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Abstract-A computer program is presented which calculates the action of adenylate kinase and 
creatine kinase during the process of adenosine-5’-triphosphate generation by the mitochondria in 
human skeletal muscle 600 x g supernatants. 

The results show that the mass action ratios of the two kinase reactions are not influenced by 
incubation time or decreased rate of oxidative phosphorylation as a result of mitochondrial 
dysfunction. The program is useful for establishing optimum initial adenosine-5’-diphosphate and 
creatine concentrations in the assay medium. 

Computerized calculation Mitochondria Human skeletal muscle 

Oxidative phosphorylation Creatine kinase Adenylate kinase Assay development 

INTRODUCTION 

Recently, an assay system for investigation of the generation of adenosine-5’-triphosphate 
(ATP) plus creatine phosphate (CrP) from various substrates by skeletal muscle 600 x g 
supernatants has been developed in our laboratory [ 11. ATP generated intramitochondrially 
by oxidative phosphorylation is transported across the mitochondrial inner membrane by 
means of an adenine nucleotide translocase (Fig. 1). Once the ATP has crossed the 
membrane, the terminal high energy phosphate group of ATP can be transferred to creatine 
(Cr), forming CrP by a creatine kinase (CK) located on the outside of the inner mitochondrial 
membrane. CrP may be utilized by cytosolic or myofibrillar CK. 

Two reactions are of importance in the regulation of the concentrations of ATP and CrP 

during incubation: 

ATP + AMP + 2ADP (1) 

Cr + ATP + CrP + ADP (2) 

catalyzed by adenylate kinase (AK, EC 2.7.4.3) and CK (EC 2.7.3.2.), respectively. Part of the 
ADP added to the assay system is transformed to ATP and AMP by AK. 

The purpose of the present study was to investigate whether the experimental results of the 
assay system simply can be ascribed to the interaction of reactions (1) and (2). Moreover, 
within the framework of diagnostic research, it is important to know the influence of a 
defective process of oxidative phosphorylation on this interaction. Therefore, we present a 
computer program which allows to calculate the concentrations of the various adenine 
nucleotides and of CrP in relation to the amount of ATP generated by oxidative 
phosphorylation. The calculated and estimated metabolite concentrations have been 
compared. 

The concentrations of ADP and Cr present at the start of the incubation were chosen 
rather arbitrarily in [l]. It is evident from reaction (1) and (2), that these initial concentrations 
greatly influence the concentrations of ATP and CrP in the assay system during incubation. 
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Fig. 1. ATP produced by oxidative phosphorylation is transported across the mitochondrial inner 
membrane by means of the adenine nucleotide translocase. Outside the membrane the ATP can be the 

substrate for the creatine kinase or adenylate kinase reaction. 

Computerized calculation is an appropriate way to predict the impact of the initial 
concentrations upon the ultimate results of the incubations. In this way optimum initial 
concentrations of ADP and Cr can be established for diagnostic use of the assay system, 
without the necessity of much experimental effort. 

MATERIALS AND METHODS 

Biochemical investigations 

Fresh biopsy specimens from human quadriceps muscle were homogenized (1 g/10 ml 
medium) and centrifuged for 10 min at 600 x g[2]. The supernatants were incubated at 37°C 
in the presence of 30 mM potassium phosphate, 75 mM KCl, 10 mM Tris-HCl, 2 mM EDTA, 
1 mM pyruvate, 1 mM malate, pH 7.4 [ 11. Unless stated otherwise, 5 mM MgCl, was added, 
and initial concentrations of ADP and creatine amounted to 2 and 20mM, respectively. 
When needed, the concentration of KC1 was adapted to maintain isotonic osmolality. 

