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An intermediate of oxidative phosphorylation was apparently 

solubilized from cabbage mitochondria. The method of solubiliza- 

tion used primarily was extraction of a mitochondrial acetone pow- 

der with O. i M glycylglycine, pH 7. 4, at 4° C. The intermediate 

betrayed its presence by causing the transfer of Pi32 to ADP with 

the resultant formation of ATP32, or G -6 -P32 when the hexokinase 

trap was used. The formation of ATP32 or G -6 -P32 was determined 

as N. E. P 32 
(non -extractable P32) by the isobutanol- benzene ex- 

traction procedure. The transfer reaction used for assay took place 

in a completely soluble system, and both ADP and extract were re- 

quired. 

The historical development of an isolation procedure and of a 

suitable assay system were described. Initial attempts to detect an 

intermediate were directed at introducing the radioactive label of 

i 



Pi32 while the mitochondria were still intact, or during the extrac- 

tion of the acetone powder. At these stages of the work, the assay 

was also conducted during the extraction of the acetone powder by 

inclusion of the acceptor system (ADP, hexokinase and glucose) and 

Mg ++ in the extraction medium. Most of the significant facts were 

obtained through the use of a clarified extract which had not been 

exposed to Pi32 previously. Although it was possible to centrifuge 

the crude extract at 105, 000 X g for 90 min. without sedimenting the 

component necessary for the transfer reaction, this high speed cen- 

trifugation was not employed on a routine basis. 

The alleged intermediate was apparently proteinaceous as in- 

dicated by its response to heat, aging, dialysis, inhibitors and tri- 

chloroacetic acid (TCA). The transfer activity of the extract was 

lost upon incubation at 50° C. for five min., upon aging at 4 ° C. , up- 

on the addition of TCA, and in the presence of 2 X 10-5 M p- chloro- 

mercuribenzoic acid (PCMB). Although non -dialyzable, the extract 

was inactivated by dialysis, probably due to the loss of an essential 

small molecule such as NAD+ or NADP +. 

Both NAD+ and NADP+ stimulated the transfer activity in crude 

extracts and in extracts which had undergone the centrifugation at 

105, 000 X g. The action of these coenzymes was attributed to their 

possible role in promoting the labeling of the intermediate from Pi 32. 

In addition to these two activators, the rate of the transfer reaction 



was markedly dependent upon the Pi concentration, up to 1 X 10-3 

M Pi. The yield of intermediate from slightly less than two kilo- 

grams of cabbage was usually 50 -100 millimicromoles under favor- 

able assay conditions. The probability that this represents less than 

the maximum yield was considered. 

The transfer activity was rather severely inhibited by 1 X 10-3 

M arsenate and partially inhibited by 1 X 10-4 M dinitrophenol (DNP); 

it was not sensitive to oligomycin. ATP, AMP, and GDP did not 

substitute for ADP nor did NADH substitute for NAD +. The inter- 

mediate appeared to be labile when kept in an aqueous system in the 

presence of Mg 

Problems posed by such items as the impurity of the Pi32 and 

by side reactions were discussed. The extract also contained suc- 

cinic thiokinase exchange activity. Most of the available evidence, 

including a preliminary ammonium sulfate fractionation, would indi- 

cate that this exchange was due to a separate protein. 

On the basis of experimental evidence obtained in this study, 

a sequence for the operation of the transfer reaction in the assay 

system was proposed. It was suggested that both the non- phosphor- 

ylated (ArvX) and the phosphorylated (Xr íP) forms of an intermed- 

iate of oxidative phosphorylation were present in the extract. It 

was further speculated that NAD+ and /or NADP+ functioned as the 

A of ArvX and were active in promoting the labeling of the XNP 



form with Pi32. In view of no ready alternate explanation for the 

transfer activity of the extract, it was suggested that this activity 

merits consideration as the expression of an intermediate of oxi- 

dative phosphorylation. 
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EVIDENCE FOR A SOLUBLE INTERMEDIATE OF 
OXIDATIVE PHOSPHORYLATION ISOLATED 

FROM CABBAGE MITOCHONDRIA 

INTRODUCTION 

The mechanism of oxidative phosphorylation remains unsolved 

despite the fact that the process has been subjected to intensive in- 

vestigation in recent years. These efforts have been expended large- 

ly on mitochondria or respiratory organelles from animal and micro- 

bial sources, as any review of this subject would reveal (42, 65). 

Trapping part of the energy released during respiration as 

adenosine triphosphate (ATP)1, known as oxidative phosphorylation, 

IThe following abbreviations are used in this thesis: ATP, 
adenosine- 5' -triphosphate; ADP, adenosine -5'- diphosphate; AMP, 
adenosine- 5'- monophos_phate; Pi, inorganic orthophosphate; Pi32, 
radioactive Pi; Pi -Pi 32 P32 in carrier Pi; P32, unspecified form 
of radioactive phosphorus; P /O, ratio of Pi esterified per atom of 
oxygen consumed during oxidative phosphorylation; ATP32, ATP 
terminally labeled with P32; G -6 -P, glucose -6- phosphate; G -6 -P32, 
G -6 -P labeled with P32; PPi, inorganic pyrophosphate; ATPase, 
adenosine triphosphatase; GTP, guanosine -5'- triphosphate; GDP, 
guanosine -5'- diphosphate; FP, flavoprotein; NAD +, nicotinamide 
adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleo- 
tide; NADP +, nicotinamide adenine dinucleotide phosphate; NADPH, 
reduced nicotinamide adenine dinucleotide phosphate; CoQ, coenzyme 
Q; CoA, coenzyme A; DNP, 2, 4- dinitrophenol; BSA, bovine serum 
albumin; BAL, 2, 3- dimercaptopropanol; GSH, reduced glutathione; 
PCMB, p- chloromercuribenzoic acid; EDTA, ethylenediaminetetra - 
acetate; cyt. , cytochrome; N. E. , non -extractable; A and B, succes- 
sive respiratory carriers; X, the presumably protein component of an 
intermediate of oxidative phosphorylation; STK, succinic thiokinase; 
TCA, trichloroacetic acid; C. , centigrade; ml. , milliliter(s); g, 
gravity; min., minute(s); M, molar; c. p.m. , counts per minute; µ, 
micro; m, milli; mµ, millimicro; mg. , milligram; expt. , experi- 
ment; spec. act. , specific activity; incub. , incubation; +, present; 
-, absent. 
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is of tremendous importance to all aerobic organisms. The green 

plants are no exception in this regard even though they are also ca- 

pable of trapping considerable quantities of energy as ATP in the 

photophosphorylation process (62, p. 3). The first clear demon- 

stration of oxidative phosphorylation occurring in mitochondria iso- 

lated from plant cells was recorded in 1951 and further elaborated 

upon in 1953 (9). By 1964 it was established that plant mitochondria 

were structurally similar to animal mitochondria, even to the extent 

of possessing the so- called 'elementary particles' on their cristae 

(50). Although there is evidence that minor differences between 

plant and animal mitochondria do exist, for example, in the compo- 

sition of the respiratory chain (42, p. 376), many plant sources have 

now yielded mitochondria in which the observed oxidative phosphory- 

lation parallels this process in animal mitochondria in such aspects 

as PIO ratios, substrate utilization, and responses to inhibitors (36). 

The initial investigation of oxidative phosphorylation in cabbage mite-, 

chondria was conducted by Freebairn and Remmert (24). This re- 

search was extended by the work of Lotlikar (44) who further char- 

acterized the process while investigating the mode of action of sev- 

eral herbicides. 

Borrowing freely from studies with animal mitochondria and 

supplementing this with a few pieces of evidence from plant mito- 

chondria, authorities in the field now represent the pathway of 
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electron transport to oxygen in plant mitochondria as follows (42, 

p. 376): 

NADH FP n\ 

5uccinate--FP---* 
s 

cyt. b's 

CoQ 

cyt. a 
cyt. a 

cyt. aB 

Cytochrome cl is not considered to be part of the respiratory chain 

in plants. The enclosures indicate that the orders or roles of the 

enclosed components are unsettled. With the possible exception of 

the function of coenzyme Q (Co Q), a similar sequence is rather 

firmly established for animal mitochondria, based on kinetic evi- 

dence and resolution of the respiratory chain (40, p. 60). There 

are 'b' cytochromes in plants, such as cytochrome b3, which appear 

to be vestiges of chloroplast components in mitochondria (45). Cyto- 

chrome aB in the scheme, also called Bonner's oxidase, is involved 

in a secondary pathway of respiration, which is insensitive to cyanide 

and carbon monoxide (10, 35). In animal mitochondria, ATP forma- 

tion is usually assumed to be coupled to electron transport at three 

sites, namely, the oxidation of reduced nicotinamide adenine dinucle- 

otide (NADH), of reduced cytochrome b, and of reduced cytochrome 

a (40, p. 115). 

Following the demonstration of ATP formation linked to respir- 

ation in a cell -free system, quantitative evaluation of the process led 

c.-. 

-- 
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to development of the concept of a PIO ratio, which indicated the 

molecules of inorganic orthophosphate (Pi) esterified as an electron 

pair passed from an oxidizable substrate to oxygen. The maximum 

Pb O ratios for various substrates were considered established short- 

ly after the mitochondrion was pinpointed as the site of the oxidative 

phosphorylation process (62, p. 84 -85). Some claims of greater 

coupling efficiency have appeared recently (29, 69) followed by criti- 

cal appraisal (15, 38, 41). At the present time a conservative eval- 

uation of the coupling efficiency would still cite PIO ratios of 3 for 

NAD- linked substrate oxidation and of 2 for succinate oxidation. 

A number of exchange reactions accompany oxidative phosphor - 

ylation in mitochondria, but determination of their true significance 

still awaits resolution and resynthesis of the coupling process. How- 

ever, allied with inhibitor studies, these exchanges have been useful 

in the gathering of information which may be pertinent to the mechan- 

ism of oxidative phosphorylation. The ATP -Pi exchange reaction 

has been marshalled as evidence of the reversibility of coupled ATP 

synthesis, and this exchange also implies the existence of an inter- 

mediate serving as a vehicle of phosphoryl transfer. Reactions (b) 

and (c) account for this exchange in the following formulation of the 

coupling mechanism (62, p. 15): 

(a) AH + B + X . ArvX + BH2 

(b) p,rvX + Pi =A + Xr\/P + H2O 

(c) Xr.iP + ADP ±ATP + X 

In this scheme the X designates some unknown entity, presumably a 
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protein, which combines in reaction (a) with an oxidized respira- 

tory carrier, A, during the oxidation of AH2 and the reduction of 

respiratory carrier, B, of more positive oxidation - reduction poten- 

tial. In so doing, X captures a portion of the energy made available 

as electrons flow from A to B, in the form of ArNiX. In reaction (b), 

carrier A is released for future use in reaction (a), when it is dis- 

placed from ArN-/X by Pi. The phosphorylated intermediate thus 

formed, Xr\-/P, transfers the phosphoryl group to adenosine diphos- 

phate (ADP) in reaction (c). The X released in conjunction with ATP 

synthesis can be used again in reaction (a). With the exception of the 

currently unpopular type II mechanisms (40, p. 119), in which the only 

intermediate is of the form, ASP, this formulation is the simplest 

that will fit the known facts. It is quite possible to expand this 

scheme by detailing the given reactions (21). It is also occasion- 

ally expedient to add another unknown intermediate to explain, for 

example, differences in action between dinitrophenol (DNP)- and Mg 
+ +- 

stimulated adenosine triphosphatases (ATPas es) , mentioned below. 

The possibility of an intermediate of the type, ADP/-,X, reacting 

with Pi was rendered unlikely by the studies of Boyer with 018, 

which demonstrated that the terminal bridge oxygen in ATP is sup- 

plied by ADP (62, p. 14). Sufficient evidence is not available to 

rule out a sequence in which the binding of Pi precedes oxidation 

(62, p. 15). Additional known exchange reactions which can be 

- 
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accounted for by the formulation given include an ADP -ATP exchange 

in which ADP labeled with either C14 or P32 exchanges with ATP. 

An enzyme catalyzing this reaction has been solubilized from mito- 

chondria and purified (76). There is also an exchange reaction be- 

tween H2018 and Pi and a relatively rapid exchange reaction between 

H2O18 and ATP(62, p. 126 -128). 

Another 'partial reaction' of oxidative phosphorylation is not 

an exchange but a hydrolysis, catalyzed by an ATPase. Various 

ATPases have been solubilized, including one from cabbage mito- 

chondria (57; 62, p. 129 -144). At least one of these ATPases is ac- 

companied by an endogenous self- inhibitor, and there is a long- stand- 

ing uncertainty whether the ATPase activity stimulated by DNP and 

that stimulated by Mg ++ are identical (62, p. 129 -142). 

The effects of inhibitors and uncouplers upon oxidative phos - 

phorylation and the related 'partial reactions' have resulted in a 

voluminous literature. The inhibitors of electron transport itself, 

i. e. , amytal, antimycin A, cyanide, etc. are well -known. The 

class of inhibitors which interfere with the coupling mechanism, 

thereby also disrupting phosphorylating electron transport, is of 

greater moment in the present study. Atractylate (atractyloside) 

has been shown to act in the vicinity of the final phosphoryl transfer 

to ADP. It is known to effect its inhibitory action on coupling by 

competing with adenine nucleotides (17). The inhibition by 
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oligomycin has been traced to an interference in the coupling mechan- 

ism in the step in which non -phosphorylated intermediate becomes 

phosphorylated (16). Inhibition of phosphorylating respiration by 

this inhibitor can be relieved by the addition of DNP which is the 

most commonly used representative of the class of inhibitors termed 

the true uncoupling agents. Oligomycin and DNP also affect ATPase 

activity oppositely; oligomycin can prevent ATPase activity stimu- 

lated by DNP. Viewed in conjunction with other observations on the 

separate actions of DNP and oligomycin, it is quite firmly estab- 

lished that DNP interferes with the coupling mechanism at some 

point closer to the respiratory chain than does oligomycin. DNP 

can uncouple phosphorylation from oxidation and stimulate respira- 

tion in the absence of Pi (40, p. 120). Steele (70) has shown that 

the requirement of ADP (or ATP) and Pi for DNP - stimulated respir- 

ation in insect mitochondria depends on their involvement in sub- 

strate-level phosphorylation. Whether DNP actually catalyzes a 

degradation of a non -phosphorylated intermediate or somehow pro- 

motes a structural dissociation of the coupling sequence remains 

unsettled (62, p. 148; 77). Arsenate, which has played a vital role 

in the characterization of phosphorylation during glycolysis, also 

uncouples phosphorylating respiration, possibly in a slightly differ- 

ent manner (4). At 10 -2 M, arsenate almost completely uncouples 

oxidative phosphorylation in citrus mitochondria (74). 

As presented thus far, the coupling mechanism envisions the 
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active participation of Pi, ADP, proteins, and respiratory carriers. 

Although not extensively documented, it is quite certain that Mg 
++ 

plays an important role in the sequence also and it may be required 

in every step. It has been found that this divalent metal ion is an 

integral part in at least one of the last two steps of the scheme pre- 

sented, as well as in the binding of a coupling protein to a particle 

capable of oxidizing NADH (59). Other investigators have confirmed 

the role of Mg ++ in associating particulate and soluble components 

(62, p. 160 -161). In late 1964 Loercher and Liverman (43) reported 

that Co + increased the efficiency of oxidative phosphorylation by 

sweet potato mitochondria; only part of this stimulation could be 

traced to Co ++ inhibition of ATPase. It seems possible that the 

effect was really on their assay system for ATP since Co ++ is an 

activator of luciferase (22, p. 450). Pinchot (58) has reported the 

necessity of a small ribonucleotide to associate particulate and sol- 

uble components of the coupling sequence. Pertinent in this regard 

to investigations of plant mitochondria is the report of Hanson (31) 

that pancreatic ribonuclease disrupts coupled phosphorylation by 

corn and soybean mitochondria. Except for the apparent role of 

vitamin K in coupling in bacteria (30), the participation of quinones 

in the coupling mechanism remains doubtful (19). Nevertheless, 

model systems and theoretical coupling mechanisms involving quinol 

phosphate formation have appeared in the literature (62, p. 162; 72). 
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A function for dithiol compounds in oxidative phosphorylation has been 

proposed by Sanadi's laboratory (23). 

