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The dynamic model developed in our previous publications [1,2] was used to calculate the flux control coefficients of oxidation, 
phosphorylation and proton ieak fluxes for isolated mitochondria and for three modes of work of intact cells (hepatocytes). The 
results obtained were compared with experimental data, especially those measured in the frame of the 'top-down approach' of 
the metabolic control theory. A good agreement for mitochondria and for intact cells was found. The control of the oxygen 
consumption flux is shared between the ATP utilization (main controlling factor), substrate dehydrogenation, proton leak and, in 
some conditions, the A T P / A D P  carrier. The phosphorylation subsystem seemed to be controlled mainly by itself, while the 
proton leak was influenced by all three subsystems. It was also shown that the large relative change in the enzyme activity during 
inhibitor titration of mitochondria or cells could lead to the overestimation of some flux control coefficient values in 
experimental measurements. An influence of some hormones (glucagon. vasopressin, adrenaline and others) on the mitochon- 
drial respiration was also simulated. Our results suggest that these hormones stimulate the substrate dehydrogenation as well as 
the phosphorylation system (ATP usage and, possibly, the A T P / A D P  carrier). 

Introduction 

The  bes t  m e a n s  of descr ib ing  the  extent  of  enzyme 
(or  process)  cont ro l  of  the  flux t h r ough  a given 
metabo l ic  pa thway is the  metabo l ic  cont ro l  theory  [3-6].  
Accord ing  to this theory  n o n e  of the  enzymes  uniquely  
d e t e r m i n e s  the  flux t h r ough  a pathway.  T h e  par t ic ipa-  
t ion of  each  enzyme in the  cont ro l  of  a flux is descr ibed  
by a p a r a m e t e r  called the  ' f lux cont ro l  coeff ic ient '  
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In all equations, concentrations of chemical compounds are rep- 
resented by symbols written without square brackets for clarity and 
simplicity. 
Abbreviations: a r, a relative affinity of ATP to the ATP/ADP 
carrier with respect to ADP; fcc, flux control coefficient; k x, k~ ,  
forward and backward rate constant of reaction x; K x, equilibrium 
constant of reaction x; KMx, Michaelis-Menten constant of reaction 
x; N. concentration of the oxidized form of r,AD; Nh, concentration 
of the reduced form of NAD; Rcm, ratio of ceil to mitochondria 
volume; TCA cycle, tricarboxylic acid cycle; (subscripts) DEHY (DL 
substrate dehydrogenation; CONS (C), internal ATP consumption; 
UTIL (U), external ATP utilization; GLYC (f;), glycolysis; "e', exter- 
nal; 'i', internal; 'IF', free; 'm', magnesium complex; "t', total. 

(fcc). It is def ined  as the  rat io  of the  relative change  in 
a given flux caused by the small  relat ive change  in the 
enzyme concen t r a t i on  (activity) to the  change  itself. If 
we deal  with the  inf luence of  an enzyme i on  flux m 
then  the  adequa t e  fcc is equal  to: 

CJ~, = ((SJ m/Jm) / (aEi /E i ) ,  (I) 

where  J indicates  flux and  E indicates  enzyme concen-  
t ra t ion  (activity). The  flux control  coefficient  is a global 
p a r a m e t e r  - it d epends  on  the  proper t i es  of a whole  
system, not  only on the  fea tures  of  a given enzyme, 
d e p e n d i n g  also on  system condit ions.  So, any compar i -  
son should  be  pe r fo rmed  for similar condi t ions.  More -  
over, du r ing  exper imenta l  measu remen t s ,  the  condi-  
t ions should  be  es tab l i shed  as close to physiological 
condi t ions  as possible if physiological re levance  is de-  
sired. T h e  sum of  fcc values of  all e n ~ m e s  (processes)  
in re la t ion  to a given flux is always equal  to 1 - it is the  
co-called ' s u m m a t i o n  proper ty ' .  

T h e  p a r a m e t e r  which de t e rmines  the  inf luence of  a 
given me tabo l i t e  on  the  activity of  a given enzyme is an  
elasticity coefficient.  I t  is def ined as the  relat ive change  
in enzyme activity divided by the  small  relat ive change  
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in a metabolite concentration. The elasticity coefficient 
for metabolite n and enzyme i is: 

~:~.,,, ~ (,%., / ~.~ )/(,~s,,  / s,, ), (2) 

where t' indicates reaction rate and S indicates 
metabolite concentration. The elasticity coefficient is a 
local parameter - it is a property of a particular 
enzyme under conditions where all other metabolite 
concentrations are kept constant. 

