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The most significant recent advancements in the understanding of the process 
of ATP synthesis have occurred in the realm of the molecular mechanism of the 
mitochondria! ATPase. Recent reviews1-3 emphasize the importance of these results 
in obtaining a complett understanding of the process of ATP synthesis. The mito- 
chondrial ATPase has been shown to contain an essential arginine4 and tyrosines and 
a sulfhydryl group is necessary for anion activation6. A number of studies concerning 
the kinetic and regulatory properties of the enzyme have appeared7-g as well as work 
on the nucleotide’“*‘l and phosphatel’ binding properties. 

Recently, the role of the loosely associated proteins that make up the “ATP 
synthase complex” has come under serious scrutiny. The role of these proteins in 
regulation or membrane attachment is currently being rigorously studiedlJ, but the 
lack of rapid isolation techniques for these complex proteins has been a severely 
limiting step. 

The preparation of an insolubilized mitochondrial ATPase preparation that 
maintains all of the kinetic properties of the soluble enzyme is described here. In . 
addition, this preparation is stable under conditions which will enable it to be used 
as an “affinity probe” for the proteins that can normally associate with the AlTase 
molecule. 

MATERJALS AND METHODS 

Sepharose 4B (200 ml packed gel) was thoroughly washed with distilled water 
and allowed to react with 60 g CNBr (300 mg/ml packed gel) at 20” according to the 
me-&od of Cuatracasa@. After the Sepharose had been activated, it was washed with 
water and 100 ml of the activated product was immediately mixed with an ice cold 
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solution (100 ml) of 1,7-diamino heptane (0.1 M) adjusted to pH 10.0 with 6 N HCl. 
The remainder of the activated Sepharose 4B was mixed with an ice cold solution 
(100 ml) of 0.1 M ethylenediamine adjusted to pH 10.0 with 6 IV HCl. These solutions 
were incubated at 4” with gentle stirring for 24 h. The resins were washed with water, 
incubated in 0.1 N NaOH for 15 mm at room temperature, then washed to neutrality 
with water. The presence of primary ammo groups bound to the resin was tested by 
allowing a small portion of resin to react with an alkaline solution of trinitrobenzene 
sulfonate13. The appearance of an orange color, associated with the resin bead, con- 
firmed the synthesis of amino heptyl and ammo ethyl Sepharose 4B. 

The succinyl derivative of each resin was prepared by allowing the resin to 
react with a solution of succinic anhydride at pH 6.0 (ref. 13). The N-hydroxy- 
succinimide mixed anhydride of the succmylated resin was prepared exactly according 
to Cuatracasas and Par&h 14. Fr- ATPase was attached to the activated resin” by 
incubating 20 ml solution containing 6.0 mg/ml in 0.1 M phosphate pH 7.5, with 
20 ml of packed activated resin at room temperature for 2 h. The resulting resin was 
washed with a large volume of 0.1 M Tris-glycine buffer pH 7.5 at room temperature 
and, subsequently, with a large volume of a buffer containing 0.1 M sucrose and 
50 mM Tris-Cl pH 8.0. The resin was used without further treatment. 

ATPase activity -was assayed by modified measurement of phosphate release. 
The washed resin was mixed with about 4 ml of buffer (0.1 M sucrose, 50 &Tris-Cl, 
pH 8.0) for each ml of resin, and suspended using gentle stirring. A small volume of 
the suspension was rapidly pipetted to a reaction tube equilibrated at 30”. After 15 min 
of incubation at 30”, the reaction was terminated by addition of cold perchloric acid 
to a final concentration of 3%. The resultant slurry was filtered and washed with a 
small volume of water, and the combined filtrate and wash were assayed for inorganic 
phosphate by the procedure of Sumner l5 In all cases, equivalent blanks were prepared. . 
by adding the perchloric acid prior to addition of resin-bound ATPase. 

The ATPase used in these studies was prepared as described by Knowles and 
Penefsky16 and protein was determined by a biuret procedurer’. All chemicals were 
from common commercial suppliers and were of the highest purity available. 

