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The overall utilisation of ATP and the partltionlng of ATP regeneration 
between the mitochondrial and cytoplasnic compartments of ascites cells were 
calculated from the metabolltc profiles over a period of 3 - 30 sec. after 
the addition of glucose. Both compartments contribute about equally to the 
regeneration of ATP, the glycolytic lagging by 5 sec. pending the "filling up* 
of glycolytic Intermediates between 3qhosphoglycerate and lactate, 
Regeneration of ATP by adenylate kinase appears to be linear over these time 
intervals, ATP regeneration slows dorm appreciably between 15 and 20 sec., 
coincfding with the release and partial inhibition of mitochondrial hexokinase 
by glucose-bphosphate with consequent limitation of the ADP supply. Other 
possible modulators of nitochondrial phosphorylation are discussed, 

The known sequence of events following addition of glucose to Ehrlich 

ascftes tunour cells Is that there is an ltnaediate increase in respiratory 

rate from an initial rate of 0.48 to 0.97 umoles O#nin/g cells for a period 

of about 20 - 40 sec. after addition of glucose; thereafter the rate falls 

to 0.21 vmoles/g cells/mtn (1,2), Following the addition of glucose ADP 

rises, ATP falls and there is a state 4 + 3 transition due to increased ADP 

(2). Chance and Hess (1) also noted that the mitochondrial NADH is affected 

by the rise of ADP level before the reduction of NAD+ in the cytoplasm takes 

place; this transient oxidation of NADH also lasted about 20 sec. They 

suggested that there Is a direct shuttle of ADP from the hexokinase system to 

the respiratory chain of the mltochondria, 

The parallel obsewations that a large proportlon of hexoklnase is bound 

to mitochondria in ascites tunour cells (3,4,5) and the evidence from studies 

of the properties of the bound form of hexokinase that this was less 

susceptible to inhibition by glucose-6-phosphate (G6P) (6-g) and could be 
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eluted from mitochondria by G6P with a half time of 18 sec. at 35" both & 

vitro (5) and in the intact cell (lo), suggested that this coincidence of time 

sequence might be of some significance, The short term control of 

mitochondrial ADP in ascites cells following addition of glucose might there- 

fore be related to the binding of hexokinase as suggested by Chance and Hess 

(1) and discussed by Rose and Warms (5). 

In the present experiments measurements have been made of changes in the 

concentration of intermedfates of the glycolytic pathway and of adenine 

nucleotides from 3 to 30 sec. following addition of glucose to Krebs ascftes 

cells, These have been used to calculate the ATP utilfsed in the 

phosphorylation of glucose and fructose-6-phosphate (F6P) and this has been 

compared with the observed fall in the ATP content of the cell; from the 

difference the ATP regenerated can be estimated, The ATP regenerated has been 

partitioned among three systems, the glycolytfc formation (from the pyruvate 

and lactate production), the formation by adenylate kfnase (from the changes 

in AMP), the remainder being the contribution of the mftochondrial fraction. 

METHODS 

The treatment of the Krebs ascftes cells and determination of metabolftes 

were as described previously (10,11,12). The washed cells were incubated 

aerobically at 37' in Ca* -free Krebs-Ringer phosphate medium with an initial 

concentration of 12.5 mM glucose, The utflfsatfon of ATP and partitioning 

of ATP regeneration between the cytoplaswic and mftochondrfal compartments 

were calculated from the metabolfte concentrations shown in Table 1. These 

were calculated as shown in Table 2, 

RESULTS 

The general pattern which emerges is that, following glucose addition 

to Krebs ascftes cells, there is a rapid and linear rate of ATP utflfsatfon 

for the first 15 sec. which declines sharply after 20 sec. The ATP 

regeneration largely parallels this curve, divergence being observed after 

15 sec. (Fig, 1). Initially the glycolytfc pathway makes no contribution to 
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FIGURE 1 The relative contributions of the glycolytic, the mitochondrial 
systems and adenylate kinase to ATP regeneration at different 
time intervals after addition of glucose to Krebs ascites cells, 

The results are given as umoles ATP/g cells corrected for the 
zero time value and the calculations upon which they are based 
are given fn Table 2, 

e ATP utillsed in glucose metabolism, see Table 2, B, 

H ATP, total regenerated, see Table 2, C. 

M ATP regenerated by glycolysis, see Table 2, D. 

