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Coupling factor II (CF II) has been shown to restore the ability of sub- 

mitochondrial particlesto synthesize ATP coupled to electron flow in the seg- 

ment of the mitochondrial electron transfer chain between reduced coenzyme Q 

ma cytochrome 2 i.e. that segment of the chain in which the complex is local- 

ized which has reduced coenzyme Q-cykochrome 2 reductase activity (Beyer, 

19&a). (For terminology of coupling factors and phosphorylation sites see 

Green et al., 1963). Such a demonstration, however, does not demonstrate 

unequivocally that a coupling factor is involved directly in the sequence of 

reactions by which ATP is produced from the first high energy bona by suc- 

cessive displacement reactions. Three additional conditions have to be met 

to establish the participation of a coupling factor in the normal phosphoryl- 

ation process. (1) Th e coupling factor must be capable of forming a high 

energy phosphorylated cumpound by interaction either with inorganic ortho- 

phosphate during electron transfer or with ATP in the absence of electron 

transfer. (2) The coupling protein must be capable of catalyzing the transfer 

of the terminal phosphate of ATP to the terminal phosphate of ADP. (3) The 

rate of the transfer should be no slower than the overall rate of oxidative 

phosphorylation at the site concerned. We have already adduced evidence in 

a previous conmnudcation (Beyer, 19&b) that CF II can form a phosphorylated 

intermediate either by oxidative esterification of inorganic phosphate or by 

interaction with ATP. The present communication deals with the ATP-ADP ex- 

change reaction catalyzed by CF II and prwides evidence that the rate of 

the exchange is sufficiently high to account for the weraJ.1 rate of oxidative 
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phosphorylation at phosphorylation site II. 

Rate of Exchange as a Function of Time. 

The rate of the exchange reaction is not linear with time. It declines 

rapidly during the first 60 seconds and then levels off to a plateau value less 

than one seventh of the initial velocity estimated by extrapolation to zero 

time (cf. Figure 1). Once the plateau rate is reached no further change is 

observed for at least 15 minutes. Routine assays have extended over a period 

of 5-10 min; the rates for such long term assays have ranged between 185 and 

245 qmoles per min per mg of protein. The initial rate of the exchange re- 
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R (Left) The initial rate of the ATP-ADP exchsnge catalyzed by 
CF II? i &uyon (3.9 ml) containing 24 wales of ATP, 3.6 pmoles. of ADP 
(labeled with 2P in the a! position), 18 pmoles of imidazole (pH 6.8), 30 

, was incubated at 30'. The reaction was initiated by the 
mg of CF II. Aliquots were removed at the times indicated 

and adenylate kinase and A!T!P-ADP exchange activities were calculated from the 
specific activities of the 32~ in the nucleotide fractions. 

Fig. 2. (Right) The effect of the ATP:ADP ratio on adenylate kinase 
and ATP-ADP exchange activities of CF II. A solution (0.65 ml) containing 
0.6 nmole of ADP (labeled with 32P in the @-position), 3 pmoles of imidazole 
(pH 6.8), 5 pmoles of MgCl2, and 0.2 mg of CF II was incubated for 10 min 
at 30°. The ATP concentration varied between zero and 6 nmoles. The solid 
line indicates ATP-ADP exchange and the broken line adenylate kinase activity. 

action is roughly equivalent to the increased rate of oxidative phosphoryl- 

ation at site II that obtains when exogenous coupling factor is present in 

the routine assay. For example, 60 pg of CF II per mg of particle protein 

in the assay system induces a doubling of the rate of phosphorylation (from 
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100 wmoles to 200 lqrmoles per min per mg of particle protein). Per mg of 

CF II protein, the phosphorylation rate per min is 1660 wmoles. The ex- 

change activity catalyzed by CF II is about 1500 mlJ.moles per min per mg during 

the initial rapid phase. 

Effect of ATP:ADP Ratio. 

The ATP:ADP molar ratio has a profound effect on the rate of the exchange 

reaction (Figure 2).. Initially, the rate is nearly proportional to the value 

of this ratio. Maximal exchange activity obtains ohly when the ratio is-in 

excess of 10. The effect of varying the ATP:ADP ratio on exchange activity 

has also been examined by Glaze and Wadkins (1964) in their studies of a pro- 

tein (Wadkins and Lehninger, 1960) which has properties in common with the 

coupling factor for site III (Webster, 1962; Wadkins and tihninger, 1963). 

Purified preparations of CF II contain adenylate kinase (M: 2.7.4.3, 

ATP:AMP phosphotransferase). Under the conditions used for the measurement 

of ATP-ADP exchange activity (high ATP:ADP ratio) sdenylate kinase activity 

was negligible (cf. Figure 2). It cannot be excluded at present that the 

adenylate kinase activity of CF II is an expression of the catalytic capability 

of the coupling factor and not of a contaminant kinase. 