The frustrations contingent upon attempts at resolution and re- 

constitution of oxidative phosphorylation have been enumerated by 

Green et al. (26). However, it appears that only through such reso- 

lution and eventual reconstitution will unambiguous observations be 

forthcoming. The protein components, related to or at least co- 

habitant with the process of oxidative phosphorylation, which have 

been solubilized from the complex mitochondrial structure, are usu- 

ally classified as coupling factors or intermediates. It should be 

recognized, however, that these two designations are not necessarily 

mutually exclusive. The term, 'coupling factor', refers to a solubil- 

ized component of the mitochondrion which has the capacity to restore 

phosphorylation in non -phosphorylating submitochondrial particles. 

That this criterion, alone, has many pitfalls was well demonstrated 

by Lee and Ernster (39) who found that one of the most potent inhibi- 

tors of the phosphorylation process, oligomycin, had the ability to 

elevate substantially the PIO ratio of their 'non -phosphorylating' 

particles; oligomycin would thus qualify as a coupling factor in the 

absence of other criteria. This experiment underscored once again 

how treacherous it could be to make an assumption in this field. 

Apparently, the submitochondrial particles used in this case were 

not completely depleted of ATPase and /or coupling components even 
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though characterized by very low PIO ratios. The probability that 

there are at least three sites where phosphorylation occurs, together 

with the possibility that several coupling factors are involved which 

may be alike or different in varying degrees at each site, may be 

compounding the difficulties of resolving and reconstituting oxidative 

phosphorylation. 

A number of soluble coupling factors have been isolated in re- 

cent years, but the validity of many of these is made more or less 

questionable by such observations as that of Lee and Ernster, noted 

above. A series of coupling factors (F- factors) have been reported 

by Racker's laboratory. A complete catalog of these factors and 

their capacities to carry out or influence various reactions can be 

found elsewhere (62, p. 1 73). The factor, F , 
0 

confers oligomycin 

sensitivity on the soluble ATPase, F1, and may not even be pertinent 

to the coupling mechanism. The ATPase, F1, was proposed to cata- 

lyze the final transphosphorylation from XtiP to ADP, after it was 

found active in reconstitution at all three sites and necessary for the 

ATP -Pi exchange. During succinate oxidation, the sonically pre- 

pared coupling factor, F2, was active. Coupling factor, F3, appears 

to be specific for site 2; it is prepared by trypsin digestion of sub - 

mitochondrial particles. Another factor, F4, seems to be associ- 

ated with the formation of a phosphorylated intermediate if one com- 

mences with ATP. The factor of Linnane and Titchener appears to 
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be of the F2 type (62, p. 169 -170). Isolations of three coupling fac- 

tors, each specific for a different site, have been claimed by Green's 

laboratory (68). The purified ADP -ATP exchange enzyme of Lehn- 

inger's group fulfills the criterion of a coupling factor at site 3 (62, 

p. 170 -171). Both Hommes (33) and Andreoli et al. (3) have reported 

soluble factors which promote the energy - linked reduction of pyridine 

nucleotides by submitochondrial particles. Two reports of coupling 

factors have emanated from Japan (53, 78). It is of interest that 

coupling in one case (53) is associated with electron transport to 

nitrate as well as to oxygen. It should be noted that the requirement 

or lack thereof for a coupling factor is quite dependent upon the mode 

of preparation of the submitochondrial particles. 

Compared to the difficulties encountered in the evaluation of 

coupling factors, one might surmise that verification of the authen- 

ticity of an intermediate of oxidative phosphorylation might be eas- 

ier. However, only a very few possible intermediates have been 

reported, and at least one of these communications has been retract- 

ed (65, p. 42). A few years ago Boyer (12) isolated a P32- labeled 

phosphoprotein from bovine liver mitochondria which had been in- 

cubated with Pi32 or ATP32. Later, a soluble extract from the mi- 

tochondria was shown to have the same ability of P32- labeling. Boyer 

soon proposed a possible mechanism of oxidative phosphorylation, 

based upon his finding that the P32 label was in a phosphohistidine 
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residue of the phosphoprotein. A short time later evidence began 

to accumulate that the phosphoprotein was actually involved in the 

substrate -level phosphorylation mediated by succinic thiokinase and 

nucleoside diphosphokinase (48). The reaction catalyzed by the lat- 

ter enzyme has been found to have a phosphorylated enzyme inter- 

mediate (49) and this enzyme has thus been considered as a possible 

coupling factor. Phosphohistidine has been found in nucleoside di- 

phosphokinase isolated from Jerusalem artichoke (52). Recently, 

Cha et al. (18) gathered supporting evidence and proposed the fol- 

lowing mechanism for succinic thiokinase activity which involves 

both a phosphorylated and a non -phosphorylated intermediate, very 

much akin to the oxidative phosphorylation scheme: 

Mg 
++ 

STK + Succinyl CoA STK\-)CoA + Succinate 
++ 

STKtiCoA + Pi Mg - STKP + CoA 
++ 

STKtiP GDP + Mg ' STK + GTP 

Wadkins (75) has shown that phosphoprotein formation, depen- 

dent upon respiration, results in either acid -stable phosphoserine 

or acid -labile phosphohistidine. Ahmed and Judah (1) have postu- 

lated that the phosphoprotein found in studies on oxidative phosphory- 

lation is on a pathway which is not in the main flow of intermediates 

during coupling. This proposal is based on the observation that 

oligomycin inhibits the labeling of ATP from Pi32 at lower 
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concentrations than are required to inhibit labeling of the phospho- 

protein from the same source. Slater et al. (66), in The Netherlands, 

tend to agree with this viewpoint. The Dutch group seems to be more 

concerned with additional evidence that Pi32 is incorporated into 

phosphoprotein at only 1. 5% of the rate at which Pi 32 appears as 

ATP32. The kinetic aspects related to the role of phosphohistidine 

in oxidative phosphorylation were discussed by P. D. Boyer and 

E. C. Slater in a recent publication (13). Slater maintains that the 

initial rate of labeling of an intermediate from Pi32 should not be 

less than the maximal rate of labeling of the final ATP product. 

Boyer proved mathematically that an intermediate may show a much 

lower maximal rate of labeling than that of ATP under certain con- 

ditions. The impasse in the argument seems to be that the labeling 

with Pi32 or ATP32 under discussion occurs in a complex system 

where the precise conditions prevailing at the time cannot be evalu- 

ated. Thus, Slater protests Boyer's assumption that the time re- 

quired to label an intramitochondrial pool of Pi with extramitochond- 

rial Pi32 is of the same order of magnitude as the time required for 

subsequent reactions in the coupling process. A second phospho- 

protein, proposed by Beyer (7) to be a candidate as an intermediate 

in the coupling mechanism, shows the same percentage of maximum 

labeling as ATP in a given time, such as apparently does not occur 

with Boyer's phosphohistidine. Beyer's coupling factor II catalyzes 
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an ATP -ADP exchange reaction. 

D. E. Griffiths (27) has reported that a phosphorylated form of 

NADH (not NADPH) may be an intermediate of oxidative phosphory- 

lation. The compound, which is formed during the incubation of 

sheep heart mitochondria with Pi32, NAD +, and succinate, yielded 

ATP32 and NADH when incubated with submitochondrial particles 

treated with antimycin A, ADP and Mg + +. Support for the possibil- 

ity of such an intermediate on chemical grounds was advanced by 

Clark et al. (20) The work with M. phlei has produced the only 

claim to intermediate status by quinone compounds (30). J. L. 

Purvis (61) has demonstrated the formation of 'extra NAD' and 

'extra NADP' upon incubation of mitochondria with Pi, ADP or 

DNP. These forms could not be accounted for as ordinary NAD 

or NADP +. He has proposed that these pyridine nucleotides are 

released as A from a non -phosphorylated intermediate such as Ar/X. 

The probable existence of NAD r\-)X and NADPÑX has been dis- 

cussed by other workers (67). 

The observations of Purvis may be related to the results of 

Pinchot and Hormanski (60) who have reported the only soluble non - 

phosphorylated intermediate of oxidative phosphorylation which still 

survives in the literature. Pinchot began his research in the early 

1950's with E. coli, but the more rewarding developments have 

arisen from work with A. faecalis. This organism has only one 

+ 
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coupling site, i. e. , it yields a P/O ratio of less than 1. A heat- 

labile mixture of soluble proteins was released from an NADH- 

oxidizing particle upon incubation of the particle with NADH in the 

absence of ADP, Pi, and Mg + +. The soluble phase, recovered af- 

ter centrifugation, contained a protein which incorporated Pi32 into 

ATP32 in the presence of ADP and Mg + +. It was also shown that the 

protein contained NAD+ which was stoichiometrically displaced by 

Pi concomitant with the transfer to ADP. The proposed NAD /"\../X 

intermediate could also be formed from NAD +, X protein, and ATP. 

Some doubt has also been cast upon this intermediate by the recent 

experiments of Pandit -Hovenkamp (54) who found that the P32 label 

appears in ADP earlier than it occurs in ATP, where more than 90% 

of the label is non -terminal. This implies the possible participation 

of adenylate kinase and of an enzyme like polynucleotide phosphoryl- 

ase (28) which could catalyze a reaction such as: 

n ADP '`(AMP) + n Pi 
n 

A theoretical mechanism of oxidative phosphorylation at site one, 

proposed by Grabe (25), includes the participation of histidine resi- 

dues. Another mechanism was presented by Bieber (8) who discussed 

the merits of phosphorylation coupled to one - electron transfer versus 

two -electron transfer. 

The existence of intermediates in oxidative phosphorylation 
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has been supported by work on energy - linked reversed electron 

transport (62, p. 142 -144) and also by the 'ATP jump' experiments 

(46; 62, p. 182). In this regard, Bonner and Pressman (11) have 

evidence that plant mitochondria may have less high energy inter- 

mediate available for the reduction of NAD+ by succinate than animal 

mitochondria. Criticism of the 'ATP jump' experiments has been 

voiced by Van Dam (73) who contends that the jump in ATP formation 

does not necessarily arise from pre- formed intermediates. At least 

two groups (32, 47) working with plant mitochondria have inferred the 

participation of high energy intermediates of oxidative phosphoryla- 

tion during active ion accumulation. No reports of soluble intermedi- 

ates of the coupling mechanism in plants have been published. A 

preparation of submitochondrial particles and a soluble fraction (6) 

appears to be a rarity for plants. 

The present investigation was initiated to isolate, if possible, 

a soluble intermediate of oxidative phosphorylation from a higher 

plant source. The use of cabbage mitochondria for this purpose was 

facilitated by a considerable quantity of data and methods related to 

oxidative phosphorylation by this source, which had been accumulated 

earlier in this laboratory (24, 44, 55). The results of this study pro- 

vide evidence indicating that a soluble intermediate of oxidative phos- 

phorylation has been isolated, although by no means in a purified state. 

In many respects, the observations upon this entity bear resemblance 

to the findings of Pinchot (59), Purvis (61), and Peter (56). 



17 

METHODS AND MATERIALS 

Isolation of Cabbage Mitochondria 

The procedure used by Lotlikar (44) for the isolation of mito- 

chondria from cabbage, Brassica oleracea var. capitata L. , was 

modified for use in this investigation, largely due to the availability 

of improved equipment and the necessity of processing greater quan- 

tities of cabbage for each experiment. The procedure described 

below was used in all but a few of the early experiments in which 

Lotlikar's method, with the exception of media, was employed. 

Cabbage heads were procured from a local market which re- 

ceived fresh shipments of cabbage at least twice a week. The cab- 

bage was stored and processed in a 4° C. cold room, usually within 

one day. Following removal of their outer leaves, the cabbage heads 

were cored and the core was discarded. In a full -scale preparation 

1760 grams of cabbage were chopped into less than 2 cubic centi- 

meter fragments. These were then placed in a stainless steel War- 

ing CB -5 commercial blendor along with 960 to 1000 ml. of homogen- 

izing medium2, depending upon the turgidity of the cabbage. The 

2Homogenizing medium adjusted to pH 8. 2 with KOH: 0. 05 M 
glycylglycine, 1. 0 M sucrose, 0. 01 M EDTA, 5 X 10-3 M sodium 
citrate, 5 X 10 -3 M malic acid. 
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blendor was operated in 15- second periods for a maximum of one 

minute, initially at low speed and culminating in a high speed blend- 

ing during the last 15 seconds. Inspection of the homogenate was 

made after each 15 seconds of blending, and the process was term- 

inated when the consistency of a thick suspension was reached. 

The homogenate was squeezed through eight layers of cheese- 

cloth into a pre -chilled beaker. The approximate pH of the homogen- 

ate, kept on ice, was measured routinely with the temperature setting 

at the minimum on a Beckman model G pH meter. The pH thus de- 

termined was usually about 7. 1 to 7. 4, but active preparations have 

been obtained with the pH in the range from about 6. 9 to 7. 5. The 

plant cell sap lowered the pH considerably as it was released during 

the blending process; in conjunction with the weak buffering capacity 

of glycylglycine at pH 7. 4, this necessitated a buffered medium which 

was initially at pH 8. 2. 

The cell debris was removed from the homogenate by centrifu- 

gation for 10 min. at 3, 000 X g in a refrigerated Servall centrifuge 

using the large GSA rotor. The resulting supernatant was then cen- 

trifuged at 1 2, 000 X g for 10 min. to sediment the mitochondria. 

Mitochondria accumulated in large Nalgene bottles were then trans- 

ferred to smaller plastic tubes by means of approximately 80 ml. 

of the 12,000 X g supernatant and sedimented again at 12,000 X g 

for 20 min. in the SS -34 rotor. The mitochondria from this 
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centrifugation were washed once with 80 ml. of the washing medium3 

and recentrifuged at 12, 000 X g for 20 min. Finally, the mitochond- 

ria were taken to the cold room and suspended in suspension medium 

to 52 ml. in the manner described by Lotlikar (44). 

The Ancillary System 

Routine determination of the phosphorylating ability of the 

whole mitochondria accompanied every experiment on the acetone 

powder extract. Following a 10 min. equilibration, these incuba- 

tions were carried out in duplicate for 20 min. in a Dubnoff shaking 

incubator at 25° C. (30° C. in some experiments) using 25 ml. Erlen- 

meyer flasks. Each flask contained 1. 0 ml. of basic reagent5 and 

1. 0 ml. of double -distilled water or variable constituents. Reac- 

tions were initiated with 1. 0 ml. of the mitochondrial suspension, 

which resulted in a total incubation volume of 3. 0 ml. The final 

3Washing medium adjusted to pH 7. 4 with KOH: 0. 03 M gly- 
cylglycine, 0. 375 M sucrose, 1 X 10-3 M ED TA, 5 X 10-3 M sodium 
citrate, 5 X 10-3 M malic acid. 

4Suspension medium adjusted to pH 7.4 with KOH: 0. 03 M 
glycylglycine, 0. 375 M sucrose, 5 X 10 -3 M sodium citrate, 5 X 10 -3 
M malic acid. 

5Quantities per ml. of basic reagent: 200 µmoles glycylglycine, 
pH 7.4; 225 moles sucrose; 2 µmoles magnesium chloride; pH 7.4; 
none to 0. 3 µmoles potassium phosphate, pH 2. 0 (hydrolyzed at pH 
1. 0) or pH 7.4 in early experiments; about 1 X 106 c. p.m. Pi32. 
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concentrations of the variable components, where added, were: 

ADP, pH 6. 8, 6. 7 X 10-4 M; hexokinase, 50 Kunitz -McDonald (K. M. ) 

units; glucose, 1. 67 x 10-2 M; Pi, pH 7.4, 1. 67 X 10-2 M. Final 

concentrations of the other flask contents as contributed by the 1. 0 

ml. of basic reagent and the 1. 0 ml. of mitochondrial suspension 

were: glycylglycine, pH 7. 4, 7. 7 X 10-2 M, magnesium chloride, 

pH 7.4, 1 X 10-3 M; sucrose, 0. 2 M; Pi, none to 1 x 10-4 M; potas- 

sium citrate, 1. 67 x 10-3 M; potassium malate, 1. 67 X 10-3 
-3 

M; 

Pi32, about 1 X 106 c. p. m. The reactions were stopped with 1. 0 

ml. of 0. 8 M TCA, which was added prior to the mitochondrial sus- 

pension in the case of zero time determinations. 

Treatment of Stock Pi 32 

A treatment6 of the Pi32 to remove metal phosphates present 

as impurities was found desirable. Pi32 shipments were adjusted 

to pH 8. 0 with KOH, boiled for one hour, cooled and filtered through 

a fine sintered glass funnel. The filtrate was then adjusted to pH 

1. 0 with HC1 and boiled for two hours to hydrolyze pyrophosphate. 