An inhibitor titration is usually used for measuring 
the flux control coefficients in experiments. After addi- 
tion of a small amount of the inhibitor, specific for a 
given enzyme, the initial decrease in a flux intensity is 
measured. Nevertheless, the relative changes used are 
often high, even equal to 0.25 of the initial enzyme 
activity [7]. 

The metabolic control theory is widely applied in 
the oxidative phosphorylation system. A number of 
experiments have been performed which have dealt 
with the measurements of the flux control coefficients 
for different enzymes (processes) in isolated mito- 
chondria and intact cells, with respect to the oxygen 
consumption flux [7-14]. It is generally accepted that 
in physiological or quasi-physiological conditions (the 
substrate dehydrogenation and external ATP utiliza- 
tion present, state 31/2) the control is shared between 
the ATP utilization, proton leak and, in some condi- 
tions, substrate dehydrogenation, cytochrome oxidase 
and the A T P / A D P  carrier. The problem of the extent 
of control by the A T P / A D P  carrier is most controver- 
sial. Groen et al. in mitochondria [7] and Duszyfiski et 
al. [10] as well as Tager et al. [11] in hepatocytes 
obtained values near 0.2-0.3 in the state 31/2. On the 
other hand, practically no control was stated in other 
experiments with isolated mitochondria [8,9,15,16]. 
Moreover, some measurements [10,11] were performed 
under gluconeogenesis conditions, which differ mark- 
edly from a mitochondrial hexokinase system and an 
intact hepatocytes resting state. Thus this problem 
seems to be unsolved entirely till now. 

A new tool for researching the control over the 
oxidative piaosphorylation system arose with a ' top- 
down approach' to the metabolic control theory [18-20]. 
It enables us to fix the flux control coefficients of 
whole subsystems instead of particular enzymes. In the 
publications mentioned flux control coefficients of the 
oxidation, phosphorylation and proton leak subsystems 
over the oxidation, phosphorylation and proton leak 
fluxes were calculated. The oxidation subsystem con- 
sists of the substrate dehydrogenation, respiratory chain 
and cytochrome oxidase; the phosphorylation subsys- 
tem contains ATP synthetase, A T P / A D P  carrier, 
phosphate carrier, adenylate kinase, internal and exter- 
nal ATP usage; the proton leak subsystem includes 
only the proton leak. The calculation was based on the 

relative values of the three fluxes and on the values of 
elasticity of those subsystems on a 'central intermedi- 
ate" - the protonmotive force A~H~. An assumption 
that the subsystems influence each other only by this 
intermediate was the condition of the validity of the 
calculations. The results obtained were rather similar 
for isolated mitochondria and intact hepatocytes. The 
oxidation flux was controlled by all three subsystems 
(with a domination of the phosphorylation one), while 
the phosphorylation system was regulated mostly by 
itrelf. 

Up to now the flux control coefficients have not 
been measured for the different physiological states of 
cells. The factors distorting the obtained values of fcc 
values have not been assessed quantitatively. The pur- 
pose of our work is to compare calculated flux control 
coefficients with experimental results and to obtain 
theoretically the parameter  values not measured till 
now. Of course, because of complexity of the simulated 
system, the results obtained can be considered as only 
semi-quantitative ones. 

It has been uncertain until now which parts of the 
mitochondrial phosphorylation system are affected 
(probably through cAMP or Ca 2+) by hormones stimu- 
lating gluconeogene~is and ureogenesis (glucagon, va- 
sopressin, adrenalin and others). Brand and Murphy in 
their extensive review [6] came to the conclusion that 
the main point of the action of these hormones is the 
substrate dehydrogenation (Ca 2 +-dependent TCA cycle 
dehydrogenases). Having the verified model (at least 
semi-quantitatively) our purpose was to check this sup- 
position. 

Model 

For the numerical simulations a dynamic model of 
the oxidative phosphorylation process developed in our 
previous publications [1,2] is used. Some modifications 
are named below. 