M ATP regenerated by adenylate klnase (AK), see Table 

w ATP :kiierated by mitochondrla, see Table 2, F. 

the formation of ATP; this is clearly seen in Table 1, where the fructose 

diphosphate (FDP) remains vlrtually unchanged at 3 set, and no increase in 

lactate is found at either 3 or 5 sec. after the addltlon of glucose, At 

this point in time the regeneration of ATP can be almost entirely ascribed to 

mitochondrial oxldative phosphorylation (see Table 2), At 10 - 15 sec. after 

glucose addition the relative contributions of the glycolytlc pathway and 
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TABLE 2 

CALCULATIONS OF ATP UTILISATION AND ATP REGENERATION 

IN THE CYTOPLASMIC AND MITOCHONDRIAL FRACTIONS IN KBEBS ASCITES CELLS 

AT DIFFERENT TIMES FOLLOWING THE ADDITION OF GLUCOSE 

ATP (pmoles/g cells) 

Time (set) 3 5 10 15 20 25 30 

A, ATP decrease -0.49 -0.59 -0.56 -0.76 -0.97 -1.25 -1.43 

B, ATP utilised 0.95 1.52 3.65 5.41 6.43 6.33 7.21 

C. ATP regenerated 0.46 0.93 3.09 4.65 5.46 5.08 5.78 

D. ATP regenerated by glycolysis 0 0 1.43 2.83 2.76 2.23 2.64 

E. ATP regenerated by adenylate kinase 0.05 0.10 0.21 0.33 0.44 0.64 0,69 

F. ATP regenerated by mitochondria 0.41 0.83 1.45 1,49 2.26 2.21 2.45 

The results are given as the difference between the value at each individual 
time interval and the zero time value, The ATP partitioning was calculated 
as 

A. 

B. 

C. 

D. 

E. 

F, 

follows: 

The overall nett decrease of ATP was determined by direct measurement of 
the cellular content, 

The total ATP utilised was calculated from the sum of the increases In 
G6P (one equivalent of ATP), FDP (two equlvalents of ATP), any increases 
in metabolites between triose phosphate and lactate (one equivalent of ATP 
each) and any increases in intermediates of the pentose phosphate pathway 
(one egulvalent of ATP each). 

The ATP regenerated is the difference between B and A, 

The ATP regenerated by glycolysis was calculated frcm the sum of the 
intermediates 3qhosphoglycerate, 2- hotphoglycerate and phosphoenol- 
pyruvate (one equivalent of ATP each P 
equivalents of ATP each). 

plus pyruvate and lactate (two 

The ATP regenerated by adenylate kinase was calculated from the AMP value 
assuning that this reaction was the main source of AMP, 

The ATP formed by the mitochondrla was the ATP regenerated not accounted 
for by glycolysis and adenylate klnase, i.e. B-(D+E), This may also be 
calculated from the known oxygen uptake of ascites cells at different time 
intewals after addition of glucose. 

mltochondrial systems are almost equal and there is a burst of lactate 

production (see Table 1). the mitochondrial contribution to ATP formation 
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remaining linear at this time. At 20 - 30 sec. after glucose addition both 

the rate of ATP utflfsatfon and ATP regeneration have decreased, there is 

little further accumulation of lactate and the slow rate of ATP regeneration 

at this time interval may be largely ascribed to mftochondrfal phosphorylatfon 

and adenylate kfnase, The overall relative contribution of the two 

compartments throughout the 30 sec. period is an equal contribution from the 

glycolytfc pathway and the mftochondrfal phosphorylatfon sequence, the 

adenylate kfnase system possibly accounting for about 10% of the total ATP 

regenerated, The mftochondrfal contribution to ATP regeneration has here 

been calculated indirectly, however these figures are in excellent agreement 

with direct measurements of the oxygen uptake of ascftes cells at different 

periods following glucose addition. Maftra and Chance (2) reported that the 

oxygen uptake of Ehrlfch ascftes cells in the initial period (20 - 40 sec.) 

following glucose addition is 0.97 umoles/g cells/mfn at 22 - 25'. Assuming 

a P/O ratio of 3 (see Wenner, ref, 13) and a Qlo value of 2 for the 

temperature difference, this would correspond to an ATP production of about 

6 rmoles/g cellslmfn at 37'. In the present experiment it was calculated 

that the rate of ATP production by mftochondrfa during the first 20 sec. is 

equivalent to 6.6 pmoles ATP/g cells/mfn at 37' (Table 2). After the initial 

rapid period, the rate of oxygen uptake falls to 0.21 pmoles/g cells/mfn at 

22 - 25. (2), corresponding (using the same assumptions) to an ATP production 

of 1.2 pmoles ATP/mfn at 37'. From the results in Table 2 it may be 

calculated that the rate of ATP regeneration by mftochondrfa 20 - 30 sec. 

