Mn?* and acting on metal-free ATP. In the case ofGa
however, the two mechanisms are possible and other ex-
periments must be done to decide between thenKAs
is inferior toK,, one could think that the free form of the
enzyme acts on the CaATP complex, but g /K, ra-
tio is not small enough to be sure that this mechanism is
predominant.

Although contrary to the common opinion which at-
tributes to M@* the role of inhibitor and to the MgATP
complex the role of substrate, our assertion is not incon-
sistent with the rotational mechanism. However it implies
that ATPase has a Michaelian character. Pedezsai,
(1976; Reynafarje and Pedersen, 1996) have shown that no
cooperativity exists between the enzymic sites of beef and
rat mitochondrial ATPase and we come to the same con-
clusion with the chloroplast ATPase (Bergeal., 1998a).
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