First of all the description of the substrate dehydro- 
genation is changed. The one used in Ref. 2 is ove.~sim- 
plified (a linear dependence on [NAD+]). It does not 
allow stimulation of the substrate dehydrogenation by 
an increase in NAD + concentration; the moiety-con- 
servation property and the highly oxidized NAD pool 
determine that this process is almost saturated with 
NAD ÷. So, an increased ATP usage would cause al- 
most no effect on the respiratory rate (particularly if 
the substrate dehydrogenation dependence on the 
[ADP]/[ATP] ratio is considered to be weak). The 
substrate dehydrogenation would not be able to be 
activated by an increase in the acetyl-CoA concentra- 
tion either, as the citrate synthetase is insensitive to it 
in a wide range [17]. In the present publication, we 
intended to reflect the properties of the tricarboxylate 
acids cycle. According to Williamson et al. [17], the 



main controlling component of  this cycle is the isoci- 
trate dehydrogenase. This enzyme influences two other 
irreversible ones, namely the citrate synthetase and 
2-oxoglutarate dehydrogenase, via the concentration of 
citrate and 2-oxoglutarate, respectively. The isocitrate 
dehydrogenase is effectively inhibited by NADH. The 
K i constant is equal to about 16 /zM [17] (about 0.05 
/zM in suspension). The apparent Km constant for 
NAD + can be assessed for the physiological isocitrate 
concentration as equal to about 300 v.M (0.88 /.tM in 
suspension). Taking into account the above mentioned 
facts we described the substrate dehydrogenation pro- 
cess by an equation, being a simple modification of the 
expression for the competitive inhibition: 

UDEHY = VmaxD/(14- KMN(I  + Nh/Ki) m/N) (3) 

The power parameter m was adjusted to be equal to 
0.45. This value is less than unity because of partial 
compensation of changes in the NAD pool redox level 
by changes in the concentration of citrate (and isoci.- 
trate). It must be emphasized that the presented de- 
scription of the substrate dehydrogenation process is 
phenomenological and intuitive. In order to ensure its 
physiological relevance, adjusting the value of m, we 
checked its ability to imitate the inhibitor titration 
curves from Fig. 4 and 5 in Ref. 19 (a quite broad 
range of cell conditions). A good, at least semi-quanti- 
tative, agreement was finally stated. Thus, we assume 
that this description is a sufficient, phenomenological 
approximation. Of course, an adequate detailed model 
of the Krebs cycle would be better than a single, 
phenomenological equation and we plan to develop it 
in the future. 

The value of the constant k L2 in the expression for 
the proton leak [2] is slightly enlarged from 9.0.10- ' -  
to 9.2.10 -z mV -~ in order to obtain a slightly better 
agreement with the experiments. 

Some minor changes were introduced to be in line 
with recent knowledge. We assume that complex I 
pumps four protons per two passing electrons. The 
cytochrome c mid-point redox potential value, equal to 
260 mV, was accepted. The initial ApH value was 
slightly decreased to 36 mV. The resultant [NAD+] /  
[NADH] ratio was then equal to about 10. These 
changes did not significantly influence the properties 
of the model. 

In order to reveal the pattern of the control over the 
respiration process under different cell conditions, we 
distinguished three modes of the work of cells (espe- 
cially hepatocytes): 

Mode 1, no additional ATP supply (glycolysis), /3- 
oxidation of fatty acids as the source of reducing equiv- 
alents, fatty acids as a respiratory substrate, an external 
ATP utilization slightly dependent on the [ATP]/  
[ADP] ratio. This mode is similar to the conditions 
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applied previously [2]. A kinetics of both external and 
internal ATP utilization is slightly changed (a depen- 
dence on the [ATP]/[ADP] ratio ;_s applied): 

/ 'UI'IL = t 'maxU/(  | 4- K M U / ( A T P ~ / A D P I ~  )) (4) 

t ' coYs = t'naax c / ( 1  + KMC/(ATPti/ADP u )) ,  (5J 

where KMV = 3 and KMC = 0.5. 
Mode 2, glycolysis as a source of reducing equiva- 

lents and additional ATP supply, glucose as a respira- 
tory substrate, the external ATP utilization weakly 
dependent on the [ATP]/[ADP] ratio. A differential 
equation describing the additional ATP supply by the 
glycolysis process is added to the original model. A 
linear dependence of this process on the [ADP]/[ATP] 
ratio is assumed. Of course such an assumption is only 
a rough approximation. An adequate expression is: 

VGLVC = k ,  X ADPte/ATPt~,  (6) 

The rate constant kg iS calculated under the assump- 
tion that the ATP supply by the glycolysis is equal to 
about 10% of that by the oxidative phosphorylation in 
aerobiosis conditions, as assessed from relative fluxes 
of glycolytic and oxidative ATP synthesis. An influence 
of the glycolysis on the substrate dehydrogenation is 
neglected as it is assumed that the latter process is 
mainly controlled by Krebs cycle dehydrogenases (the 
flux through this cycle is independent on the pyruvate 
concentration over a wide range [17]). Hence, the only 
kinetic relationship between the glycolysis and 
phosphorylation systems occurs through a competition 
for ADP (Pasteur and Crabtree effect). 