Reactions were started by the addition of 50~1 of the 600 x g supernatant. Total 
incubation volume was 500~1. The incubations were terminated by adding 100 ~1 3 M 
HClO, and placing the vials in ice. After centrifugation for 3 min at 9000 x g, the 
supernatants were neutralized with 1 M KHCO,. ATP and CrP concentrations were 
estimated according to [3] with addition of CK after ATP estimation. ADP and AMP 
concentrations were estimated according to [4]. Mass action ratios of reactions (1) and (2) 
were calculated from these measurements: 

AKM = mass action ratio of the AK reaction: 

[ADP]‘/([ATP] . [AMP]) 

CKM = mass action ratio of the CK reaction: 

(CADPI * CCrPIMCAW . Ccrl). 

The computer program 

The program has been written in Microsoft 8 K BASIC for an Exidy Sorcerer 
microcomputer with 48 K RAM. 
The program is based on the following assumptions. 

(1) “Compartmentation” of the compounds involved in the CK or AK reactions does not 
influence the reactions. 

(2) The metabolite concentrations available for the reactions catalyzed by AK and CK 
including effects of Mg ‘+-binding are not rate-limiting. 
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Fig. 2. Adenine nucleotide and CrP concentrations as a function of the incubation time for four 
600 x g supematants with pyruvate plus malate as substrates. (A), (B): controls; (C): patient with a 
leucoencephalopathy and lactic acidosis [S]; (D): patient with a progressive infantile poliodystrophy 

(Alpers’ disease) [6. case 11, 0: ATP, V: ADP, A: AMP, 0: CrP. 

(3) The individual metabolite concentrations involved are determined by constant mass 
action ratios. 

It was experimentally established that during incubation no loss from the adenine 
nucleotide or creatine pool occurs. The contribution to these pools by compounds originally 
present in the 600 x gsupernatant is negligibly small (contribution to the final concentration 
of the adenine nucleotide pool 60 + 13 PM, of the creatine pool 235 + 54 PM (mean f SD, 
n = 9) respectively). 

If, for one unit of volume, 

x = net amount of ATP produced by oxidative phosphorylation 

y = net amount of ATP formed by the AK reaction 

z = net amount of ATP utilized in the CK reaction 

TA = sum of all adenine nucleotide concentrations 

TC = sum of Cr and CrP concentration. 

It follows that at any moment during incubation: 

concentration of AMP = y (3) 

concentration of CrP = z (4) 

concentration of Cr = TC - z (5) 

concentration of ATP = x + y - z (6) 

concentration of ADP = TA - x - 2y + z. (7) 

When AKM and CKM are constant and known, for any value of x a set of two equations 
with two unknown parameters (y and z) remains: 

I !,l’ ,’ 
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Fig. 3. Adenine nucleotide and CrP concentrations in relation to the sum of the high-energy 
phosphate compounds produced. The single points represent the experimentally obtained data of 
Figs. 2 (A)-(D) (for symbols: see legend of Fig. 2). The drawn curves represent the metabohte 
concentrations as calculated by the simulation program, using mass action ratios for CK of 

7.4 x 10-s and for AK of 0.96 (see Results). 

AKM = (TA - x - 2y + z)~/[(x + y - z). y] (8) 

CKM = (TA - x - 2y + z) . z)/[(x + y - z) . (TC - z)]. (9) 

The program resolves these equations by means of an iterative procedure (see Appendix for 
program listing). 

AKM and CKM values were determined at incubation times of 1.5 (high concentration of 
AMP) and 30 min (high concentration of CrP), respectively, using 600 x g supernatants of 
muscle biopsy specimens of controls. 