Finally, the pH was raised to 2. 0 to eliminate pH effects during in- 

cubations due to Pi32 additions. This treated stock Pi32 solution 

was stored at -18° C. If any further precipitation occurred upon 

6Suggested by personnel at the Oak Ridge National Laboratory. 
Private communication. 
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freezing and thawing, another filtration was performed before use. 

In early experiments only the hydrolysis at pH 1. 0 was performed, 

and the pH was adjusted to 7. 0 before storage of the stock Pi32 so- 

lution at -18°C. The use of untreated stock Pi32 solution in some 

work is noted in conjunction with the descriptions of those experi- 

ments. 

Preparation of the Acetone Powder 

After a portion of a mitochondrial suspension was removed for 

use in the ancillary system, the remaining suspension was held at 

0-4° C. for 30 min. and then centrifuged for 10 min. at 23, 500 X g. 

The resulting supernatant was decanted and discarded. The mito- 

chondrial pellet was suspended next in 40 ml. of 0. 05 M glycylgly- 

cine, pH 7.4, per 20 -23 ml. of original mitochondrial suspension. 

In some early experiments double -distilled water replaced the 0. 05 

M glycylglycine. This new suspension in 0.05 M glycylglycine was 

poured directly into five volumes of acetone at -18° C. contained in 

a stainless steel centrifuge bottle. After thorough mixing with a 

glass rod, the powder formation was allowed to proceed for 10 min. 

in the freezer. Two of these centrifuge bottles were then brought 

into the cold room, balanced, and sealed with their expansion caps. 

Immediately, the bottles were transferred to the GSA rotor and cen- 

trifuged for 10 min. at 12, 000 X g. After this centrifugation the 



22 

bottles were returned to the cold room, the acetone was decanted 

and discarded, and the bottles containing a white powder were al- 

lowed to drain for two to three min. to remove as much acetone as 

possible. No further manipulation of the acetone powder preceded 

the extraction process. 

Extraction of the Acetone Powder 

The 'moist' acetone powder was extracted immediately after 

its preparation. The extraction for five min. at 4° C. was routinely 

accomplished with 25 ml. of O. 1 M glycylglycine, pH 7. 4, per 20 -23 

ml. of original mitochondrial suspension. The acetone powder was 

mulled briefly with a glass rod, and the extraction medium was then 

added to the centrifuge bottle. A white milky suspension formed 

rapidly; it was transferred to polypropylene centrifuge tubes and 

centrifuged for five min. at 23, 500 X g. The resulting clear super- 

natant was decanted from the firm pellet and termed 'crude extract'. 

Special extraction methods for specific experiments are covered in 

conjunction with the descriptions of those experiments. 

Procedures for Detecting the Presence of an Intermediate 
in Aqueous Extracts of Mitochondrial Acetone Powders 

General. Although the basic criterion for the presence of an 

intermediate of oxidative phosphorylation was the capacity of the 
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extract to form ATP32 in the presence of ADP and Pi32, the manner 

in which this test was performed took many forms. Concentrations 

of the components of the standard test system of this 'second incuba- 

tion' were as follows unless noted otherwise: glycylglycine, pH 7. 4, 

0. 05 M (includes quantities introduced with the extract); magnesium 

chloride, pH 7. 4, 1. 5 X 10 3 M; ADP, pH 6. 8, 1 X 10-4 M; Pi32, 

about 1 X 10 
6 

c. p. m. /incubation volume. Other components of the 

test system not present in every experiment were: Pi, pH 2. 0 (hy- 

drolyzed at pH 1. 0), or pH 7.4 in some experiments, 1 X10-6 to 

1 X 10_2 M; cysteine, 2.5 X 10 1 X 10-5 to 1 X 10 
3M; 

hexokinase, 50 K. M. units /incubation volume; glucose, 2. 5 X10-2 -2 

M. Definite concentrations of some of these components and of other 

cofactors, inhibitors, etc. , used to characterize the transfer reac- 

tion, are stated in the descriptions of experiments in which they were 

used. The incubation volume was initially 2. 0 ml. and the reactions 

were stopped with 1. 0 ml. of 0. 8 M TCA; later work was done with 

a 6. 0 ml. incubation volume and the reactions were stopped with 3. 0 

ml. of 0. 8 M TCA. Double -distilled water was used in the prepara- 

tion of all reagents and in completing incubation volumes. All incu- 

bation flasks were in duplicate unless specified otherwise. 

Most, but not all, incubations were accomplished in a Dubnoff 

shaking incubator at 25 ° C. , and the reactions were normally initi- 

ated by the addition of 1. 0 ml. of extract. The additions of Pi32, 

M; 
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Pi, ADP, hexokinase and glucose were timed. Pi32 (or Pi32 plus 

Pi) was added to the incubation flasks which were kept on ice until 

an equilibration period at incubation temperature. ADP, hexokinase 

and glucose were in the incubation flasks at incubation temperature 

for 20 min. prior to the addition of extract. For the determination 

of non - extractable (N. E.) P32 at zero time, the TCA preceded the 

extract into the incubation flask. 

Method A -Pi32 in the Pre - incubation. In these early experi- 

ments the whole mitochondria destined for acetone powder underwent 

a pre- incubation for 20 min. at 30° C. in a Dubnoff shaking incubator. 

The components (including Pi32) and their concentrations, present 

during this pre- incubation, were identical to those of a regular ancil- 

lary system incubation to which neither an acceptor system (ADP, 

hexokinase and glucose) nor Pi had been added. An exception was 

that more Pi32 was used, about 1 X 107 c. p. m. per ml. of basic 

reagent. This pre- incubation was later replaced by the 30 min. in- 

cubation at 0-4° C. in regular suspension medium, as was noted for 

the preparation of the acetone powder. At the end of the 20 min. pre - 

incubation, duplicate 3. 0 ml. aliquots were removed from the large 

volume being incubated and pipeted into 1.0 ml. of 0. 8 M TCA to 

determine the N. E. P32 formed during this pre- incubation. Other 

flasks containing variable components of the ancillary system were 

run separately. 
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Following the pre- incubation, the mitochondria were centrifuged 

down as described above prior to the preparation of the acetone pow- 

der. On a few occasions an acetone powder was also made from the 

supernatant resulting from this post pre- incubation centrifugation; 

such supernatant was diluted with three volumes of cold double -dis- 

tilled water before its addition to acetone. These acetone powders 

(from pellet or supernatant), which might have contained a phosphory- 

lated intermediate of oxidative phosphorylation labeled with P32, 

were extracted with and without acceptor system and magnesium 

chloride in the extraction medium. Cysteine, 5 x10-3 M, was also 

present routinely in the extraction medium during these experiments. 

When the crude extracts of these powders were obtained, ability to 

transfer Pi32 to ADP was tested also in the second incubation, as 

described under general test systems above. Where acceptor sys- 

tem was already present in the extract, half of it had been added to 

the extraction medium and half of it was added to the flasks of the 

second incubation. These second incubations were initiated with 

1.0 ml. of crude extract and were performed at 30° C. for 10 min. 

In addition to zero times, other controls were run in some experi- 

ments as noted in tabulated data. 

Method B - Pi32 in the Extraction Medium. A few experiments 

were conducted which were identical in procedure to those described 

in method A, above, except that the Pi32 was not present when the 

acetone powder was made. The Pi32 was placed in the extraction 
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medium in various combinations, with or without the acceptor sys - 

tern and magnesium chloride. Cysteine, when present, was again at 

5 X 10-3 M. The Pi32 used ranged from about 5 X 105 to 5 X 106 

c. p. m. per ml. of extraction medium. 

Method C Pi32 in the Second Incubation. In the majority of 

experiments the Pi32 was present only in the incubation flasks of the 

second incubation. In these experiments the extraction of the acetone 

powder was with regular extraction medium; no cysteine was present 

during extraction. Although most of these extractions were performed 

without the acceptor system and magnesium chloride present, there 

are a few exceptions to this. Deviations from standard test con- 

ditions for the second incubation are specified in conjunction with 

the description of a specific experiment or group of experiments. 

Assay of Succinic Thiokinase Activity 

The activity of this enzyme in the acetone powder extracts was 

assayed by a modification of the Pi32 exchange procedure of Kaufman 

(37). The experimental conditions were identical to those of the 

standard test system of the second incubation except that ATP, 1 X 

10-4 M, replaced ADP, and potassium succinate, 1 X 10-3 M, and 

CoA, 5 X10-5 M, were added. The formation of ATP32 was deter- 

mined as N. E. P32. 

- 
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Separation of the Transfer Protein(s) from 
Succinic Thiokinase with Ammonium Sulfate 

In the ammonium sulfate fractionation of crude extract, a por- 

tion of the crude extract was retained, aged, dialyzed and tested in 

the same manner as the various fractions. 

Salt fractionation at 4° C. commenced with crude extract. The 

extract was placed in a beaker equipped with a magnetic stirrer, and 

ammonium sulfate was added with a salt shaker, over a 10 min. per- 

iod, to 50% saturation at 4° C. Following a further 10 min. equili- 

bration, the mixture was centrifuged for five min. at 23, 500 x g to 

collect the <50% fraction. The resulting supernatant was brought to 

75% saturation, and a 50 -75% fraction was collected in the same man- 

ner. Each of the two pellets was suspended in 0.1 M glycylglycine, 

pH 7. 4, prior to dialysis at 4° C. against three volumes of outside 

buffer, also 0. 1 M glycylglycine, pH 7. 4. Dialysis times and buffer 

changes are noted in conjunction with the tabulated data. The result- 

ing dialyzed extracts were tested for transfer activity and for succinic 

thiokinase activity. 

Analysis of N. E. P32 

After a reaction was stopped with TCA, the acidified contents 

of an incubation flask were filtered through Whatman #2 filter paper 
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and designated a 'TCA filtrate'. The N. E. P32was then determined 

on an aliquot of TCA filtrate by a modification of the extraction meth- 

od7 of Nielsen and Lehninger (51). In the analysis of the ancillary 

system, a O. 5 ml. aliquot of a TCA filtrate was added to a glass - 

stoppered centrifuge tube followed by 2. 0 ml. of double -distilled 

water. In the case of the 2. 0 ml. standard test system, the aliquot 

of TCA filtrate was 1. 0 ml. When the 6. 0 ml. standard' test system 

was used, the size of the aliquot depended upon the Pi concentration 

and varied up to 3. 0 ml. In the latter case no water addition fol- 

lowed. In all cases, 1. 0 ml. of ammonium molybdate reagent was 

added next, followed by 4. 0 ml. of the isobutanol- benzene reagent. 

Therefore, the aqueous phase was always 4. 0 ml. except in the an- 

alysis of the ancillary system where it was 3. 5 ml. After the stop- 

pered centrifuge tubes were subjected to a vigorous shaking for 30 

seconds, they were allowed to stand briefly for phase separation. 

The aqueous phase was then removed and added to a second centri- 

fuge tube containing another 4. 0 ml. portion of the isobutanol- benzene 

7The N. E. P32 consists of forms of phosphate which do not 
form a molybdate complex. In this investigation the N. E. P32 from 
reactions dependent upon both extract and ADP was assumed to be pri- 
marily y ATP32 or G -6 -P32 when the hexokinase trap was present. 
In experimental method C, zero time N. E. P32 refers to inorganic 
phosphates which do not completely extract; these samples were 
missing ADP and /or extract until after the addition of TCA. 
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reagent. Following another vigorous 30- second shaking, the aque- 

ous phase was removed and filtered through Whatman #2 paper. An 

aliquot of 1.0 ml. of the resultant filtrate was placed in a planchet 

and counted wet with a gas flow Geiger counter. In a few later ex- 

periments, the 1.0 ml. was placed in a glass vial and the counting 

was done with a Packard Tri -Carb scintillation counter using the 

dioxane scintillating solution developed by Bray (14). Duplicate or 

triplicate diluted aliquots of the TCA filtrate were also counted to 

obtain the total count of P32 present in the incubation flask. 

Determination of Mitochondrial 
and Extract Protein 

Both mitochondrial and extract protein were estimated by the 

method of Lowry et al. as described by Bailey (5, p. 293 -294). 

Crystalline bovine serum albumin was used as the reference stand- 

ard. 

Materials 

The following chemicals were procured from Sigma Chemical 

Company: ATP, ADP, AMP, hexokinase (type III from yeast), BSA, 

NAD +, NADH, NADP +, BAL, CoA, GSH, GTP, GDP, PCMB, gly- 

cylglycine, malic acid, and a -ketoglutaric acid. Eastman Kodak 

Company was the source of DNP, succinic acid, and isobutanol. 
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Oligomycin was purchased from the Wisconsin Alumni Research 

Foundation. Pi 32 
was carrier -free inorganic orthophosphate sup- 

plied by the Oak Ridge National Laboratory. The following were 

reagent grade chemicals obtained from J. T. Baker Chemical Corn- 

pany: sucrose, naphthalene, magnesium chloride, ammonium molyb- 

date, ammonium sulfate, benzene, EDTA, potassium dihydrogen 

phosphate, glucose, potassium hydroxide, sodium citrate, and hy- 

droxylamine hydrochloride. Potassium dihydrogen arsenate (c. p. ) 

was procured from the same source. 

The following compounds were obtained from the suppliers 

noted: c. p. acetone, Van Waters and Rogers, Inc. ; L- cysteine 

hydrochloride, Nutritional Biochemicals Corporation; special en- 

zyme grade ammonium sulfate, Mann Research Laboratories; re- 

agent grade TCA, Baker and Adamson (Allied Chemicals); 2, 5 -di- 

phenyloxazole (PPO) and 1, 4- di- 2- (5- phenyloxazolyl)- benzene 

(POPOP), Packard Instrument Company. 
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RESULTS AND DISCUSSION 

The Ancillary System 

The purpose of the ancillary system was to monitor the behav- 

ior of the whole mitochondria which were used in attempts to isolate 

a soluble intermediate of oxidative phosphorylation. The ability of 

whole mitochondria to fix Pi32 into a non - extractable form was al- 

ways determined under at least two conditions, namely, in the pres- 

ence and absence of the acceptor system. Zero time determinations 

and determinations of Pi32 fixation in the presence of hexokinase and 

glucose, without added ADP, were eventually eliminated because it 

appeared that they were unnecessary in determining whether the mi- 

tochondria were responding to added ADP. As the research pro- 

gressed, it was decided to add a known amount of Pi in addition to 

the minute amount contained in the carrier -free Pi32, mainly to co- 

incide with the same modification introduced into the second incuba- 

tion (involving acetone powder extract) where it facilitated calculation 

of specific activity. Since the conditions present in the ancillary sys- 

tem were not conducive to measuring the full phosphorylating poten- 

tial of the mitochondria, the ancillary system for some experiments 

also contained a test for Pi32 fixation when the Pi concentration was 

not a limiting factor. 
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Since there did not seem to be a significant correlation between 

the phosphorylative ability of whole mitochondria and the amount of 

transfer activity in acetone powder extracts isolated therefrom, no 

emphasis will be placed upon the results obtained with the ancillary 

system. It is sufficient to state that transfer activity could be ob- 

served in extracts of acetone powder prepared from whole mito- 

chondria which exhibited meager phosphorylative ability. It is 

thought that this may indicate the possibility that a low steady -state 

concentration of an intermediate of oxidative phosphorylation is al- 

ways present and that the rate of Pi fixation by whole mitochondria 

indicates only the turnover rate of such an intermediate. It is also 

possible that the concentration of an intermediate in the coupling se- 

quence is higher when reactions which dissipate the intermediate 

(e. g. , ATP formation) are rate -limiting; if this limitation prevailed 

even in the presence of an acceptor system, low rates of phosphory- 

lation would be expected. It should be noted that the phosphorylative 

ability as determined in these experiments allows no conclusions 

about P /O ratios or respiratory control. Table 1 depicts the re- 

sults obtained in two ancillary systems which are of special signifi- 

cance. As can be seen in experiment A, when the Pi concentration 

was a limiting factor (i. e. , at 1 X 10-5M Pi), oligomycin did not 

show the relatively high percentage inhibition that one finds with 

this inhibitor when Pi is not limiting. It is important to note in this 
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connection, however, that when phosphorylation was inhibited about 

82% by oligomycin in the presence of 1. 67 X 10-2 M Pi, there was 

still more phosphorylation occurring in terms of Pi turnover (0. 73 

µmoles) than when 60. 6% Pi fixation (0. 04 µmoles) took place with 

1 X 10-5 M Pi and no oligomycin. Most of the work on acetone pow- 

der extracts reported in this thesis was necessarily accomplished at 

suboptimal Pi concentrations, that is, below 1 X 10-3 M Pi as is dis- 

cussed later. The above example with whole mitochondria serves to 

illustrate the caution which is necessary when dealing with the very 

small turnover of Pi at suboptimal Pi concentrations. 