Mode 3, no additional ATP supply, lactate as a 
respiratory substrate, gluconeogenesis as a major 
ATP-utilizing reaction, strongly dependent on the 
[ATP]/[ADP] ratio. In comparison with the Mode 1, 
the additional external ATP utilization is introduced. 
This process is described by the equation analogous to 
Eqn. 4. The adequate Michaelis-Menten constant is 
increased 30-time~ (a near-linear dependence), while 
the maximal velocity is enlarged 7-times to increase the 
respiratory rate by about'30%. The mode of stimulated 
ureogenesis is not distinguished, as we assume that it is 
kinetically comparable with Mode 3. 

The model for isolated mitochondria suspension is 
similar to that described in Ref. 2. Comparing with the 
cell Mode 1, the following changes are introduced: (1) 
a lack of cell volume - concentrations of the external 
ATP, ADP, AMP and Pi are determined in a suspen- 
sion volume; (2) an external concentration of inorganic 
phosphate is 10 mM and of the adenine nucleotides 
pool is I raM, in agreement with experimental condi- 
tions [7,8]; concentrations of particular nucleotides were 
adjusted to obtain an external and internal phospho- 
rylation potential comparable with that in intact cells, 
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maintaining the same displacement from equilibrium 
of the adenine nucleotide carrier and phosphate car- 
rier; (3) only two coupting sites are considered (com- 
plex Il l  and IV), since succinate is used as a substrate; 
a mid-point redox potential for a pool of reducing 
equivalents ( succ ina te / fumara te ,  UQ,  complex II), be- 
ing near  equilibrium, is assumed as equal to 0.00 mV; 
an oxygen consumption rate is assumed to be equal to 
1.7 g M  O~ per s to maintain the phosphorylation rate 
at the same level; (4) the external ATP  consumption is 
described as [ATP]-dependent,  with Michael is-Menten 
constant equal to 150/xM; (5) because of  the near-lin- 
ear relationship between [ATP,~]/[ADPt~][Pi,. ,.] and 
( , _ l # t l - / z j  is found in the simulation, the ey- 
tochrome oxidase is described as depending on the 
protonmotive li~rce instead of  on the external phospho- 
rylation potential. 

For calculation of the flux control coefficients, a 
dynamic property of the model is applied. The relative 
change of 0.001 in enzyme activity at the steady state of 
the system is performed. Then, when the system is 
stabilized, after a sudden change in the enzyme activ- 
ity. it is possible to calculate the flux control coefficient 
for t~,is en~ 'me.  

The set of differential equations described in Ref. 2, 
and modified as ment ioned above, is integrated using 
the Gear  subroutine, designed especially for 'stiff" 
problems. Calculation programs are written in Mi- 
crosoft Fortran. The  simulations were per formed using 
a P C / 3 8 6  (33 MHz) computer,  equipped with a copro- 
cessor. 

Resul t s  and  D i s c u s s i o n  

The simulated flux control coefficients of an oxy, gen 
consumption flux of main enzy'mes (processes) taking 
part in the oxidative phosphorylation arc shown in 
"Fable I. Those for isolated mitochondria are similar to 
those calculated previously [2] in the framework of a 
slightly simpler model. Thus, a comparison with experi- 
mental results and a general discussion remain essen- 