RESULTS 

Figures 2 (A-D) show the changes in adenine nucleotide and CrP concentrations during 
incubation of four 600 x g supernatants of biopsy specimens with pyruvate plus malate as 
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Fig. 4. The ATP and CrP generated during incubation as predicted by the computer program as a 
function of the sum of these compounds. Concentrations in the assay medium at the start of the 
incubation: ----- 2.0mM ADP and 20mM Cr, ~ 2.5 mM ADP and 40mM Cr. The 
corresponding bar indicates the interval of simultaneous rises in ATP and CrP concentrations in 

response to the mitochondrial activity (d[ATP]/dx > 0.25) and d[CrP]/dx > 0.25, see text). 
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Table I. Estimated and calculated metabolite concentrations in relation to the initial concentrations of ADP 
and Cr 

Initial Metabolite concentrations after 30 min 
cont. estimated/calculated value ATP produced by 

oxidative 
ADP Cr ATP ADP CrP phosphorylation 

3.0 20 2.00/l .73 0.292/0.239 0.713/0.983 2.68 

2.5 40 2.13/1.83 0.493/0.517 0.67310.971 2.65 

0.5 5.0 0.51/0.48 0.05010.019 0.753/0.778 I .26 

Incubations were performed as described in Materials and Methods at various initial concentrations of ADP and 
Cr. The computer program was executed for these conditions using values of 0.96 and 7.4 x 10m3 for AKM and 
CKM. respectively. Metabolite concentrations were estimated after 30 min of incubation. AMP concentrations are 
omitted because their estimation is inaccurate due to their low values. The experimentally determined value of 
ATP + CrP was used to obtain the corresponding set of calculated metabohte concentrations as well as the amount 
of ATP actually produced by the process of mitochondrial oxidative phosphorylation 1.~1. Concentrations are 
expressed in mM. 

substrates. Two of these biopsy specimens had an intact rate of oxidative phosphorylation 
(Figs 2A-B), the other two had a defect in oxidative metabolism (Fig. 2C): patient with a 
muscle lipoamide dehydrogenase deficiency [S]; Fig. 2(D): patient with a decreased 
cytochrome b and aa content in muscle [6, case 11. Large differences in the concentrations of 
ATP and CrP were established between on the one hand the 600 x g supernatants of the 
controls and on the other the patients with defective oxidative metabolism. After 1.5 min of 

incubation the concentration of ATP is about the same for the four homogenates because the 
metabolite concentrations are initially determined by the AK reaction [I]. Experimental 
determination of mass action ratios of the two kinase reactions gave the following values with 
control biopsies: AKM = 0.96 f 0.08, n = 12; CKM = 7.4 x 10m3 +_ 1.7 x 10-3, n = 8 

(mean f SD). 
These mass action ratios were used in the computer program to calculate the metabolite 

concentrations at any incubation time. Figure 3 shows both the experimentally estimated 
metabolite concentrations (from Figs 2 A-D) and the metabolite concentrations as 

calculated by the computer program. To compare the results of the program with the data 
obtained with the four muscle homogenates, the concentrations of the various compounds 
are plotted against the sum of ATP + CrP present during incubation. On visual inspection 
there is good agreement between the experimentally determined concentrations and the 
calculated ones, 

CrP concentrations initially show only a slight increase with time (Figs 2A and 2B). A more 
unequivocal correlation between the concentrations of ATP and CrP is obtained by adapting 
initial ADP and Cr concentrations. The program calculates the ATP and CrP concentrations 
as they arise in the assay medium by CK and AK activity for any amount of ATP generated 
by oxidative phosphorylation (x). Because x is proportional to the incubation time, 
systematic search was performed for initial concentrations of ADP and Cr which enlarge the 
interval of x with simultaneously clear rises in ATP and CrP concentrations in response to 
increasing values of x. It was found that within the range ofexperimental results, the length of 
the interval defined by d[ATP]/dx > 0.25 and d[CrP]/dx 3 0.25 can be increased up to 
1400; using initial ADP and Cr concentrations of 2.5 mM and 40 mM (Fig. 4), instead of the 
routinely used concentrations of 2.0mM and 20mM, respectively. In addition, it was 
experimentally verified that the agreement between calculated and estimated metabolite 
concentrations also holds for other initial concentrations of ADP and Cr (Table 1). Initial 
concentrations of ADP and Cr of either 2.0 and 20 mM or 2.5 and 40 mM result in about 
equal rates of mitochondrial oxidative phosphorylation. The rate is reduced to one third 

using 0.5 mM ADP and 5.0 mM Cr. 