Since the mitochondria used were isolated from green plant 

cells, an experiment was conducted to determine whether the phos- 

phorylation observed was the result of photophosphorylation by 

contaminating chloroplasts. The second experiment summarized in 

Table 1 shows that the phosphorylation observed was even less in 

samples exposed to light than in samples deprived of light. 

The oxidative and phosphorylative abilities of cabbage mito- 

chondria, isolated by a procedure similar to that used in this work, 

were studied by earlier workers (24, 44). When Pi concentration is 

low, glycylglycine buffer is a suitable substitute for the phosphate 

buffer normally employed in such studies (55). 

. 



TABLE 1. Phosphorylation by Whole Cabbage Mitochondria as Affected by Oligomycin with High and Low Pi Concentrations and as Affected by Light 

Expt. 
Acceptor Concentration Con %ñ rái n Light %N. E. P System M 1.1.grams/ml. 

A 

B 

1 x 10 -5 

1x10 -5 

1 x 10 -5 

1.67 x 10 -2 

1.67 x 10 -2 

Pi32 only 

Pi32 only 

Pi32 only 

Pi32 only 

none 

none 

2 

none 

2 

none 

none 

none 

none 

2.4 

60. 6 

30. 7 

8. 2 

1.4 

1.5 

56.6 

1.5 

62.9 

aThese were standard ancillary system incubations with the Pi concentrations listed in the table. Experiment A was conducted at 25 °C. while 
experiment B was conducted at 30 °C. In experiment A the total count of the Pi32 per sample was 835, 200 c. p. m. ; in experiment B, 1,429,600 
c. p. m. ADP, hexokinase and glucose constituted the acceptor system. 

Lk) 

+ 

+ 

+ 

+ 

+ 

+ 
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Isolation of a Transfer System in an Aqueous 
Extract of a Mitochondrial Acetone Powder 

Pi32 in the Pre -incubation. This series of experiments pro- 

vided the first encouragement that it might be possible to isolate an 

intermediate of oxidative phosphorylation in a soluble form from 

cabbage mitochondria. These experiments were preceded by a num- 

ber of inconclusive attempts to demonstrate that such an intermedi- 

ate was co- existent with the ATPase in acetone powder extracts of 

cabbage mitochondria as reported by Peterson (57). He had found 

that enzyme solutions possessing ATPase activity also contained a 

non -dialyzable, acid - labile source of inorganic phosphate and sug- 

gested that this might be due to the presence of an intermediate of 

oxidative phosphorylation. The experiments reported here resemble 

Peterson's ATPase extraction only in the fact that an acetone powder 

extract was prepared. 

In the first experiment in which definite transfer activity (i. e. , 

the transfer of Pi to ADP to form ATP by a mitochondrial material, 

independent of electron transport) was found, the cabbage mitochond- 

ria were prepared as described using Pi -free media for the first 

time in a preparation destined for acetone powder formation. The 

general outline of the experiment was that of method A. Following 

the post pre- incubation centrifugation, the supernatant was decanted 
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for testing and two acetone powders of equal size were made from 

the pellet. One of these powders was extracted with the acceptor 

system plus magnesium chloride present; the other powder was ex- 

tracted with plain extraction medium. The results are shown in 

Table 2, experiment A. The zero time determinations illustrate 

that, even before the second incubation began, the percentage of 

N. E. P32 was substantially higher for the extract which already 

contained the acceptor system than for the extract which did not. 

This implied that transfer had occurred during the extraction proc- 

ess. However, since the extract was in contact with particulate, 

albeit denatured, material during the extraction, the possibility, 

that some residual oxidative phosphorylation involving respiratory 

electron transport had occurred, could not be ruled out. During the 

second incubation the percentage of N. E. P32 declined in samples 

of both extracts. The post pre- incubation supernatant in this experi- 

ment, by contrast, showed a slight increase in N. E. P32 during the 

second incubation as may be seen in Table 5. This supernatant ac- 

tivity was probably due to contamination from the pellet in this ini- 

tial experiment where the post pre - incubation centrifugation was at 

12, 000 X g rather than at 23, 500 X g. The possibility of a transfer 

activity in this supernatant was checked again in experiment B where 

the increase in N. E. P32 during the second incubation was rather 

slight (Table 5). Study of the supernatant was finally stopped when 



TABLE 2. Detection d a Transfer Reaction during the Extraction of a Mitochondrial Acetone Powder 
a 

Acceptor System Incubation 

Second Incubation Extraction Min. % N. E. P 
32 

Expt. A Expt. B Expt. A Expt. B 

+ 

+ 

+ 

plain 0 10 19.7 3.06 

plain 0 0 19.7 1.62 

plain 10 10 19.6 3. 66 

Mg +plus 0 10 31.1 8. 44 
acceptor 
system 

Mg +plus 0 0 30.5 3.12 
acceptor 
system 

Mg +plus 10 10 28. 3 8.08 
acceptor 
system 

none 0 0. 32 

(water) 

none 10 0. 35 

(water) 

aThe experimental procedure was that of Method A. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor 
system. Cysteine was present in the extract. The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 M; mag- 
nesium chloride, pH 7. 4, 1.5 x 10-3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10-4 M where ADP or the complete ac- 
ceptor system was added. 
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an acetone powder of the supernatant as well as of the pellet was 

prepared and extracted with and without the acceptor system plus 

magnesium chloride, in experiment C. In Table 5 it can be ob- 

served that no difference was found at zero time between the two 

types of extraction in the case of the supernatant. The percentage 

of N. E. P32 after the second incubation was lower with the accep- 

tor system added in the second incubation than when it was absent. 

On the other hand, in the same experiment (Table 2, experiment B) 

there is a difference in the two types of extraction of the pellet pow- 

der at zero time, and there is also an increase in N. E. P32 in the 

second incubation of the plain extract, some of which appears to be 

due to the presence of the acceptor system. However, even though 

study of the question was discontinued, it was not rigidly established 

that the post pre- incubation supernatant does not have any transfer 

activity. 

Table 2 also shows that the substitution of water for extract 

in experiment A gave support for the idea that the Pi32 fixation be- 

ing observed was indeed due to the extract. These water blanks 

also demonstrated that a considerably increased quantity of N. E. 

P32 of unknown nature was extracted even in the absence of added 

acceptor system; that much of this material was formed during the 

pre- incubation of the whole mitochondria could be appreciated by 

inspection of the ancillary system for this experiment. A likely 
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explanation for the increase in N. E. P32 in the second incubation, 

even without the acceptor system added such as in experiment B in 

Table 2, is that it is due to a non -enzymatic reaction which occurs 

with Pi32. This subject is assessed further in the discussion of Pi 

concentration and Pi32 treatment. In Table 6 is a set of data which 

indicates that most of this N. E. P32 is of the acid - stable variety. 

Other acid hydrolyses of TCA filtrates prior to determination of the 

N. E. P32, formed by the incubation of cabbage mitochondria with 

Pi32 in the absence of an added acceptor system, yielded the same 

conclusion (55). It was found that the more vigorous extraction ob- 

tainable with a mechanical stirrer resulted in greater yields than oc- 

casional hand stirring, but this was not essential for the attainment 

of measureable activity. The difference in behavior found in Table 

2 between experiment B (hand stirred) and experiment A (mechan- 

ically stirred) as well as the magnitude of the N. E. P32 in the two 

experiments is probably traceable to the thoroughness of extraction. 

The thoroughness of extraction by hand stirring depended largely 

upon the quality of the acetone powders and ceased to be a problem 

in most later experiments. In the latter instances, the knowledge 

that hand stirring was satisfactory facilitated the simultaneous ex- 

traction of as many as four acetone powders when necessary. 

The experiment in Table 3 demonstrated that magnesium chlor- 

ide and /or hexokinase plus glucose in the extraction medium were not 
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effective in eliciting the acceptor effect apparent at zero time, 

until they were combined with ADP. Thus, ADP, at least in the com- 

bination of ADP, magnesium chloride, hexokinase and glucose, was 

responsible for what was termed the acceptor effect during extrac- 

tion. The data in Table 4 indicated that the ADP could not be with- 

held and added to the extract after the extracted residue was removed 

via centrifugation. The most plausible explanation for this, based on 

the remainder of the experiment, was that the intermediate tended to 

decompose during the extraction unless it was converted to G -6 -P. 

This appeared to be the case when ADP was not added until the last 

half of the extraction period and less N. E. P32 was realized than 

when ADP was present throughout the extraction period. Inherent 

in this thinking was the assumption that the transfer reaction occurred 

rapidly under the conditions of the experiment and that time was not 

a significant factor. Later experiments have cast doubt upon this 

assumption. Since there was a slight increase in N. E. P32 in the 

second incubation with the plain extract, while none was evident where 

hexokinase, glucose and magnesium chloride were present during ex- 

traction but ADP was added after centrifugation, it appeared that 

the addition of magnesium ion may have enhanced the destruction of 

the intermediate when ADP was absent. 

Pi32 in the Extraction Medium. A step forward in technique 

was accomplished in the experiment presented in Table 6. It was 



TABLE 3. The Requirement of ADP to Evoke the Acceptor Effect during Extractiona 

Acceptor System 
Second Incubation Extraction 

- plain 

+ plain 

+ plain 

Mg + 

++ + Mg 
++ 

+ Mg 

- Mg plus hexokinase 
and glucose 

+ Mg plus hexokinase 
and glucose 

+ Mg + plus hexokinase 
and glucose 

- Mg + plus acceptor 
system 

+ Mg + plus acceptor 
system 

+ Mg plus acceptor 
system 

Incubation 
Min. % N. E. P32 

10 0. 91 

0 0. 88 

10 1.07 

10 0.83 

0 0. 76 

10 0. 87 

10 0. 73 

0 0.69 

10 0.83 

10 1. 61 

0 1.62 

10 1. 48 

aThe experimental procedure was that of Method A. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor 
system. Cysteine was present in the extract. The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 M; mag- 
nesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6.8, 1 x 10-4 M where ADP or the complete ac- 
ceptor system was added. 

oA 
I++ 

++ 



TABLE 4. The Dependence of the Acceptor Effect upon the Time of ADP Additiona 

Acceptor System 
Second Incubation Extraction 

plain 

plain 

+ 

+ 

+ 

+ 

plain 

Mg plus 
acceptor system 

Mg plus 
acceptor system 

Mg + plus 
acceptor system 

Mg + plus hexokinase 
and glucose 

Mg + plus hexokinase 
and glucose 

Mg + plus hexokinase 
and glucose 

Mg + plus 
acceptor system 

Mg plus 
acceptor system 

Mg++ plus 
acceptor system 

Incubation 
Min. % N. E. P32 

10 S. 72 

0 6.00 

10 6. 48 

10 8.64 

0 9.17 

10 8. 69 

10 5. 82c 

0 5. 86c 

10 5. 82c 

10 8.14 b 

0 8. 52 
b 

10 8. 45b 

aThe experimental procedure was that of method A. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor system. 
Cysteine was present in the exact. The components of the second incubation syste were: glyc 1 lycine, pH 7. 4, 0. 1 M; magnesium chloride, 
pH 7. 4, 1.5 x10-3 M; Pi32, about 1 x106 P. m. per sample; ADP, pH 6. 8, 1 x10-± M where AÌ1$ or the complete acceptor system was added. 

bADP present during the last half of the extraction. 
cADP added to the clarified extract. 

+ 

+ ++ 

+ 

+ 

Ñ 



TABLE 5. The Transfer Reaction in the Supernatant of the Post Pre -incubation Centrifugation and in Acetone Powder Extracts of Such Supernatanta 

Preparation 
Acceptor System 

Second Incubation Extraction 
Incubation 

Min. % N. E. P32 

Expt. A Expt. B Expt. C 

Supernatant - none 0 22.4 4.34 

Supernatant + none 0 22.1 4.35 

Supernatant + none 10 26.4 4.60 

Supernatant - none 10 4.37 

Powder Extract - plain 10 1. 70 

Powder Extract + plain 0 0. 99 

Powder Extract + plain 10 1.64 

Powder Extract - Mg plus 
acceptor system 

10 1. 63 

Powder Extract + Mg + plus 
acceptor system 

0 1. 00 

Powder Extract + Mg plus 
acceptor system 

10 1.47 

aThe experimental procedure is described under method A. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the 
acceptor system. Cysteine was present in the extract. The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 

M; magnesium chloride, pH 7. 4, 1.5 x 10-3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10-4 M where ADP or the com- 
plete acceptor system was added. 
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found that the Pi32 could be transferred or converted to N. E. 
P32 

during the extraction process; therefore, the Pi32 could be elimin- 

ated from the pre- incubation of whole mitochondria and could be in- 

troduced with the extraction medium. This improvement meant that 

the quantities of Pi32 used could be substantially reduced and that 

the possibility of contaminating equipment with Pi32 in the process 

of making the acetone powders could be avoided. It also meant that 

a large portion of N. E. P32 of unknown composition formed in the 

pre -incubation would no longer be carried into the second incubation. 

Although the acid stability of the N. E. P32 has already been men- 

tioned for samples lacking acceptor, it is noteworthy that all sam- 

ples in Table 6 show about the same slight degree of acid lability, 

strengthening the probability that G -6 -P32 was being formed when the 

acceptor system was present. 

Originally, cysteine had been included arbitrarily in the ex- 

traction medium. Following the results presented in Table 7, it was 

permanently deleted from the extraction medium for it appeared to 

be having adverse effects on transfer occurring in the second incuba- 

tion. From the data in the same table, it also appeared that the 

presence of the acceptor system for a short duration of time before 

the introduction of the Pi32, during extraction, would tend to reduce 

the yield of G -6 -P32 formed. 

Pi32 in the Second Incubation. It was decided to go one step 
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TABLE 6. The Effect upon Transfer Activity of Pi32 Addition at the Time of Extraction Versus Pj32Addition in the Pre -incubationa 

Acceptor System Time of Pi32 
Second Incubation Extraction Addition 

- plain pre -incubation 

+ plain pre- incubation 

+ plain pre- incubation 

- plain extraction medium 

+ plain extraction medium 

+ plain extraction medium 

- Mgr plus pre -incubation 
acceptor system 

+ Mgr plus pre -incubation 
acceptor system 

+ Mg plus pre- incubation 
acceptor system 

- Mgt plus extraction medium 
acceptor system 

+ Mg plus extraction medium 
acceptor system 

+ Mgt plus extraction medium 
acceptor system 

Incubation 
Min. Normal 

% N. E. P3'2 

Hydrolyzedb 

10 

0 

10 

10 

0 

10 

1.97 

2. 21 

2. 30 

0. 24 

0. 27 

0. 33 

1.94 

2. 07 

0. 20 

0. 22 

0. 28 

10 4.57 4.34 

0 4.94 4.72 

10 4.81 4.55 

10 0.55 0.53 

0 0. 62 0.59 

10 0.64 0. 65 

aThe experimental procedures of both methods A and B were used as indicated by the time of Pi32 addition. Untreated Pi32 was used. 

ADP, hexokinase and glucose constituted the acceptor system. Cysteine was present in the extract. The components of the second incubation 

system were: glycylglycine, pH 7. 4, 0. 1 M; magnesium chloride, pH 7. 4, 1. 5 x 10 -3 M; Pi32, about 1 x 10 c. p. m. per sample; ADP, pH 

6. 8, 1 x 10 -4 M where ADP or the complete acceptor system was added. 

bTCA filtrate hydrolyzed in boiling 1 N sulfuric acid for four min. prior to extraction of Pi32 with ammonium molybdate reagent prepared 

to maintain the usual acidity during extraction. A 



TABLE 7. The Effects upon Transfer Activity of the Presence of Cysteine and of the Time of Pi32 and Acceptor System Addition during Extractiona 

Acceptor System 
Second Incubation 

60 Min. 
Extraction 
Medium 

plain 

+ plain 

+ plain 

plain less cysteine 

+ plain less cysteine 

+ plain less cysteine 

plain for 10 min. then 50 min. 
Mg++ plus acceptor system 

+ plain for 10 min. then 50 min. 
Mg++ plus acceptor system 

+ plain for 10 min. then SO min. 
Mg++ plus acceptor system 

- Mg plus acceptor system 

+ Mg plus acceptor system 
++ 

+ Mg plus acceptor system 

Time of Pi32 
Addition during 
Extraction. Min. 