tially the same. All simulated fcc values are in good 
agreement  with the experiments.  The  only partial ex- 
ception is a flux control coefficient for the adenine 
nucleotide carrier. This contradict ion was discussed in 
F.ef. 2 and will, additionally, be analyzed below. The  
fcc values for intact cells are rather  similar to those for 
isolated mitochondria.  Cells working in Mode 1 o r  
Mode 2 are in the ' rest ing '  state. This means  that there 
is a low A T P  utilization. A T P  is consumed by reactions 
essential for the survival of  a ceil, for example a 
protein synthesis, an ion and substrate transport.  They 
are 'base '  reactions° In these conditions the A T P  uti- 
lization is essentially independent  on the [ A T P ] / [ A D P ]  
ratio [21]. In Mode 3 the main ATP-uti l iz ing reaction is 
gluconcogenesis.  Its substrate, lactate (or others,  being 
relatively near  the equil ibrium with lactate, for exam- 
ple, pyruvate or dihydroxyacetone),  which is in excess, 
causes an inhibition of  the glycolysis and /3-oxidation, 
and an adequate  activation of  the gluconeogenesis ,  and 
hence. ATP  utilization. The gluconeogenesis  is much 
more sensitive to the [ A T P ] / [ A D P ]  ratio than 'base '  
reactions. This is obvious, because,  at a lower phospho- 
rylation potential ,  all reactions not needed  immediately 
for keeping the cell alive must be ' t u :ned  off'. Thus 
Mode 3 represents  an 'act ive '  state of  a cell. If we pass 
from isolated mitochondria  via the 'resting" state of  a 
cell to the 'active '  one,  we can see a gradual,  direc- 
tional change in the fcc values for some processes. 
While the fcc value for the A T P  utilization exhibits a 
clear decrease,  the fcc values for the substrate 
dehydrogenat ion and A T P / A D P  carr ier  increase. 
Stated simply, in a less ' res tr ic ted '  energet ic  state, the 
ATP utilization is allowed to relax the control over  
respiration - the increased rate of  the oxidative phos- 
phorylation is able to meet  the demand for the A T P  of  
'base '  reactions and gluconeogenesis.  U n d e r  these con- 
ditions the control can be shifted to the substrate 
dehydrogenat ion and the A T P / A D P  carrier. Among  
the fcc values ment ioned for cell conditions, only this 
one for the A T P / A D P  carrier  has been measured  
experimentally [10,11]. The  value obtained was 0 .25-  

TABLE I 

Simuhm'd fTm ~ oncrol coefficicnts o! tile ~ztygen comunlption tlua #1 isolated mitoi hondria and intact ccll~ 

End, me Milochondria ('ells 
(reaction) Mode I Mode 2 Mode 3 
Suhslrate dehydrogenation 0.09 (J.14 0.14 0.36 
Cylochrome oxidase 0.0q 0.04 0.05 0.06 
ATP synthetase O,(X) 0.00 0.00 0.00 
Internal ATP consumption (L02 0.02 0.02 0.0 I 
ATP/ADP carrier 0.02 O. 13 0.17 0.22 
Phosphate carrier 0.11t) 0.01 (I.02 0.02 
External ATP utilizalion (L59 I).48 ().40 0.24 
Glycolysis - - - (L05 - 
Proton leak 0.19 0.18 0.19 0.09 
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0.28. Nevertheless, it must be emphasized that both 
studies mentioned were performed in the Mode 3 
conditions. Thus, they are in good agreement with our 
theoretical results (some difference can be caused, for 
example, by an overestimation of flux control coeffi- 
cient values using a graphic method - see below). 
However, this value cannot be extrapolated, either to 
the other modes in cells, or to mitochondria. The 
higher fcc value for the A T P / A D P  carrier in state 2 
than in state i is in line with the conclusion based on 
experimental results [8,9] that the additional ATP sup- 
ply enhances the control of this enzyme. However, the 
increase in the strength of the control is smaller than 
in cited publications because the ATP influx from the 
glycolysis is much smaller than the one from the pyru- 
rate  kinase used in these experiments. 

Generally, we obtained results indicating that both 
in mitochondria and in cells the control of the oxygen 
consumption flux is distributed between the ATP uti- 
lization, proton leak and, under some conditions, sub- 
strate dehydrogenation and the A T P / A D P  carrier. 

In Table 11 a comparison is made between the 
' top-down approach'  to the metabolic control theory 
[20] and simulations based on our model for mito- 
chondria conditions. A fairly good agreement can be 
stated, supporting validity of the model. On the other 
hand, experimental conditions are better defined in 
mitochondria than in cells. For example, because of 
applying succinate as a substrate, there is no danger 
that the phosphorylation system can affect the oxida- 
tive system differently than by ~ p  (key dehydrogenases 
of the tricarboxylate cycle are sensitive to the [ADP] /  
[ATP] ratio). 