SPecificity of the Exchan,qe Reaction. 

We have studied.the ability of CF II to catalyze the transfer of a phos- 

phoryl group from a number of compounds to ADP. The triphosphates of inosine, 

guanosine, uridine, and cfiosine can serve as phosphate aonors for the ex- 

change reaction but all are less effective than ATP (Table I). 

The order of efficiency is the same as that reporbed by L8w et al. (1963) for -- 

the efficiency with which nucleoside diphosphates replace ADP as phosphate 

acceptor during oxidative phosphorylation catalyzed by submitochondrial perti- 

cles derived from beef heart mitochondria. Since oxidative phosphorylation 

catalyzed by intact mitochondda is specific for ADP as a phosphate acceptor 

(Bayer ~$2 sb, 1956; Bayer, 1958), the difference between the mitochonclrion 

on the one hand ana the submitochondrial particle and CF II on the other may 

possibly be e'xplained in terms of the penetration of the inner mitochondrial 
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membranes by nucleoside diphosphates. 

Table I 

TRANSFEBOFAPHOSPHORYLGROUPFROMK4FUCWSPCB!BWAL 
DONORS TO ADP IN TfEE PRESENCE OF CF II 

Phosphate Donor &change rate, lqLmoles x min -1 -1 x mg 

1) ATT 187 
IPIP 81 
GTT 105 
CTP 
ITT JZ 
kOxyAI[Ip 163 
DeoxyUTP 47 

The assay procedure was the same as that described in the legend of Fig. 2. 
Six pmoles of phosphate donor were added to each assay. The exchange rates have 
been corrected for adenylate kinase activity. 

SpecifCzitp of Divalent Ions. 

The ATP-ADP exchange reaction has an absolute requirement for a divalent 

ion (cf. Tab16 II). Mg* is the most effective metal ion but other divalent 

metal ions are able to replace Mg * at least in part. It is of inteeest that 

the suppresSion of adenylate kinase activity by ATP Flpplies only in the 

presence of a metal ion that is effective in the exchange reaction. 

Table II 

THE EFFECT OF MVmIONS ONTHEATP-ADP EXCHANGE REACTION 

Ion added Rate, wmoles x min -1 -1 x mg 

None 
m++ 
co" 
Mn* Ni++ 

Fe" 
Cd++ 
Ca++ 
cu++ 

0 
239 
206 
143 188 

869 
60 
0 

merimental conditions were those described in the legend of Fig. 2, 
except that Mg* was omitted when other divalent ions were added. All metal 
ions were added in the form of the chlorides except for iron which was added. 
as ferrous ammonium sulfate. The data have been corrected for adenylate kinase 
activity. 
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Inhibition by NH-OH L 

Hydroxylamine at a concentration of 0.25 M inhibits the exchange reaction 

and the transfer of a phosphoryl group from the phosphorylated form of CF II 

to ADP (Beyer, 196473). The mechanism of these inhibitias is under investi- 

gation. 

Discussion. 

In oxidative phosphorylation two separate sets of reactions are now re- 

cognizable: (1) the generation of the first high energy intermediate by 

coupled electron flow; (2) the "conversion" of this intermediate by successive 

replacement reactions to ATP. The coupling factor for site II is intimately 

concerned with the second series of reactions. We have now demonstrated that 

all of the steps from the esterification of CF II by inorgan c orthophosphate 

to the synthesis of &?P are catalyzed by a single protein and that the AT??-ADP 

exchange Is an intrinfkk part of this catalysis, What remains to be demon- 

strated for the second phosphorylation site is the nature of the linkage be- 

tween CF II and PI, the natme of the initial high energy intej3diate in- 

volving an oxidation-reduction component of the electron transfer sequence, 

and the relationship between this initial high energy intermediate and CF II. 

Since it has now been recognized that CF II functions in a series of re- 

actions in which the high energy bona is conserved, while each of the original 

partners to the bond is successively replaced by another partner, it is per- 

haps no longer appropriate to employ the term coupling factor II because the 

coupling process precedes the intervention of the factor. Since the enzyme ap- 

pears to catalyze a general type of reaction characteristic of a "synthetase" 

A +B + A!PP,-AB +ADP + Pi 

we propose the trivial name of ATP synthetase for the coupling factor and we 

shall distinguish this particular synthetase from the two acting at other sites 

by specify3ng that it is linked to phosphorylation at site II. A!CP synthetase 

II would thus serve as the designation for CF II. 
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