Incubation 
Min. 

32 
% N. E. P 

0 10 0. 43 

0 0 0.45 

0 10 0.50 

0 10 0.56 

0 0 0.63 

0 10 0. 75 

0 10 0.49 

0 0 0.57 

0 10 0.59 

10 10 0. 36 

10 0 0. 42 

10 10 0.53 

aThe experimental procedure was that of method B. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor system. 
Cysteine was present in the extract except as noted. The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 M; mag- 
nesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10-4 M where ADP or the complete acceptor sys- 
tem was added. 
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further and to attempt the addition of the Pi32at the beginning of the sec- 

ond incubation instead of with the extraction medium. The success 

of this venture is tabulated in Table 8 where the two methods are 

compared. In this new procedure one would no longer expect to 

find a higher percentage of N. E. P32 at zero time for the extrac- 

tion with the acceptor system present, since all G -6 -P formed by 

transfer occurring during extraction would not be labeled with P32. 

If the intermediate were stable enough to reach the second incuba- 

tion as previous experiments had indicated, labeling with P32 from 

Pi32, followed by transfer, all in the second incubation, seemed a 

possibility. Both of these expectations were realized. The samples 

receiving extract containing the acceptor system were approximately 

equivalent in N. E. P32 to those samples receiving plain extract 

when assayed at zero time; however, at the end of the second incu- 

bation, the former samples showed a decline in N. E. P32 while the 

latter showed a substantial increase. The transfer reaction could 

now be studied in the incubation flask, where it was free of the 

acetone powder residue and where it was much easier to control 

its environment. 

Since only a very small amount of intermediate in plain extract 

was detected by transfer in the second incubation, a number of ex- 

periments were run to determine the effectiveness of the isolation 

and testing procedures in use. In one of these experiments it was 



TABLE 8. The Effect upon Transfer Activity of Pi32 Addition at the Time of Extraction versus Pi32 Addition in the Second Incubationa 

Acceptor System 
Second Incubation Extraction 

Time of Pi32 
Addition 

Incubation 
Min. %N.E. P 

32 

plain 

plain 

plain 

plain 

plain 

plain 
+ 

Mg 
+ 

plus 

Mg plus 

Mg +plus 

Mg plus 

Mg + plus 

Mg plus 

acceptor system 

acceptor system 

acceptor system 

acceptor system 

acceptor system 

acceptor system 

extraction medium 

extraction medium 

extraction medium 

second incubation 

second incubation 

second incubation 

extraction medium 

extraction medium 

extraction medium 

second incubation 

second incubation 

second incubation 

10 1.08 

0 

10 

10 

o 

1. 30 

1. 57 

0.09 

0. 28 

10 0. 39 

10 2.95 

0 3. 22 

10 3.09 

10 0.10 

0 0. 26 

10 0. 21 

aThe experimental procedures of both methods B and C were used as indicated by the time of Pi32 addition. Untreated Pi32 was used. 

ADP, hexokinase and glucose constituted the acceptor system. The components of the second incubation system were: glycylglycine, pH 

7. 4, 0. 1 M; magnesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10-4 M where ADP 

or the complete acceptor system was added. 

++ 

co 
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found that prolonged extraction at 4°C. was undesirable, as deter- 

mined by the amount of transfer found with the acceptor system in 

the second incubation. The greatest yield was found with a brief 

two -minute extraction, and this yield dropped with longer extrac- 

tion, as noted in Table 9. Note that the second incubation was al- 

tered to include an eight- minute incubation at 0°C. before the ten 

min. at 30° C. If at 30° C. the intermediate was being destroyed at 

a rate comparable to the rate at which it could be labeled and trans- 

ferred, this short cold period allowed an opportunity for labeling and/ 

or transfer not previously provided. It was later found, as may be 

seen in Table 11, experiment A, that second incubations for ten min. 

at 30°C. increased the yield of the transfer reaction beyond that 

which occurred in the initial eight min. at 0° C. However, the re- 

sults of experiment B revealed that, in incubation periods longer than 

ten min. at 30° C. , there was probably more destruction of the inter- 

mediate at 30°C. than occurred during incubation at 0°C. These 

data also indicated that little subsequent transfer could be found if 

the intermediate was held at 30° C. for ten min. in the absence of 

the acceptor system. Second incubations in subsequent experiments 

were either at 0 ° C. for prolonged periods of time, or, in most 

cases, at 25° C. for relatively short periods of time. In addition 

to the effect of temperature during the second incubation, the tem- 

perature at the pre- incubation stage was found to have a profound 
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effect, as shown in Table 10. In view of these results, the pre - 

incubation temperature was lowered from 30° C. to 0 -4° C. 

The pH during the extraction was also studied. The general 

conclusion drawn from the results was that extraction should be con- 

ducted at pH 7. 4 and without the addition of any foreign protein such 

as bovine serum albumin (BSA), which was shown to be without effect. 

BSA is often added to preparations of whole mitochondria to prevent 

ATPase stimulation by long chain fatty acids (62, p. 152 -153). The 

pH of the second incubation was also retained at 7. 4. While pH 7. 4 

may not be optimal for extraction and incubation, it was deemed sat- 

isfactory to continue work at this pH. 

The initial study of the time course of the transfer reaction 

was conducted at 0°C. as shown in Table 12. Although it was found 

that the reaction proceeded linearly for about one and one -half hours 

before leveling off, it was found that the presence of a small quantity 

of Pi (1X10-6 M) greatly increased the phosphate turnover while also 

offering the possibility of terminating the reaction in a shorter time. 

Since the phosphohistidine intermediate of oxidative phosphorylation 

proposed by Boyer (12) was being associated with succinic thiokinase 

activity at this time (48), a preparation was made, concurrently with 

the preparation used for the time study, in which a -ketoglutarate 

(5 µmoles /ml.) was present along with the usual citrate and malate 

substrates in the homogenizing, washing, and suspension media; 



TABLE 9. The Effect of the Duration of Extraction of the Acetone Powder upon Transfer Activity in the Second Incubationa 

Acceptor 
System 

Extraction Time 
Min. 

Time to Incubation 
Min. 

Incubation 
Min. 
then 30° 

% N. E. P32 

2 16.5 8 10 0. 20 
2 16.5 8 o 0.15 

+ 2 16. S 8 10 0.47 
10 24.5 8 10 0.14 
10 24.5 8 0 0.16 

+ 10 24.5 8 10 0.40 
35 49.5 8 10 0.11 
35 49.5 8 0 0.12 

+ 35 49.5 8 10 0. 29 

60 74.5 8 10 0.12 
60 74.5 8 0 0.12 

+ 60 74.5 8 10 O. 27 

aThe experimental procedure was that of method 
The components of the second incubation system were: 
1 x 106 c. p. m. per sample; ADP, pH 6.8, 1 x 10 -4 M 

C. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor system. 
glycylglycine, pH 7. 4, 0. 1 M; magnesium chloride, pH 7. 4, 1. 5 x 10 -3 M; Pi32, about 
where ADP or the complete acceptor system was added. 

(Ji 

O 



TABLE 10. The Effect of the Pre -incubation Temperature upon Transfer Activity in the Second Incubationa 

Pre -incubation Incubation 
Acceptor Temperature Min. 32 
System oC. 0° then 30° % N. E. P 

- 0 8 0 0.13 

+ 0 8 10 0. 31 

ADP alone 0 8 10 0.19 

- 30 8 0 0.16 

+ 30 8 10 0.14 

ADP alone 30 8 10 0. 14 

aThe experimental procedure was that of method C. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor 
system except where ADP alone was used as indicated. The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 M; 

magnesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6.8, 1 x 10 -4 M where ADP or the complete 
acceptor system was added. 



TABLE 11. The Effect of Time and Temperature upon Transfer Activity in the Second Incubationa 

Incubation 
Acceptor Min. 

Expt. System Extract 0° then 30° % N. E. P32 

A + 8 0 0. 26 
+ 8 10 0. 26 

+ + 8 o 0. 73 
+ + 8 10 1. 31 

+ water 8 0 0. 21 

+ water 8 10 0. 21 

B + 8 0 0. 21 

+ 8 10 0. 20 
+ + 8 0 0. 31 

+ + 8 10 0.43 
+ after 8 min. + 8 10 0. 31 

+ 18 o 0. 22 
+ + 18 o 0. 42 

+ 8 20 0. 18 
+ + 8 20 0. 49 
+ after 18 min. + 8 20 0. 21 

+ 28 o 0. 24 
+ + 28 o 0.70 

aThe experimental procedure was that of method C. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor 
system. The comments of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 M; magnesium chloride, pH 7. 4, 1. 5 x 10-3 M; 
Pi32, about 1 x 10 c. p. m. per sample; ADP, pH 6.8, 1 x 10 -4 M where ADP or the complete acceptor system was added. 

- 
- 

- 

- 

- 
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CoA (0.05 µmoles /ml.) was also added to the suspension medium. 

It was thought that if the transfer activity were associated with suc- 

cinic thiokinase activity, an enhancement of transfer activity might 

be found with the preparation containing a- ketoglutarate and CoA. 

Although no such enhancement was found, a direct test for succinic 

thiokinase by Pi32 exchange in the second incubation of the normal 

preparation did indicate that this enzyme was probably present. 

The presence of succinic thiokinase in the crude extract, while 

not automatically invalidating the transfer reaction as the manifesta- 

tion of an intermediate of oxidative phosphorylation, made further 

investigation of its relationship to the transfer activity mandatory. 

If any succinyl CoA or succinate, CoA and ATP were being intro- 

duced to the incubation flasks, either by the extract or by the reagents 

used, the test system in the second incubation provided the ADP and 

Pi32 necessary to initiate an exchange via the following readily re- 

versible reaction: 

++ 

Succinyl CoA + ADP + 
pi32 STK, Mg . Succinate + CoA + ATP32 

In contrast to animal tissues, the literature reveals that this enzyme 

is specific for ADP (not GDP) in plants (37). This means that nucleo- 

side diphosphokinase (49) would not need to be present in the crude 

extract to obtain ATP32 formation indistinguishable from that aris- 

ing from an intermediate of oxidative phosphorylation. A test of the 



TABLE 12. Time Course of the Transfer Reaction at 0 °C. and Detection of Succinic Thiokinase Exchange Activitya 

Acceptor 
System Preparation 

Pi ATP Succinate Incubation N. E.. c. p. m. 
Added Added and CoA Added Min. per Sample 

- 
+ 

- 
+ 

- 

normal 
normal 
normal 
normal 
normal 

- 

- 
- 
- 

- 
- 
- 
- 
- 

- 
- 

- 

30 
30 
60 
60 
90 

1,836 
8, 220 
3, 084 

15, 228 

2, 340 
+ normal - - 90 23,100 
- normal - - - 120 2,112 
+ normal - - - 120 20, 820 

ADP alone normal - - - 120 9, 204 
- normal - + - 120 6, 984 

ADP alone normal - - + 120 91, 056 
- normal - + + 120 124,176 

normal + - - 60 1, 992 
+ normal + - - 60 18,648 
- normal + - - 120 2, 280 
+ normal + - 120 18,192 
- special - - 60 996 
+ special - - 60 3,024 
- special - - - 120 948 
+ special - 120 2,580 

aThe experimental, procedure was that of method C. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor system 
except where ADP alone was used as indicated. Where Pi was added, its specific activity was 432, 300 c. p. m. per mi.tmole. Standard STK assay 
components where they were added. The Pi concentration was 1 x 10-6 M where added. The components of the second incubation system were: 
glycylglycine, pH 7. 4, 0. 1 M; magnesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6.8, 1 x 10 -4 M 

where ADP or the complete acceptor system was added. 

bWith a- ketoglutarate and CoA - see text. 

- 
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ATP versus GTP specificity of the succinic thiokinase exchange 

activity of the crude extract was conducted. It readily confirmed 

the literature report of the ATP specificity of the plant enzyme. 

Once the presence of succinic thiokinase was known, its activ- 

ity was monitored in every experiment until it was found that one may 

safely assume this activity to be present in all crude extracts pre- 

pared, even those which show little or no transfer activity. This 

last observation, in itself, was an indication that the exchange and 

the transfer are not due to one and the same protein. Even with 

two (or more) separate proteins catalyzing the two activities, one 

would expect some interrelationship between the two activities, 

since presumably they have at least two common reactants, ADP 

and Pi. Relationship beyond that type is doubtful in view of evidence 

to be presented below. 

No ATPase activity was found in the crude extract on the one oc- 

casion that it was investigated. Nevertheless, some ADP may well 

be pre sent in solutions of ATP. Table 13 contains the results of 

incubations in which the additions were ATP alone, ATP plus suc- 

cinate and CoA, ADP alone or acceptor system. It can be seen that 

ATP alone yielded a value of N. E. P32 which was of a magnitude 

comparable to that obtained with ADP alone, in fact, it was lower. This 

value was much lower than the exchange value obtained when succin- 

ate and CoA were also added with ATP. This was an indication that 
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neither succinyl CoA nor succinate plus CoA were present in the 

crude extract, for only catalytic amounts of either of these would 

be required for exchange mediated by succinic thiokinase. In ex- 

periments B and C, aging the extract partially destroyed both the 

transfer activity and the activity evoked with ATP alone while suc- 

cinic thiokinase remained quite active, increasing in experiment C. 

This further supported the contention that when ATP was added alone 

it acted as ADP plus Pi (without hexokinase). The low concentration 

of ADP, together with the lack of the hexokinase trap, could account 

for the fact that the values of N. E. P32 obtained with ATP alone 

were lower than regular transfer values. 

When succinate and CoA were added with the acceptor system, 

a value for N. E. P32 was obtained which was usually intermediate 

between that obtained for succinic thiokinase exchange and transfer 

activity, as depicted in Table 14 (some exchange values are given in 

Table 13). It is thought that this is some succinic thiokinase ex- 

change superimposed upon transfer activity, i. e. , ATP formed by 

an unknown reaction, such as the myokinase reaction, enters into 

the exchange. For this to be true, the succinic thiokinase would 

necessarily have to compete with hexokinase for the ATP produced. 

Experiments with PCMB have shown that the portion of this activity 

due to succinate and CoA remains when transfer activity is inhibited. 

Also, in the ammonium sulfate separation of transfer activity and 



TABLE 13. Comparison of Some of the Requirements for the Transfer Reaction and for Succinic Thiokinase Exchangea 

Expt. 

Components Present Spec. Act. 
of Pi 

c. p. m. /mi mole 

Acceptor 
System 

ADP 
Alone 

ATP 
Succinate &CoA 

ATP 
Alone 

N. E. c. p. m. per Sampled /Incubation Time 

A 18,708 7, 092 122, 0641' 4,872 no Pi added 

B 

c 

540 9,168 156 135,600 

B 84 6,756 -36 135,600 

C 16,860 307, 920 2,928 559, 200 

Cc C C 14, 808 318, 780 1, 788 559, 200 

D 8,200 197,860 -110 431,210 

E 9,280 4,440 197,980 1,700 409,200 

F 29,052 215,556 1,092 627,900 

aThe experimental procedure was that of method C. Untreated Pi32 was used. ADP, hexokinase and glucose constituted the acceptor 
system. Standard STK assay components where they were added. These were not duplicated values except in experiment A. The Pi concen- 
tration was 1 x 10 -6 M except in experiment A, where there was no carrier orthophosphate. The components of tie second incubation system 
were: glycylglycine, pH 7. 4, 0.1 M; magnesium chloride, pH 7.4, 1.5 x 10 -3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 
1 x 10 -4 M where ADP or the complete acceptor system was added. 

bBlank lacked succinate and CoA as well as ATP 

cExtract aged one hour at 0o C. 

dThese figures corrected by the following blanks: 
sample acceptor system ADP alone ATP, Succinate & CoA ATP alone 
blank no acceptor system no ADP no ATP no ATP oo 



TABLE 14. The Effects of Succinate and CoA or CoA alone upon Transfer Activitya 

Expt. 