RESULTS 

Kinetic properties of enzymes are sensitive probes of structure and stability. 
Consequently, we used the known kinetic properties of the mitochondrial ATPase to 
monitor the effect of immobilization on the ATPase molecule. When ATP is used as 
the substrate, a double reciprocal plot shows that in the absence of activating anions, 
negative cooperativity is observed, a property of the soluble enzyme under similar 
assay conditions I8 Likewise when a saturating amount of an activating anion, such _ 
as bicarbonate, is added to the assay medium, the double reciprocal plot becomes 
linear, and the initial velocity of ATP hydrolysis is more rapid at any given substrate 
concentration (Fig. 1). 

A distinctive feature of the mitochondrial ATPase is that with substrates other 
than ATP, the observed kinetics yield linear double reciprocal p10ts’~. Fig. 2 clearly 
shows that insolubilized ATPase maintains this property. The double reciprocal plot 
of ITP hydrolysis rates by the insolubilized ATPase shows a K,,, value of approxi- 
mately 4.5 miM and a V,,,_ of 200 nmoles/min/ml gel. 
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Fig. 1. A doubIe reciprocal plot of the hydrolysis of ATP by immobilized ATPase in the absence 
(circles) and presence (squares) of 20 mM bicarbonate. 

Fig. 2. A double reciprocal plot of the hydrolysis of ITP by immobilized ATPase. 

It has been recently shownrg that the substrate specificity of the rnitochondrial 

ATPase is dependent upon the compositions of the assay medium. In purely aqueous 
mediw the ATPase shows negative cooperativity with respect of ATP concen- 
tration, but ITP hydrolysis exhibits no apparent cooperativity. If the medium becomes 
less polar (Le., 20 % methanol), ATP hydrolysis becomes noncooperative (and there- 
fore shows enhanced hydrolytic rates) while ITP hydrolysis is inhibited. The data in 
Table I show that the same phenomenon occurs with the insolubilized mitochondrial 
ATPase. -The insolubilized ATPase shows enhanced ATP hydrolyzing activity in 20 % 
methanol as compared to the aqueous control, while ITP hydrolysis activity is 
inhibited in the methanolic medium. 

TABLE I 

EFFECT OF 20% METHANOL ON THE RATES OF IMMOBILIZED ATPASE CATALYZED 
ATP OR m HYDROLYSIS 

S&trate 

-4-m (8 mlM) 
-4-m (8 mlM) 
-4TP (1 miw) 
ATP (1 m&i) 
ITP (SW 
ITP <smM) 
W(lnuM) 
ITP (1 m&Z) 

Concentration of methanol V 
/%/ [nmoles/min/nd) 

0 81 
20 126 

0 20 
20 47 

0 130 
20 68 
0 37 

20 20 

A feature that distinguishes the soluble and immobilized forms of ATPase is 
its stability to cold inactivation. In an aqueous buffer system, the immobilized ATPase 
is more stable at 0” than the soluble enzyme (Fig. 3). In a medium containing 70% 
glycero1, the enhanced stability of the immobilized ATPase is more dramatic (Fig. 3). 
Inunobilizd ATPase was therefore stored routinely in 70% glycerol at 0-C for 2 to 
3 weds without noticeable loss in activity. -. 
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Fig. 3. The effecct of storage at 4“ on the activity of soIub1e and immobilized ATPase. The so_uare~ 
represent tbe activity of soluble ATPase in a completely aqueous medium, the triangles represent the 
immobilized ATPase in a completely aqueous medium and the circles represent the immobilized 
ATPase in 70 % glycerol. 

DISCUSSION 

Recently Swanljung and Frigerl ‘20 demonstrated the feasibility of using the 
immobilized ATPase inhibitor protein of Pullman and Munroy” as an affinity chro- 
matography tool for ATPase isolation. This technique has potential use in problems 
requiring rapid AT&se isolation, especially from small tissue sources. Conversely, 
the preparation of a fully functional immobilized ATPase may play a key role in the 
isolation of the other proteins of the mitochondrial ATF synthetase complex, and in 
the subsequent elucidation of the nature of the complex itself. 

The data presented in this communication clearly demonstrate that under the 
proper conditions, the mitochondrial ATPase can be covalently linked to Sepharose 
4B via a spacer. This preparation is shown to possess all the kinetic properties of the 
soluble ATPase except that it is more stabie in glycerol at low temperatures. Studies 
are underway to employ the immobilized ATPase as an a&nity column for the 
associated mitochondrial proteins of the ATP synthetase complex. 
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