DISCUSSION 

The capacity of skeletal muscle mitochondria to generate high-energy phosphate 
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compounds in response to the addition of ADP and a number of substrates can be 
investigated in 600 x g supernatants [l]. From such studies the question arose whether the 
course of metabolite concentrations during incubation could be described by the AK and CK 
reactions working at constant mass action ratios throughout the whole incubation period. 

At short incubation periods (t = 1.5 min in Figs 2A-D), ATP will predominantly be 
synthesized by the AK reaction. This was established in a previous study [l] either by 
inhibition of the AK activity or by inhibiting the oxidation of pyruvate plus malate. When 
oxidative phosphorylation continues, the direction of the AK reaction will reverse and 
produce ADP, consuming the AMP and ATP initially formed. In response to rising 
concentrations of ATP, CrP is formed. When nearly all ADP has been converted to ATP, 
almost all the ATP additionally formed by mitochondrial activity is used for CrP formation, 
resulting in recycling of ADP. 

A close agreement is found between the values calculated by the computer program and 
the experimentally determined metabolite concentrations (Fig. 3). This appears to hold for 
the whole range of ATP generated by oxidative phosphorylation, for control as well as for 
patients’ material. So, it can be concluded that the CK activity present in the 600 x g 
supernatants, whether or not from mitochondrial origin, has the capacity to establish mass 
action ratios at equilibrium value upon changing ATP/ADP ratios. It also implicates that the 
assumptions made in the development of the program, notably the absence of any influence 
of compartmentation of the metabolites, are valid for the conditions investigated. 

Saks [7] reported a ten times higher affinity of mitochondrial CK for ATP transported 
from the mitochondrial matrix via the adenine nucleotide translocase, than for cytosolic 
ATP. In view of the high ATP levels formed in the incubation medium and the crude nature 
of the 600 x g supernatants (containing various types of CK) it is not allowed to draw 
conclusions from the present study concerning the proposed coupling between the adenine 
nucleotide translocase and mitochondrial CK [8, 93. 

The equilibrium constants calculated from data of standard free energy change of the 
reactions involved [lo] (CK reaction: 7.67 x 10p3; AK reaction: 1.00) show striking 
agreement with the mass action ratios that were established experimentally during 
incubation of the skeletal muscle 600 x g supernatants (CK reaction: 7.4 x 10m3 
f 1.7 x 10m3 (n = 8); AK reaction: 0.96 + 0.08 (n = 12), mean + SD). Using the 
experimentally determined mass action ratios a good agreement is found between the 
calculated and estimated metabolite concentrations after incubation at various initial 
concentrations of ADP and Cr (Table 1). In addition, the rate of oxidative phosphorylation at 
the commonly applied initial concentrations of 2.0 mM ADP and 20 mM Cr is about equal 
to that obtained with the proposed 2.5 mM ADP and 40 mM Cr. On the other hand, at the 
initial concentrations of 0.5 mM ADP and 5.0 mM Cr the mitochondrial oxidative capacity 
was found to be reduced to about one third of the normal level. This is possibly caused by the 
rapid formation of high ATP/ADP ratios under these circumstances, which have an 
inhibiting effect upon the rate of mitochondrial respiration [l 11. At this low concentration of 
ADP, the estimated concentration is found to be higher than the calculated one. The reason 
may be that part of the ADP in the incubation medium is probably aspecifically bound to 
proteins present in the crude fraction and therefore not involved in reactions (1) and (2). This 
phenomenon will further increase the ratio of soluble ATP and ADP, already elevated by the 
process of oxidative phosphorylation. 