Components Present Spec. Act. 
Acceptor Acceptor System Acceptor ADP ADP of Pi 

System Succinate & CoA System & CoA Alone CoA c. p. m. per 
N. E. c. p. m. per Sampleb /Incub. Time m+Jjnole 

A 

B 

B° 

C 

CC 

D 

E 

18,708 
540 

84 
16,860 
14, 808 
8, 200 
9,280 

372 
252 

88, 212 
86, 652 
58, 450 
70,780 

7, 092 88, 944 no Pi 

135, 600 
135, 600 
559, 200 
559, 200 
431, 210 

4, 440 27, 380 409, 200 

F 29, 052 83, 976 627, 900 

G 13, 872 52, 056 29,004 730,200 
Gd 3, 408 57,192 730, 200 

Ge 276 144 730, 200 

H 12, 312 13, 260 216,900 
Hf 6,108 11,592 216, 900 

Hg 3, 396 8,688 216, 900 

I 11,424 23,820 25,116 232, 200 

J 1,416 7,548 284, 400 

K 5,820 21,768 206, 400 

aThe experimental procedure was that of method C. Untreated Pi32was used. The glycylglycine concentration was 0. 67 M (not 0.1 M) in 

experiments H and I. ADP, hexokinase and glucose constituted the acceptor system. Experiments A through F are part of the same experiments 
presented in Table 13. These were not duplicated values except in experiment A. Standard STK assay components where they were added. The 

Pi concentration was 1 x 10 -6 M except in experiment A, where there was no carrier orthophosphate. The components of the second incubation sys- 

tem were: glycylglycine, pH 7. 4, 0. 1 M; magnesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi 2, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 

1 x 10 -4 M where ADP or the complete acceptor system was added. 
bIn each case these sampys are corrected by a blank lacking the cbmponent(s) listed with the exception of succinate and /or CoA. 
cExtract aged one hour at C. 
dExtract aged 17 hours at 4°C. f Extract aged 7 hours at 4 °C. 
e Extract aged 17 hours at 4 °C. including 16 hours dialysis. gExtract aged 7 hours at 4 °C. including 6 hours dialysis. 

re 
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succinic thiokinase exchange activity, presented later in Table 15, 

the enhancement (not shown) upon adding succinate and CoA with 

the acceptor system was found mostly in the fraction which exhib- 

ited only exchange activity and no transfer activity. As noted in 

Table 14, there appears to be a CoA enhancement, in the presence 

of the acceptor system, which does not require succinate addition. 

A possible explanation for this CoA effect may lie in the isolation 

of succinate but not of CoA in the extract or that an intermediate of 

the substrate -level phosphorylation, such as STKr\-/P, was present 

(18). This is pure speculation, however, and the real nature of this 

CoA effect has not been investigated extensively. Attempts to sub- 

stitute GSH or cysteine for CoA were unsuccessful. Another possible 

explanation of the CoA effect may be the presence of the ATP -Pi 

exchange enzyme recently discovered by Reid and coworkers (63) 

associated with succinic thiokinase in bacteria. The distribution 

of the label from Pi32 labeled with 018 implicated an adenosinedi- 

phosphoryl intermediate in the mechanism of the reaction catalyzed 

by this enzyme as opposed to such data regarding the mechanism of 

oxidative phosphorylation (64). 

A number of attempts were made to find a means, such as an 

inhibitor, that would completely stop succinic thiokinase activity 

while allowing transfer activity to proceed. The most attractive 

candidates for this role were PCMB and hydroxylamine; the former 
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would hopefully react with sulfhydryl groups in succinic thiokinase 

while the latter would act by reacting with succinyl CoA to form the 

hydroxamate. Neither of these inhibitors gave very encouraging 

results in this respect. PCMB definitely inhibited transfer activity 

at much lower concentrations than were required to inhibit succinic 

thiokinase effectively. Hydroxylamine inhibited both reactions with 

about the same effectiveness unless hexokinase was present during 

the transfer reaction. Since the hexokinase may have lowered the 

effective concentration of hydroxylamine, this inhibitor may or may 

not have promise as a differentiating agent. A control in which 

hexokinase would also be added while testing for thiokinase inhibi- 

tion would be subject to criticism since hexokinase could interfere 

with the exchange reaction. On the other hand, it was possible to 

stop transfer activity with PCMB while not destroying exchange ac- 

tivity, as discussed later when data on this and other inhibitors is 

presented. 

A preliminary attempt to fractionate the crude extract with 

ammonium sulfate to separate succinic thiokinase activity from trans- 

fer activity offered the most convincing evidence that the activities 

involve different proteins. These results are shown in Table 15. 

Some degree of increase in the specific activity of each protein frac- 

tion may have been achieved. The transfer activity was found here 

exclusively in the less than 50% saturation fraction while succinic 



TABLE 15. The Separation of Transfer Activity from Succinic Thiokinase Exchange Activity by Ammonium Sulfatea 

Fraction 
Acceptor 

System ATP 
Succinate 

& CoA 
N. E. c. p. m. 

per Sample per 15 Min. 
Extract Protein 
mg. /Sample 

fresh crude - + 7, 884 0.54 
- + + 318,168 
- - 6, 408 

+ - - 9, 372 
aged crude dialyzed - - + 7,536 0. 42 

+ + 310,176 
- - 4, 752 

below 50% saturation 
+ - - 5, 976 

- + 8,616 0.66 (NH4)2 SO4 dialyzed 
- + + 7, 920 
- - - 5,904 
+ - - 8, 280 

50 to 75% saturation - - + 7, 236 0. 90 
(NH4)2 SO4 dialyzed 

- + + 213, 432 
- - - 5, 760 
+ - - 5, 748 

aThe experimental procedure except for the ammonium sulfate fractionation was that of method C. Untreated Pi32 was used. ADP, hexokin- 
ase and glucose constituted the acceptor system. Standard STK assay components where they were added. These were not duplicated values. The 
ammonium sulfate fractionation was described under Methods. All dialyses were conducted for one hour at 4 °C. with one buffer change at 30 min. , 
except that the aged, crude extract was dialyzed for two hours with buffer changes at 45 min. and 90 min. The Pi specific activity was 280, 200 
c. p. m. /ni.l.mole. The Pi concentration was 1 x 10 -6 M. From an initial 10.80 mg. of protein, 3.52 mg. was accounted for by the < 50% fraction, 
4. 80 mg. by the 50 -75% fraction, and 1. 40 mg. by a >75% fraction; the remaining 1.08 mg. was unaccounted for, but it may be due to interference 
by (NH4)2504 in the color reaction. The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 M; magnesium chloride, 
pH 7. 4, 1.5 x 10 -3 M;-Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10 -4 M where ADP or the complete acceptor system was added. 
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thiokinase exchange was restricted to the 50 -75% saturation fraction. 

Characterization of the Transfer Reaction 

Possibility of a Non -mitochondrial Enzyme. Although not ab- 

solutely ruled out, the possibility of the transfer activity arising 

from extramitochondrial parts of the cell is remote. This is largely 

due to the fact that the mitochondria were, in effect, washed three 

times following their isolation: 1.) at the step concentrating the 

mitochondria from large bottles to small tubes, 2.) at the regular 

wash step, and 3.) at the post pre- incubation centrifugation. 

Pi Concentration and Pi32Treatment. The treatment of the 

Pi32 at pH 8. 0 to remove metal phosphates allowed experiments to 

be run which were low in N. E. P32 at zero time. For comparison, 

zero times in the absence of extract with a shipment of Pi32 were 

0. 019% N. E. P32 after treatment and 0. 049% N. E. P32 before 

treatment. It was not possible to achieve 0% N. E. P 32 at zero 

time by this treatment; however, the zero time was substantially 

reduced. 

There was a non - enzymatic reaction leading to the formation 

of N. E. P32 when Pi32 was incubated with buffer replacing extract 

in the second incubation. This reaction did not require extract nor 

ADP. When conditions were favorable for the transfer reaction, 

which does require both ADP and extract, this non - enzymatic 
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reaction was practically non -existent relative to the amount of 

N. E. P32 formed by the transfer reaction as illustrated later. 

When conditions were suboptimal for the transfer reaction, controls 

lacking ADP and extract were useful. No attempt will be made to 

explain this behavior except to note that the non -enzymatic reaction 

may be exchange of Pi32 with PPi or the formation of labeled metal 

phosphate, both of which are perhaps non- extractable. Hull (34) re- 

ported in 1941 that exchange between Pi and PPi was negligible at 

pH 2. 0 and at pH 12. 2, but what he termed negligible may be enough 

to account for the non - enzymatic reaction. Early attempts to fathom 

this phenomenon indicated that this reaction was even faster when 

Pi32 was incubated in ordinary double -distilled water than when Pi32 

was incubated with components of the medium used for the second 

incubation. A very interesting and perhaps related or even identical 

reaction was uncovered in work with ammonium sulfate fractionation. 

It was found that the ammonium sulfate procured from J. T. Baker 

Chemical Company contained some impurities (possibly metal ions) 

which promoted a non - enzymatic reaction in which N. E. P32 was 

formed from treated Pi32, in the incubation medium of the second 

incubation. This reaction was independent of ADP and extract, but 

it was largely destroyed by boiling the ammonium sulfate solution 

for five min. The enzyme grade ammonium sulfate obtained from 

Mann Research Laboratories did not exhibit this reaction. Until 
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the nature of the above reaction was partially elucidated, it led the 

author astray for some time. It should be noted that processing of 

the Pi in the same manner as the Pi32, with regard to hydrolysis of 

PPi and storage of stock solution, may not be necessary; it was 

strictly a precautionary measure. 

Pi concentration was also a problem in that increasing the Pi 

concentration increased the rate of the transfer reaction, as may be 

seen in Figure 1; however, at the same time, the specific activity of 

the Pi dropped to yield immeasurably low counts, with a constant 

amount of radioactivity. The use of ten fold more Pi32 with every ten 

fold increase in Pi concentration was prohibitive, at least on a routine 

basis. Before NAD+ was known to activate the reaction, a compro- 

mise was reached at 1 X 10-5 M Pi; later work with NAD+ added was 

accomplished mostly at 1 X 10-4 M Pi. The best solution to this 

problem of low counting levels was the increase in counting efficiency 

and the automation allowing long counting periods, which were ob- 

tained with scintillation counting. Also, increasing the Pi concen- 

tration above 1 x 10-3 M caused no further increase in the rate of 

the transfer reaction. It was necessary to use 1 X 10-3 M Pi to bring 

the reaction to completion in a short time. The effect of Pi concen- 

tration appeared to be one of mass action since only a very small 

percentage of the Pi was ever converted to the non -extractable form 

even when the Pi concentration was very low. The possible role of 
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Figure 1. Effect of orthophosphate concentration on the transfer 
reaction. The experimental procedure was that of 
method C . The second incubation system contained: 
glycyiglycine, pH 7.4, 0. 05 M; magnesium chloride, 
pH 7. 4, 1. 5 x10-3 M; Pi32, about 1 x 106 c. p. m. 
per sample; ADP, pH 6. 8, 1 x10-4 M. ADP, hex - 
okinase and glucose constituted the acceptor system 
which was present in all samples along with 1 x10 -4 
M NAD +. Pi concentrations were as follows: 0--0 , 

1x10'5M,0 L, 1x10'4M; -D, 1 x10 -3 M. 
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Pi concentration during labeling of the intermediate is discussed 

later. 

ADP Concentration and Specificity of the Transfer Reaction. 

The optimal ADP concentration for the transfer reaction catalyzed 

by crude extract appeared to be about 1 x 10-4 M. Increasing the 

ADP concentration above this level had little effect on the reaction 

rate while lower concentrations resulted in slow rates. Since the 

crude extract undoubtedly contained many other proteins and the 

precise nature of the transfer reaction was not known, no attempt 

was made to determine a value akin to a K . Furthermore, there m 

may be other factors necessary for peak velocity which are still 

unknown. Essentially, it was a matter of having no assurance of 

saturating the system in all other components in order to study the 

ADP concentration plus the fact that the system should be purified 

before such studies are conducted. The same comments are pertin- 

ent to quantitative studies on other components of the transfer reac- 

tion. Data were also obtained regarding the specificity for ADP 

versus GDP which led to the conclusion that the transfer reaction 

in crude extract utilizes ADP more rapidly than GDP, with equiva- 

lent concentrations of the two nucleoside diphosphates. AMP was 

not an effective substitute for ADP. 

Heat Lability. The transfer activity was destroyed by maintain- 

ing the crude acetone powder extract at 50 ° C. for five min. Succinic 
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thiokinase exchange activity was also lost during this treatment. 

Aging, Dialysis and Dilution. Aging of the extract at 4° C. 

always resulted in a greater loss of transfer activity than of succinic 

thiokinase exchange activity as may be seen in Table 13. Experi- 

ments, such as G and H in Table 14, in which the crude extract was 

dialyzed (thus unavoidably aged as well) were even more disastrous 

for the transfer reaction. Occasionally, the succinic thiokinase ex- 

change showed a considerable loss of activity upon dialysis also, if 

it was prolonged. An attempt to add back the dialysate to reconsti- 

tute transfer activity was unsuccessful. The dialysate had no trans- 

fer activity, i. e., the activity was not dialyzable. Dilution of the 

extract also resulted in some loss of transfer activity. An explana- 

tion for the loss of transfer activity upon dialysis, based on later 

observations with NAD +, appeared to be that NAD+ and /or NADP+ 

was dialyzed out in addition to some denaturation of the protein, loss 

of other unknown factors, and /or decomposition of an intermediate. 

This may be seen in Table 16 which shows that the loss of activity 

upon dialysis could be partially, but not completely, restored by the 

addition of NAD+ in the second incubation. 

Inhibitors . EDTA, 1 X 10 4 M, was added in one experiment 

in anticipation of its binding traces of endogenous heavy metals (ex- 

ogenous Mg ++ was present at 1.5 X10-3 M), thereby improving ac- 

tivity. This chelating agent was without effect however. 



TABLE 16. Relative Loss of Activity upon Dialysis as Measured in the Presence and Absence of NAD +a 

Extract 
NAD in Second Aged Aged and Dialyzed % Loss upon 

Incubation N. E. c. p. m. /Sample /40 Min. Dialysis 

- 168 72 57 ±18 

+ 8,304 5,880 29 f 4 

aThe experimental procedure was that of method C. ADP, hexokinase and glucose constituted the acceptor system. The specific 
activity of the Pi was 2, 944 c. p. m. perm mole. NAD+ concentration was 1 x 10 -4 M. The Pi concentration was 1 x 10 -4 M. The 
components of the second incubation system were: glycylglycine,pH 7. 4, 0.05 M; magnesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi32, 
about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10 -4 M where ADP or the complete acceptor system was added. 
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PCMB at 2 X 10-5 M practically eliminated transfer activity, 

as already mentioned. This effect was not on hexokinase since PCMB 

at this concentration permitted the conversion of added ATP to ADP 

by hexokinase. PCMB also affected the transfer reaction with ADP 

alone as the acceptor, in the same manner. These relationships are 

depicted in Table 17. PCMB at 1 X 10-4 M inhibited both the trans- 

fer and succinic thiokinase exchange. This inhibitor also blocked 

the transfer reaction activated by the presence of NAD+ as shown 

in Table 18. Attempts to reverse the PCMB effects with cysteine 

have not been successful. 

DNP at 1 X 10-4 M has some adverse effect upon the transfer 

reaction as also shown in Table 18. However, nothing is gained by 

increasing the DNP concentration. This may reflect the ineffective- 

ness of a common uncoupler of oxidative phosphorylation when the Pi 

turnover is very small, or it may be indicative of the mode of action 

of DNP. There is the additional possibility that some of the inter- 

mediate may have been in the phosphorylated form and could not be 

degraded by the intervention of DNP. Lotlikar (44) reported that 

abnormally high DNP concentrations (1 X 10-3 M) were required to 

stop phosphorylation completely in whole cabbage mitochondria. 

His other observations with DNP indicated that DNP may act more 

like an inhibitor than an uncoupler in cabbage mitochondria. The 

effect of the presence of DNP during the pre- incubation of whole 



TABLE 17. The Effect of PCMB upon Transfer Activity and Succinic Thiokinase Exchange Activitya 

Expt. 
Acceptor 

System 
PCMB 

M 
Succinate 

ATP & CoA 

N. E. c. p. m. 
per Sample/ 

Incub. Time 

Spec. Act. 
of Pi 

c. p. m. per mpmole 

A 4,140 431, 210 
202, 000 

4, 050 
12, 250 

2x10 -5 3, 640 
2x10 -5 187, 000 
2x10 -5 2, 980 

+ 2x10 -5 3,040 
B + 1, 020 409, 200 

+ 199, 000 
1, 220 

10, 500 
2x10 -5 + 1, 040 
2x10-5 195, 000 
2x10 -5 1, 090 
2x10 -5 1, 670 

ADP alone 5, 660 
ADP alone 2x10-5 1, 710 

aThe experimental procedure was that of method C . 