after glucose addition is also 1.2 umoles. This agreement gives support to 

the calculations of partitioning of ATP rephosphorylatfon between the soluble 

and mftochondrfal fractions from changes in the netabolfte levels, An aunt 

of ATP equivalent to the cellular content is utflfsed and regenerated within 

10 sec. of addition of glucose, 

DISCUSSION 

The changing pattern of the contrfbutlon of different compartments to 
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ATP phosphorylation may be examined in relation to the Intracellular 

locallsation of hexoklnase and factors operating In the control of glycolysls, 

There is direct evidence in vitro (51, and Indirect evidence In intact -- 

cells (lo), for the release of mitochondrial bound hexokinase by 66P. Three 

lines of evidence suggest release of mitochondrial hexoklnase within 20 sec. 

of addition of glucose to ascites cells: firstly, glucose phosphorylation 

occurs rapidly and linearly for 15 sec. in ascites cells in the presence of 

apparently inhibitory concentrations of G6P (0.5 st4), suggesting that 

hexokinase was at this stage not susceptible to inhfbltion by G6P, i.e. that 

it was bound to mitochondria; secondly, there is a dramatic onset of 

inhibition from 15 - 20 sec. with little modification In the G6P or ADP 

content of the cell, suggesting that if G6P inhibltion is now manifest the 

hexokinase must be in a different relationship to the inhibitor, i.e. in the 

free form in the cytoplasm; thirdly, the in vitro studies of Rose and Warms -- 

(5) give a half time of release of the enzyme from mitochondrla by G6P which 

corresponds well with the time of onset of Inhibition of glucose 

phosphorylation. 

Considering first the changes in the rate of mitochondrial regeneration 

of ATP, it may be seen in the present experiments that all the regeneration 

of ATP occurred in the mitochondrlal compartment during the first 5 sec. 

after addition of glucose; this is particularly evident at 3 sec. where 

there is a high rate of G6P formation but as yet very little fonsation of FDP 

and no net formation of lactate, The rate of mitochondrial phosphorylation 

of ATP remains linear for 10 sec., declining at 20 - 30 sec. to one-fifth of 

the initial rate. Two points emerge: firstly, the evidence suggests 

direct utilisation of the ADP generated by the hexokinase reaction by 

mitochondria during the initial period following glucose addition; secondly, 

the ADP coupling or shuttle system slows down considerably at a ttme, about 

20 sec., when evidence points to the release of q ltochondrially bound 

hexokinase into the cytoplasm and InhibItion of this enzlyEae by G6P, 
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The control of ascites cell glycolysis has been widely studied and 

ADP, Pi and G6P have all been implicated (1,2,13-17), When the present 

changes in the glycolytic contribution are examined it is apparent that there 

is a burst of glycolytic ATP production between 5 and 15 sec., preceded and 

followed by slower rates, It was observed (Table 1) that FDP accumulation 

follows a signoid curve in the initial stages, suggesting the necessity for 

accumulation of an allosteric effector of phosphofructokinase (PFK) before 

rapid FDP formation can take place. Increasing concentrations of F6P have 

been shown to produce a sigmoid cuwe in PFK activity in the presence of 

inhibitory concentrations of ATP (18). The rapid rate of lactate production 

lags about 2 sec. behind the onset of a high rate of FDP formation; a 

similar finding was previously reported by Haitra and Chance (2). In 

oscillating systems it is generally found that pyruvate formation lags behind 

FDP formation, the two being 90' out of phase (19,20), 

Thus at the short time interval when there is a rapid and linear rate 

of glucose phosphorylation and when the initial lag in FDP and lactate 

formation have been overcome, that is 5 - 15 sec. after glucose addition, 

the ADP rephosphorylatfon occurs equally in both cell compartments, and it is 

suggested that ADP from the hexokinase reaction is related to the 

mitochondrial compartment and ADP from the PFK reaction is related to the 

cytoplasmic compartment, In these particular experiments the onset of 

inhibition at 20 sec. may possibly be ascribed to release of hexokinase frcm 

mitochondria and inhibition by G6P. 

We are indebted to Dr. 3.6. Bennette and Mr, J, Moore for their 
collaboration in supplying the ascites tuaoclr cells and to Hr. B.C. Tao and 
Mr. K.R, Greenslade for skilled technical assistance, This work was in 
part supported by a grant to the Medical School from the British Unpire 
Cancer Campaign. 
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