Application of a calculation procedure slightly modified from [12] shows that in 
incubations with 2.0 mM ADP and 20 mM Cr (or 2.5 mM ADP and 40 mM Cr) at least 93% 
of the ATP is Mg ‘+-bound. In contrast, the percentage of Mg’ +-bound ADP is less high and, 
moreover, decreases during incubation from 64 to 50% (or from 61 to 44%). In spite of this 
variability in the concentration of Mg ‘+-bound ADP, the rate of mitochondrial respiration 
is linearly related to the incubation time [ 1). Moreover, a raise in the initial concentrations of 
ADP and Cr from 2.0 and 20 mM to 2.5 and 40 mM, respectively, with changing relative 
amounts of Mg’+-bound ADP, is of no consequence for the amount of ATP produced by 
oxidative phosphorylation (Table 1). Therefore, for the prevailing conditions under the 
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experimental set-up, we do not have to take into account the aspect of Mg”-binding of the 
nucleotides. 

An abnormal correlation between ATP and CrP concentrations may point to a 
disturbance in the CrP metabolism. Calculation of the course of metabolite concentrations 
during incubation with various starting concentrations of ADP and Cr pointed out that the 
sensitivity of the assay system can be improved by using 2.5 mM ADP and 40 mM Cr. Other 
combinations of initial ADP and Cr concentrations may even lead to a higher sensitivity of 
the technique. But the interval in which ATP and CrP concentrations show simultaneously 
significant rise will be reached only with a very active muscle sample, making the application 
of such initial ADP and Cr concentrations unsuitable for the diagnostic investigation of 
patients’ material. 

SUMMARY 

A computer program has been written to calculate the generation of the high-energy 
phosphate compounds ATP and creatine phosphate by mitochondria in skeletal muscle 
600 x g supernatants. The results indicate that at any rate of ATP generation by tissue 
material obtained from either healthy controls or from patients with sub-optimum 
functioning muscle mitochondria, the assay system is controlled by the mass action ratios of 
the adenylate kinase and creatine kinase reactions. These ratios are constant at all incubation 
times and are not influenced by defects in oxidative metabolism. 

The program can be used to calculate optimum concentrations of the phosphate acceptors 
in the medium for diagnostic studies. 
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APPENDIX 

PROGRAM LISTING 

LIST 

10 PRINT CHR+(12):PRINT:PRINT 
20 PRINT”CALCULATION OF IN VITRO GENERATION OF CITP CIND” 
30 PRINT”CRE&TINE PHOSPHATE INDUCED BY RESPIRATION IN” 
40 PRINT” HUMAN MUSCLE MITOCHONDRIA” 
50 PRINT:PRINT TCIB(30) ; “**without plotting procedure*+” 
60 PRINT: PRINT: PRINT”Department of Pediatrics“ 
80 PRINT”Catho1 ic Univerri ty of Ni jmegen, The Netherlands” 
100 PRINT:PRINT:PRINT:PRINT 
120 PRINT”PLEBSE ENTER THE FOLLOWING VALUES” 
140 PRINT”FOR DEFAULT VALUE ( 1 GIVE ONLY CARRIAGE RETURN” 
160 PRINT: PRINT 
200 INPUT”M&SS ACTION RATIO CREATINE KINfiSE (0.0074) ‘I; CKM 
220 1NPUT”MfiSS ACTION RATIO C\DENYLCITE KINCISE (0.96) ” ; AKM 
240 1NPUT”SUM ClDENOSINE NUCLEOTIDES (2000) ” ; Tfi 
260 1NPUT”SUM CREATINE CIND CREATINE PHOSPHClTE (20000) ” ; TC 
280 1NPUT”STfiRT CONCENTRATION FITPoxid. phosph. (0) “; MIN 
300 1NPUT”END CONCENTRATION ATPoxid. phosph. (6000) ” ; Max 
320 1NPUT”STEPSIZE CITPoxid. phosph. f 100) I’ ; ss 
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330 PRINT CHRs(12):PRINT:PRINT 
350 REM DEFAULT VALUES 
400 IF CKM=O THEN CKM=0.0074 
420 IF AKM=O THEN AKM=0.96 
440 IF TA=O THEN TA-2000 
460 IF TC=O THEN TC=20000 
480 IF MAX=0 THEN MAX=6000 
500 IF SS=O THEN SS=lOO 
700 POKE -16432,147: REM PRINTER ON 
720 PRINT”LISTING ENTERED VALUES” 
740 PRINT”==============_=======” 