Standard STK assay. These were not duplicated slues. 
magnesium chloride, pH 7. 4, 1.5 x 10- M; Pi , about 
tor system was added. 

Untreated Pi32 was used. ADP, hexokinase aid glucose constituted the acceptor system. 
The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 1 M; 
1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10 -4 M where ADP or the complete accep- 
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TABLE 18. The Effect of Inhibitors upon the NAD + -stimulated or Ordinary Transfer Reaction and upon the Succinic Thiokinase Exchange Reactiona 

N. E. c. p. m. per Sample /Incub. Time 
Acceptor STK Inhibitors 

Expt. NAD+ System System PCMB DNP Arsenate Oligomycin NH2OH None 

Spec. Act. 
Incub. of Pi 

Min. C. p.m /mµ.mole 
A - + 1,260 1,080 1,224 40 19,305 

no ADP - 276 156 144 
ADP alone - 1,344 876 1,188 

+ 361,140 252, 756 357, 300 
B - + - 96 828 40 21,465 

no ADP - 84 168 
ADP alone 144 648 

+ 57, 828 318,192 
C + + 60 564 720 10 14,370 
D + + - 996 1,728 20 2,547 

1,932 2,832 40 
+ 220, 932 403, 644 40 

E + ADP alone - 732 612 10 3, 454 

aExperimental procedures were those of method C. The components of the second incubation system were: glycylglycine, pH 7. 4, 0. 05 M; 
magnesium chloride, pH 7. 4, 1.5 x 10 -3 M; Pi32, about 1 x 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10 -4 M where ADP or the complete ac- 
ceptor system was added. ADP, hexokinase and glucose constituted the acceptor system except as indicated. 'No ADP' means hexokinase and 
glucose only. 'STK system' means ATP, succinate cinate 3 and CoA in a standard STK assay. The inhibitor concentrations were: PCMB, 2 x 10 -5 M; 
DNP, 1 x 10 -4 M in experiment C, 1 x 10 Min experiment D; arsenate, 1 x 10 -3 M; oligomycin, 2 micrograms /ml. in the 6. 0 ml system; 
NH2OH, 1 x 10-2 M. NADI-was 1 x 10 -4 M where added. 

- 

- 

+ 
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mitochondria, upon the yield of transfer activity in the second in- 

cubation, has been studied in only one experiment. It was found 

that DNP increased the amount of transfer activity observed in the 

second incubation in that case. This could be explained in terms 

of DNP acting as an inhibitor but is inconsistent with its acting as 

an uncoupler. In acting as an inhibitor, DNP could have a stabiliz- 

ing effect until it was displaced in the second incubation. 

The effect of oligomycin when added to the ancillary system 

with limiting Pi concentrations has already been discussed. The 

effects of oligomycin on the transfer reaction and on the succinic 

thiokinase exchange are shown in Table 18. The stimulating effect 

on transfer seen here may not depend upon ATPase inhibition by 

oligomycin, because ATPase activity was found to be non -existent 

under the conditions of experiment E in Table 18, with ATP added 

rather than ADP. Apparent inhibition of transfer activity by oligo- 

mycin has been found on rare occasions, but available evidence in- 

dicates that the combination of ethanol (introduced with the oligo- 

mycin) and acetone (retained in the aqueous extract) may have been 

responsible. Oligomycin may increase the observed transfer activ- 

ity by inhibiting another reaction of the intermediate which does not 

lead to ATP32 formation. 

Arsenate proved to be a potent inhibitor of both succinic thio- 

kinase exchange activity and transfer activity as may be seen in 
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Table 18 also. 

Activators. BAL and NADH were once considered as potential 

activators of the transfer reaction. BAL may still be a candidate, 

but it gives rise to such a large amount of zero time N. E. P that 

it could not be used without an involved investigation of its behavior. 

The possibility initially considered was that a very fast reaction took 

place in the presence of BAL since the TCA may not stop the transfer 

reaction instantaneously. However, it was shown later that about 80% 

of this zero time N. E. P32 was not dependent upon the addition of 

extract and, of the 20% that was extract dependent, only about 20% 

thereof was ADP dependent. Incubation of extract in the presence of 

BAL and acceptor system resulted in a slight decline in N. E. P32, 

as compared to that found at zero time. Since Fluharty and Sanadi 

(23) have implicated a dithiol in the mechanism of oxidative phosphor - 

ylation, it may be fruitful to investigate the effect of BAL further. 

The behavior of NADH paralleled that of BAL except that none of the 

NADH effect on zero time N. E. P32 was traceable to the extract. 

Therefore, the reduced form of NAD does not appear to be involved 

in the activation of the transfer reaction found with NAD+ and NADP 

After it was found that NAD+ greatly increased both the rate and 

the yield of the transfer reaction, as may be seen in Table 19, it was 

necessary to establish that its effect was on the ADP -dependent re- 

action and that the reaction was definitely mediated by the extract. 
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The results of one of these experiments given in Figures 2 and 3, 

show the similarity between the normal acceptor system and the ac- 

ceptor system plus NAD +. It may be noted that here, as in many 

other experiments, some slight transfer activity mediated by extract 

appeared to be associated with hexokinase and glucose (without added 

ADP), plus or minus NAD +; this suggests that some endogenous ADP 

may be in the system. Also noteworthy is the observation that NAD+ 

was more effective with the complete acceptor system than with ADP 

alone, as shown in Table 19, implying that it enters the reaction 

sometime before ATP is formed. An effect of NAD+ upon succinic 

thiokinase exchange activity was also evident, as shown in the data 

presented in Table 19, which, although amounting to more Pi turn- 

over than was realized in the transfer reaction, nevertheless repre- 

sented only a small percentage increase. In addition to arguments 

already advanced that succinic thiokinase activity and transfer activ- 

ity are not due to the same protein(s), these points should be kept in 

mind: 1) the succinic thiokinase activity is a readily reversible ex- 

change reaction, the phosphate turnover of which has little quantita- 

tive significance with regard to the amount of enzyme present while 

transfer activity, at least in the presence of hexokinase, should be 

nearly irreversible; 2) NAD+ is not a normal component of the suc- 

cinic thiokinase reaction so far as is known. 

NADP+ was also found to be an activator of the transfer 



TABLE 19. The Effect of NAD+ upon the Transfer Reaction and the Succinic Thiokinase Exchange 
Reactiona 

Acceptor 
System 

- 

- 

+ 

+ 

no ADP 

no ADP 

ADP alone 

ADP alone 

STK 
System NAD+ N. E. c.p.m. /Sample /40 Min. %Stimulation by NAD+ 

+ - 385, 296 

+ + 401, 064 4 

- 1, 308 

+ 6, 048 362 

- - 180 

- + 432 140 

- - 1, 188 

- + 3, 084 160 

aThe experimental procedure was that of method C. The components of the second incubation 
system were: glycylglycine, pH 7. 4, 0. 05 M; magnesium chloride, pH 7. 4, 1. 5 X 10 -3 M; Pi32, 
about 1 X 106 c. p. m. per sample; ADP, pH 6. 8, 1 X 10-4 M where ADP or the complete acceptor 
system was added. ADP, hexokinase and glucose constituted the acceptor system except as indicated. 
'No ADP' means hexokinase and glucose only. 'STK system' means ATP, succinate and CoA in a 
standard STK assay. The specific activity of the Pi was 21, 030 c. p. m. per mµmole. NAD+ was 
1 X 10 -4 M where added. 
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Figure 2. The extract requirement for the ordinary and the NAD +- 
stimulated transfer reaction. The experimental proced- 
ure was that of method C. The components of the second 
incubation system were: glycylglycine, pH 7. 4, 0. 05 M; 
magnesium chloride, pH 7. 4, 1. 5 X 10 -3M; Pi32, about 
1 X 106 c. p. m. per sample; ADP, pH 6. 8, 1 x 10 °4M. 
The specific activity of the Pi (1X 10-4 M) was 2, 432 c.p.m 
per mµmole. NAD+ was lx 10-4 M where added. Solid 
lines indicate that extract was present during the incuba- 
tion while dotted lines indicate that buffer was substituted 
for extract. A -indicates incubation with NAD +, ADP, 
hexokinase and glucose. O -indicates incubation with 
ADP, hexokinase and glucose. 
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Figure 3. The ADP requirement for the ordinary and the NAD +- 
stimulated transfer reaction. The experimental pro- 
cedure was that of method C. The components of the 
second incubation system were: glycylglycine, pH 7.4, 
0.05 M; magnesium chloride, pH 7. 4, 1. 5 X 10-3 M; 
Pi32, about 1 X 106 c. p. m. per sample; ADP, pH 6. 8, 
1 X 10-4 M where added. The specific activity of the Pi 
(1 x 10 -4 M) was 2,432 c. p. m. per mµmole. NAD+ was 
1 X 10 -4 M where added. All samples contained extract. 
Solid lines indicate that ADP was present during the in- 
cubation while dotted lines indicate ADP was absent. - 
indicates incubation with NAD +, hexokinase and glucose. 

O -indicates incubation with hexokinase and glucose. 

L. 
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reaction. Like NAD +, NADP+ also required the presence of both 

ADP and extract to promote the formation of N. E. P32. The re- 

lationship of NAD+ activation and NADP+ activation is not yet clear. 

At equivalent concentrations the relative effectiveness of NAD+ and 

NADP+ as an activator has not been consistent. When NAD+ and 

NADP+ were present together in the second incubation, their effects 

were additive in some experiments but competitive in others. There 

seems to be an implication in these results that the intermediate ac- 

tivated by these coenzymes could also play a role in a transhydrogena- 

tion reaction (67). 

Rate of Reaction. Whatever the nature of the transfer reaction, 

it was activated by NAD +; therefore, NAD+ was added routinely in 

most experiments subsequent to this discovery. With an activator 

for the reaction, it was hoped that it might be possible to raise the 

Pi concentration above 1 X 10-5 M. 

The behavior of the reaction curves with 1 X 10-3 M Pi, be- 

yond the first 10 min. of incubation, was puzzling. Although it ap- 

peared that this Pi concentration was not limiting and that one reac- 

tion may have reached completion in 10 min. , a second reaction ap- 

peared to start between 10 and 20 min. A number of additional ex- 

periments using 1 X 10-3 M and 1 X 10-2 M Pi have established that 

the Pi concentration is probably not a limiting factor at 1 X 10-3 M. 

The first reaction may be brought to completion at this Pi 



80 

concentration in five to ten min. , even at 0°C The use of incuba- 

tion periods of less than five min. indicated that the reaction curve 

is not linear with time but has a short lag period. This lag period 

could logically be ascribed to a period in which labeling with Pi32 

occurs. Attempts to eliminate this lag, by pre- incubating the crude 

extract with NAD+ and Pi -Pi32 before the addition of the acceptor 

system, have not been successful, even when performed at 0°C. 

Such a pre- incubation for the purpose of labeling the intermediate 

resulted in a loss of the amount of the intermediate detected when 

the acceptor system was added. 

There was some encouragement that the deletion of Mg ++ dur- 

ing this pre- incubation (addition of Mg ++ then occurring at the time 

of adding the acceptor system) might lessen the destruction of inter- 

mediate during that period. Pre -incubation of the extract with ac- 

ceptor system, NAD +, and Pi before the addition of Pi32 resulted 

in the loss of most, if not all, of the transfer reaction, as detected 

by N. E. P32 formation, in a preliminary experiment, as would be 

expected. Mg ++ also had a singular effect when in combination with 

protein (from extract or hexokinase) and Pi32. This was detected 

in an experiment in which ADP alone was used as the acceptor rather 

than in combination with the hexokinase trap, and also in an experi- 

ment where no extract was used. This effect was a decrease in 

zero time N. E. P32, possibly due to the removal of non -extract- 

able phosphates (organic or inorganic) which were bound to pro- 

tein via Mg ++ and removed when this protein, denatured by 
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TCA, was removed in the preparation of TCA filtrates. 

The Mg ++ requirement of the transfer reaction must be studied 

in the absence of the hexokinase trap since hexokinase requires 

Mg + +. Data obtained on this point with ADP alone as the acceptor, 

complicated by the above effect of Mg 
+ 

on zero time N. E. P32, 

indicated that exogenous Mg ++ is not required for the transfer reac- 

tion. 

The second reaction, not evident at low Pi concentration except 

perhaps upon lengthy (> 20 min.) incubations, which appeared after 

the initial transfer reaction had reached completion at 1 X 10-3 M Pi, 

was found to be reproducible on numerous occasions. Results of this 

kind, with a break in the slope of the curve between five and ten min. , 

are typified by the results in Figure 4. The second reaction did re- 

quire the participation of extract. Contradictory results have been 

obtained as to whether it requires components of the acceptor sys- 

tem; this issue is linked with the further question whether the second 

reaction requires something formed by the initial transfer reaction. 

Attention should also be directed to recent reports of non - enzymatic 

reactions between Pi and NAD+ or NADH at high Pi concentrations 

(2, 71). Both the initial transfer reaction and the second reaction 

were completely inhibited by 2 X 10-5 M PCMB. 
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Figure 4. Completion of the transfer reaction in a short time at 
1 X 10-3 M Pi. The experimental procedure was that 
of method C. The components of the second incubation 
system were: glycylglycine, pH 7. 4, 0.05 M; magnesi- 
um chloride, pH 7.4, 1. 5 X 10 -3 M; Pi32, about 9 x 106 
c. p. m. per sample; ADP, pH 6. 8, 1 X 10 -4 M. The spe- 
cific activity of the Pi (1 X10 -3 M) was 1,455 c, p. m. per 
mµmole. NAD+ was present at 3 X 10-4 M. These sam- 
ples all contained extract and have been corrected by a 
blank in which buffer was substituted for extract. Q -in- 
dicates incubation with NAD +, ADP, hexokinase and glucose. 
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Establishment of the Soluble Character of the Transfer 
Reaction and of the Succinic Thiokinase Exchange Reaction 

It was possible to remove a minute amount of particulate mater- 

ial from the crude extract by centrifugation at 105,000X g. However, 

tests of this particulate material and of the resulting supernatant 

showed that practically all activity was recovered in the supernatant 

and that the small pellet had neither transfer nor succinic thiokinase 

exchange activity. Typical results of these high speed centrifuga- 

tions are shown in Table 20. These experiments also indicated 

that the transfer activity was quite stable when kept at 0 -4° C. dur- 

ing the 90 min. centrifugation. In addition to a pellet formed by 

high speed centrifugation, an almost imperceptible layer of fluffy 

green material was sometimes present in the bottom of the tube, 

just above the pellet, after centrifugation. Upon decantation of the 

supernatant, it was difficult to avoid getting some of this material 

into the supernatant. The experiment shown in Table 21, in which 

this fluffy green layer as well as the normal pellet were separated 

from the supernatant, established that this fluffy material was also 

inactive. In this experiment the top supernatant layer (>10 ml.) 

was removed with a syringe and tested separately from the bottom 

layer (>1 ml.), which contained the fluffy green material. It can 

be seen that this bottom layer of supernatant, containing the fluffy 

green material in relatively high concentration, was slightly 



TABLE 20. The Soluble Character of the Transfer Activity and of the Succinic Thiokinase Exchange 
Activitya 

Fraction 
Acceptor 
System 

STK 
System N. E. c.p.m. /Sample /40 Min. 

Extract Protein 
mg. /Sample 

105, 000 X g 
supernatant - + 403, 644 0. 50 

105, 000 X g 
pellet - + 6, 372 0. 04 

105,000X g 
supernatant + - 2, 832 0. 50 

105, 000 X g 
pellet + - -96 0. 04 

aThe experimental procedure was that of method C. The centrifugation of crude extract at 
105, 000 X g was carried out for 90 min. The pellet was resuspended in 0. 1 M glycylglycine, pH 
7.4, for testing. The components of the second incubation system were: glycylglycine, pH 7. 4, 
0. 05 M; magnesium chloride, pH 7. 4, 1. 5 X 10 -3 M; Pi32, about 1 X 106 c. p. m. per sample; ADP, 
pH 6. 8, 1 X 10 -4 M where the acceptor system was added, ADP, hexokinase and glucose constituted 
the acceptor system. 'STK system' means ATP, succinate and CoA in a standard STK assay. All 
samples were run in the presence of 1 X 10 -4 M NAD +. The specific activity of the Pi was 2, 547 
c. p. m. per mµmole. 