760 PRINT”MASS ACTION RATIO CREATINE KINASE ” ; CKM 
780 PRINT”MASS ACTION RATIO ADENYLATE KINASE ” ; AKM 
800 PRINT”ATP+ADP+AMP ” ; TA 
820 PRINT”Cr+CrP ” ; TC 
840 PRINT”INTERVAL ATPoxid. phosph. “;MINg “-“;MAX; ” stepsize”;SS 
850 PRINT 
860 PRINT,,~~SYl~~rr~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,, 
865 PRINTllh~y~~rrhYhrr.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,‘ 

870 PRINT: PRINT 
1200 Vl= (l-CKM) ““2 
1250 V2=2*(TA*(CKM-1)+TC+CKM+o) 
1300 V3=TA+(TA+2+TC+CKM) 
1350 V4= (2-CKM )^2 
1400 VS=TA* (CKM-2) -TC* (CKM”2) 
1450 V6=(CKM-l)*(CKtl-2) 
1460 REM ATPoxp=X;ATPnet=X+Y-Z;ADP=TA-X_2Y+Z;AMP=Y;CrP=Z 
1500 PRINT”ATPoxp”; TAB (8) ; “ATPnet”; TAB (16) ; ” ADP”; 
1510 PRINT TAB (24) ; ” AMP”; TAB(32) ; ” CrP”; TAB (40) : 
1520 PRINT”ATP+CrP”;TAB(48) j “ENERGY” 
1530 PRINT TAB (48) 5 “CHARGE” 
3000 FOR X=tlIN TO MAX STEP SS 
3100 Y=O 
3200 GOSUB 20000 
3300 Zl=Z 
3400 GOSUB 30000 
3500 Yl=Y 
3600 GOSUB 20000 
3630 Z=Z+(Zl-Z)/2 
3675 IF Zl=O GOT0 3200 
3700 IF ABS((Zl-Z)/Zl)<O.Ol GOT0 4000 
3800 GOT0 3300 
4000 GOSUB 30000 
4200 IF ABS((Yl-Y)/Yl)<O.Ol GOT0 4500 
4300 GOT0 3200 
4500 PRINT INT(X+O.S);TAB(8);INT(X+Y-Z+O.5);TAB(l6); 
4510 PRINT INT(TA-X-2*Y+Z+O.S);TAB(24);INT(Y+O.51; 
4520 PRINT TAB(32); INT(Z+O.S) ;TAB(40); INT(X+Y+O.S); 
4530 PRINT TAB(48);(INT(50+(X-Z+TA)/TA+O.5~~/100 
5000 NEXT X 
5050 PRINT”END OF CALCULATION”:PRINT 
5075 POKE -16432,240:REH PRINTER OFF 
5100 END 
20000 REM+**SUBROUTINE CALCULATION OF Z*** 
21000 WO=V1*(X*2)+V2*X+V3+V4w(y^2)+2+o*Y 
22000 Z=X*(l-CKM)+Y+(2-CKM)-TC+CKM-TA 
22050 Z=(Z+SRR(W0))/(2+(1-CKM)) 
23000 RETURN 
30000 REM+**SUBROUTINE CALCULATION OF Y*** 
31000 WO=AKM*( (X-Z)“2+(AKM-4)+4*(TA”2) 1 
32000 Y=4*(TA-X+Z)+AKM+(X-Z) 
32050 Y- (Y-SQR (WO) ) / (2+ (4-AKM) ) 
33000 RETURN 
READY 