TABLE 21. The Elimination of the Fluffy Green Material in the Bottom Layer of Supernatant as the 
Source of Transfer Activitya 

Fraction 
Acceptor 
System 

N. E. c. p. m. / 
Sample /40 Min. 

crude extract + 16, 608 

top layer supernatant + 14, 268 

bottom layer supernatant + 12, 552 

aThe experimental procedure was that of method C. The centrifugation of crude extract at 
105, 000 X g was carried out for 90 min. All fractions were the same age at the time of testing. 
The components of the second incubation, system were: lycylglycine, pH 7.4, 0. 05 M; magnes- 
ium chloride, pH 7. 4, 1. 5 X 10 -3 M; Pi32, about 1 X 10 c. p. m. per sample; ADP, pH 6. 8, 

1 x 10-4 M where the acceptor system was added. ADP, hexokinase and glucose constituted the 
acceptor system. All samples were run in the presence of 1 X 10 -4 M NAD +. The specific ac- 
tivity of the Pi was 2, 650 c. p. m. per mµmole. 
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less active than the top supernatant layer which was visibly free 

of this material. It seems probable that this fluffy green material 

would pack with the pellet proper upon longer centrifugation at 

105, 000 x g. The lack of 100% recovery of crude extract activity 

in the top supernatant layer is thought to be due to foaming of this 

supernatant which occurred during the transfer via syringe. 

In a similar experiment the NADP + - stimulated transfer activ- 

ity was also shown to be recoverable in the top supernatant layer 

from the high speed centrifugation. Since no pertinent activity was 

found in the pellet material from the high speed centrifugation and 

actual losses were incurred in the process of preparing a high speed 

supernatant completely free of particulate material, it was decided 

not to make this centrifugation a routine step in the preparation of 

crude extract. 

Protein Determinations 

The protein concentration for ancillary system incubations of 

whole mitochondria averaged 2. 28 mg. /ml. of mitochondrial sus- 

pension, based on the analysis of 43 samples. The protein concen- 

tration of the crude extract used in second incubations averaged 0. 56 

mg. /ml. , based on the analysis of 57 samples. 
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Interpretation 

It should be evident that a large portion of this research was 

devoted to the development of a procedure by which to isolate the 

transfer activity apart from the organized structure of the whole mi- 

tochondrion. Although acetone halts the process of oxidative phos- 

phorylation in whole mitochondria (62, p. 106), this does not elim- 

inate the possibility of isolating a reactive intermediate of the proc- 

ess from a mitochondrial acetone powder. The discovery of transfer 

activity in an aqueous extract appears to run counter to prevailing 

emphasis upon the possibility that such reactions may occur in a non - 

aqueous solvent in the whole mitochondria. It should be recognized, 

however, that the transfer activity found in the aqueous extracts could 

occur in a non -aqueous solvent in the whole mitochondrion, even 

though the rates in the two environments might be very different. 

The isolation procedure finally adopted evolved from earlier less re- 

liable procedures. It is suggested that the isolation procedure given 

will not easily tolerate modification although improvements are poss- 

ible. To cite just one example, one cannot make a satisfactory ace- 

tone powder directly from the mitochondrial suspension due to the 

sucrose content of the suspension medium. 

An outstanding characteristic of this work has been the minute 

amount of transfer activity under investigation. Assuming that the 
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conversion of one molecule of Pi into N. E. P represents the expendi- 

ture of one molecule of an intermediate of oxidative phosphorylation, 

the yield of intermediate from 1 760 g. of cabbage usually ranged from 

50 to 100 millimicromoles. Nevertheless, the use of the radioiso- 

tope, P32, did permit measurement of differences induced by exper- 

imental variables at this low level. It does seem reasonable that an 

intermediate, by its very nature, would not exist in macro quanti- 

ties. The yield of intermediate just stated is not likely to be a true 

measure of the amount present in the intact cabbage. A pertinent 

observation was that the transfer activity was extremely labile dur- 

ing the extraction of the acetone powder, as noted in Table 9. This 

suggests that the transfer activity routinely measured may repre- 

sent only a small surviving fraction of the quantity of intermediate 

present in vivo. 

Although the P32 did facilitate the detection of the transfer ac- 

tivity, the fact that this activity frequently utilized less than 0.1% 

of the total Pi32 added to an incubation flask presented many diffi- 

culties, which can often be ignored due to their insignificance in 

investigations where Pi32 utilization is high. Thus, for example, 

any condition outside of the transfer reaction itself, that could re- 

suit in a rather small deviation in N. E. P32 for a given sample, 

was a source of error. For this reason, results such as those 

shown in Figures 2 and 3 are among the most important obtained for 
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at least two reasons. First, they established that the activity under 

investigation required both extract and ADP, since little or no change 

from zero time N. E. P32 occurred during incubation in the absence 

of either of these essential components. In the second place, the 

confirmation of NAD+ as an activator of the transfer reaction mini- 

mized the danger from any slight fluctuations which were not ADP 

and extract dependent. In other words, the use of an activator ren- 

dered any blank correction insignificant on a routine basis whereas 

in some previous experiments without the activator, where transfer 

activity was weak, blank corrections had posed a problem. It should 

be emphasized that reliable data could be obtained without the acti- 

vator, but this was more dependent upon isolating an extract with 

good activity. It should be mentioned that the second reaction, which 

follows the transfer reaction at high Pi concentration, may be due to 

particulate material in the extract, since only crude extract was used 

in these experiments. 

The succinic thiokinase exchange activity was investigated be- 

cause its presence posed a threat to the validity of the transfer ac- 

tivity. Although the separate identities of the two activities rests 

largely on preliminary evidence for their separation by ammonium 

sulfate, the relative response of the two activities to aging and to 

PCMB especially favors this viewpoint. The activation of the trans- 

fer reaction by CoA and the slight stimulation of the succinic 
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thiokinase exchange reaction by NAD +, while not understood, may 

not be incompatible with this view in the light of further study. 

Some of the results obtained with inhibitors, especially oligo- 

mycin, do not fit the pattern expected on the basis of the action of 

these inhibitors in whole mitochondria. It is possible that oligomycin 

exhibited unexpected behavior due to the disorganized complexity of 

the crude extract, but it is also possible that oligomycin acts differ- 

ently in a soluble system, particularly if its mode of action is de- 

pendent in some way upon structural organization. While a lack of 

inhibition by oligomycin could indicate a preponderance of Xr JP, 

this is not compatible with Pi uptake and the role to be proposed for 

NAD +. Perhaps there is a relationship between these results and 

those obtained with oligomycin in the ancillary system at low Pi 

concentration. 

The facts that the transfer activity of the extract was labile at 

50°C. , inhibited by PCMB, stopped by TCA, and non -dialyzable, 

would seem to justify stating that this activity is due to a protein - 

aceous substance rather than a relatively small molecule. That is 

to say, the X component of A/VX or X/VP appeared to be a protein 

in this study. Since the transfer activity was detected by the use of 

Pi32, the intermediate must have been in a phosphorylated form at 

some time, if only transiently. On the other hand, the existence of 

a non -phosphorylated form can be implied from the fact that Pi32 
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was able to become involved in the reaction. It is probably easiest 

to view the results obtained in this research as the manifestation of 

a single intermediate protein, X, which can exist as A(VX, XNP 

or X. Thus, ANX and X(vP would be one and the same intermedi- 

ate with the exception of the small groups, A and P. 

It should be recognized that the sequence to be described may 

be less complicated than the actual one, even though there is no 

evidence available at the present time which would compel one to 

speculate upon a more complex formulation. It seems likely that 

the crude extract from the cabbage mitochondrial acetone powder 

contains both ArvX and XNP in a static equilibrium mixture, when 

first prepared. The small molecules, A and Pi, are probably 

largely removed during the acetone powder formation. Therefore, 

the equilibrium mixture may not be dynamic until some breakdown 

of X/\JP and ArvX occurs. Whether this equilibrium lies in favor 

of the ArvX or the XrvP is not known, but, if the NAD+ effect oper- 

ates as speculated below, it would seem that XrvP is the predom- 

inant form. It is suggested that NAD+ (or NADP +) served as the A 

of Ar' X in this investigation. This would appear to limit the inter- 

mediate to 'site one' specificity with regard to its relationship to 

the respiratory chain; however, it is not yet known if other compon- 

ents of the electron transport chain may also serve as activators of 

transfer in the same manner as NAD+ (or NADP +). 
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If one isolates a static equilibrium mixture of ArJX and XrvP 

such as just described, it can be seen that when Pi -Pi32 and the ac- 

ceptor system (ADP, hexokinase and glucose) are added one has the 

opportunity of converting XrvP to G -6 -P. As X/vP is drained from 

the equilibrium mixture, the ArvX component should also be con- 

verted to the X/vP form and harvested as G -6 -P. However, it is 

likely that the amount of intermediate which would appear as G- 6 -P32, 

i. e., radioactive G -6 -P or N. E. P32,would represent that which 

pre- existed as ArvX, under the conditions employed in this research. 

The incorporation of label, i. e. P32, into the XrvP component would 

presumably require that XrVP first be converted to the ArvX form. 

This conversion is thought to be the function of NAD+ (or NADP +). 

An explanation for the concentration effects of Pi, NAD +, and ADP 

lies within this scheme. NAD+ and Pi could be required to restore 

dynamic equilibrium and cause shifts in the reaction through mass 

action effects; these two components may not be otherwise available 

except via the breakdown of intermediate. Even in the absence of 

added NAD +, a high Pi -Pi32 concentration would favor the labeling 

of ArvX as the reaction shifted toward XrvP. The addition of NAD+ 

would allow some of the XNP form (not labeled) to be converted to 

ArvX and thence to become labeled. Without the NAD+ present, 

Xr\P could form G -6 -P, but this would go undetected since none of 

it would be labeled from Pi32. Also, if the ADP concentration was 
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too high, all of the XNP could be converted to G -6 -P before it could 

be labeled. This would explain why yields with greater than 1 X 10-4 

M ADP were reduced, as was observed on some occasions. 

On the basis of the foregoing discussion and the results of this 

study, a tentative sequence for the mechanism of oxidative phosphory- 

lation would be as follows, assuming that the acceptor system was 

very effective in removing P from XNP: 

Isolated: NAD NX + 

In the presence of the acceptor system (only): 

NAD +rvX . X' X/vP- 0.G,6 -P 

In the presence of Pi -Pi32 and the acceptor system: 

X/VP-G-6-P 

NAD +r\JX X P32 6 P32 

In the presence of NAD +, Pi -Pi32 and the acceptor system: 

NAD +rvX XrvP ->G -6 -P 
P32 +G 6 p32 

NADP+ may also be involved here, but it is omitted for clarity. 

There was also evidence that NAD rvX and /or XrvP were inactivated 

in the presence of Mg ++ when the acceptor system was absent. Pre- 

vious postulations regarding ATPase activity in whole cabbage mito- 

chondria suggested that the degradation of X/vP was involved (44). 

Although ATPase was not found in the one instance where it was 

studied in the extract, the small amount of Pi that would result 

XruP 

rV 
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from the hydrolysis of X/1JP would go undetected in the Fisk - 

Subbarow colorimetric analysis for Pi. 

Many questions raised in the course of this investigation still 

await considerable research effort before they can be answered, but 

the foundation for such further study has now been laid. While the 

scheme for the terminal reactions of oxidative phosphorylation may 

not be correct, it does fit the known experimental evidence gathered 

from this project. It is in at least partial agreement with the the- 

oretical mechanisms currently in vogue. 

The two major successes in this work were the isolation of the 

transfer activity in a soluble system and the development of a suit- 

able assay to detect that activity. It has already been mentioned that 

the yield of the intermediate may be very low; it should also be noted 

that some transfer activity may yet go undetected if the XrJP form 

constitutes a significant portion of the isolated mixture. 

Finally, no attempt was made to combine this crude extract 

with suitable submitochondrial particles in the reconstitution of oxi- 

dative phosphorylation. The pitfalls of reconstitution were mentioned 

in the introduction. Reconstitution should be tried eventually, but 

it should be preceded by purification of the transfer activity in the 

crude extract, if that is possible. The authenticity of the intermedi- 

ate status proposed for the transfer activity may still be questioned, 

but this activity merits consideration as evidence for the presence 
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of an intermediate of oxidative phosphorylation in lieu of any al- 

ternate explanation at the present time. 
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SUMMARY 

Evidence for the isolation of a solubilized intermediate of 

oxidative phosphorylation was obtained by preparing aqueous ex- 

tracts of cabbage mitochondrial acetone powders. The criterion 

used to demonstrate the existence of the intermediate was the abil- 

ity of the aqueous extract to promote the formation of ATP32 (or 

G -6 -P32 in the presence of the hexokinase system) when incubated 

with ADP and Pi 32. 

Various approaches to the problem included attempts to label 

an intermediate in whole mitochondria with Pi32 and, subsequent 

to the preparation of an acetone powder of such mitochondria, to 

solubilize a labeled intermediate by extraction of the powder with 

an aqueous medium. The apparent success of this approach was 

clouded by the necessity of conducting the assay during the extrac- 

tion process. It was found that the Pi32 could be added during the 

extraction also, which obviated the labeling of whole mitochondria. 

Finally, it was found possible to introduce the Pi32 and to conduct 

the assay after the aqueous extract had been clarified through re- 

moval of the acetone powder residue. This latter method was em- 

ployed in the establishment of most of the significant facts obtained. 

The most important observations with the aqueous extract of 

the mitochondrial acetone powder may be summarized as follows: 
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1. Evidence was obtained for the existence of an intermediate 

of oxidative phosphorylation in the crude extract. In the 

presence of Pi32 and ADP, the extract promoted the for- 

mation of non - extractable P32 (N. E. P32) which was pre- 

sumably ATP32, or G -6 -P32 when the hexokinase system 

was present. This formation of N. E. P32 did not occur 

unless both ADP and extract were present. 

2. The transfer of Pi32 to ADP, which was mediated by the 

extract, was inhibited by PCMB at 2 X 10-5 M. 

3. The activity attributed to an intermediate in the extract was 

lost upon heating the extract at 50°C. for five min. It was 

also sensitive to aging at 4° C. 

4. The transfer of Pi32 to ADP was stimulated by the presence 

of NAD+ and NADP+ but not by NADH. 

5. ATP, AMP and GDP did not substitute for ADP in the trans- 

fer reaction. 

6. The transfer activity was not inhibited by oligomycin at 2 

micrograms per ml. , but it was partially inhibited by DNP 

at 1X 10-4 M and almost completely inhibited by arsenate 

at IX 10-3 M. 

7. Although the transfer activity of the extract was non- dialyz- 

able, some loss of activity was experienced upon dialysis. 

Indications were that this loss of activity was partially due 
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to the removal of NAD+ or NADP +, 

8. The transfer activity could not be removed from the extract 

by centrifugation at 105, 000 X g for 90 min. This observa- 

tion applied to ordinary transfer activity as well as that 

stimulated by NAD+ or NADP +. 

9. The rate of the transfer reaction was especially dependent 

upon the Pi concentration. The turnover of Pi32 during the 

transfer reaction indicated a yield of approximately 50 -100 

millimicromoles of intermediate from 1760 g. of cabbage. 

10. The intermediate appeared to be labile in aqueous medium 

in the presence of Mg ++ 

In addition to these points, some data were presented bearing 

upon the relationship of the alleged intermediate to the presence of 

succinic thiokinase activity in the extract. Results obtained from a 

preliminary ammonium sulfate fractionation, as well as from aging 

experiments and relative responses to the sulfhydryl inhibitor, 

PCMB, support the view that the transfer activity and the exchange 

activity were due to different proteins. 

Some of the problems encountered in the assay of transfer 

activity were elucidated, particularly the impurity of the Pi32, and 

interfering side reactions. 

On the basis of the experimental evidence, a suggested se- 

quence of oxidative phosphorylation, commencing with the isolation 



99 

of NAD ivX and X/VP in static equilibrium in the crude extract, 

was presented from the viewpoint of the possible operation of such 

a sequence under the conditions of this investigation. 
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