Table III shows the flux control coefficient values of 
the three distinct subsystems in the cells working in 
Mode 1. The comparison between experimental [19] 

TABLE II  

Simulated flux control coefficients of oxidation, pltosphoo'lation and 
proton leak subpathways of oxidation, phospho~'lation and proton h'ak 
flto:es in isolated mitochondria compared with experimental re.~-ult.~ 
obtained in the frame of" the 'top-down approach' of metabolic control 
Iheory a 

Su b p a t hway  Oxida t ion  Pt:oy.r~hoD'lation Proton leak 
flux flux flux 

Oxida t ion  
s imu la t ed  0,18 0.01 0.77 

ex p e r im en t a l  = 0.15 = 0.00 ~- 0.60 

Phosphory la t ion  
s imula ted  0.63 0.99 - 0.60 

expe r imen ta l  = 0.65 -~ 1.00 = - 0.50 

Pro ton  leak  
s imu la t ed  0.19 0,00 0.83 

expe r imen ta l  ~ 11.20 --- 0.00 = 0.90 

See Ref .  20. 

T A B L E  111 

Simulated flto" control toe]]icienl~ of ¢~xld~tlion, pho.vgu)rylation utul 
prolon leak suhpathways Of ¢z~idatmn, pho,spl!on'latbm and proton Icol~ 
t'lme,~ in intact hepatocytes n'orking in the Mode 1 compared with 
experimental resuhs obtained in the frame a[ du' "top-down approa~ h' 
of tnelaholie control theory for 5tarced rats '~ 

Subpa thway  Oxida t ion  Phosphory la t ion  Proton leak 

flux flux flux 

Oxida t ion  

s imula ted  0.18 0.09 0.54 

expe r imen ta l  0.27 0.21 0.48 

Phospho~ ' l a t ion  

s imula ted  (t.64 ti.93 - 0.42 

expe r imen ta l  0.57 (t.84 - (I.37 

Pro ton  leak 
s imula ted  0.18 - 0.f)2 {I.88 

expe r imen ta l  0. I 6 - 0.05 0.89 

See Ref .  19. 

(starved rats) and simulated results exhibits a good 
agreement for most fcc values. The main differences 
are in the control of the oxidetion and phosphorylation 
fluxes by the oxidation subsystem. To explain these 
differences, we have calculated the cla.+ticity coeffi- 
cients for all three subsystems with respect to J p  and 
compared them with the experimentally measured ones. 
It is important to know their values because they serve 
together with the relative flux intensities to calculate 
the fcc values in the context of the ' top-down ap- 
proach'. We obtained for the oxidation, phosphoryla- 
tion and proton leak flux: -6 .46  ( -6 .1 ) ,  0.66 (1.7) and 
4.22 (4.0), respectively (experimental values in brack- 
ets). Thus, the simulated elasticities of the oxidation 
and the proton leak subsystems agree well with the 
experimental ones. On the contrary, the simulated 
elasticity for the phosphorylation system is almost 3- 
times smaller than the experimental one. Of course, 
the first reason for this disagreement can be the inva- 
lidity of the model, especially kinetics of the ATP 
utilization. Nevertheless, we simulated the elasticity tor 
lhe case where the ATP utilization was linearly depen- 
dent on the [ATP]/ [ADP] [Pi] ratio (a very strong 
dependence) and we obtained a value of 1.36, which 
was still smaller than the measured one. in fact. a 
much smaller dependence of the "base" reactions on 
the phosphorylation potential should be expected. On 
the other hand, we used in our simulations a 'nearly- 
infinitesimal" relative change in the oxidation system 
activity (0.001), while Brown et al. [19], during myxo- 
thiazol titration, applied a change, which lowered the 
respiratory rate by about 20% (Fig. 5 in the cited 
paper). When we had introduced such a change, we 
obtained the elasticity coefficient value for the phos- 
phorylation subsystem with respect to the proton-mo- 
tive force equal to 1.67, which is very similar to the 
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TABLE IV 

Simulated flux" control coefficients of oxidation, pho.~phorylation and 
proton h,ak subpathways of oxidati(m, phosphorylation and proton leak 
jh~es in hltact hepato(ytes working in the Mode 2, compared with 
experimental results obtained m the fi'ame of  the 'top-down approach' 
of metabolic control theo~" for red rats ~ 

Subpathway Oxidation Phosphorylation Proton leak 
flux flux flux 

Oxidation 
simulated 0.19 0. I0 0.52 
experimental 0.29 0.23 0.42 

Phosphorylation 
simulated 0.62 0.93 - 0.40 
experimental 0.49 0.84 - 0.29 

Proton leak 
simulated 0.19 - 0.02 0.88 
experimental tL22 - 0.07 0.87 

' See Ref. t9. 

experimental one. Thus, we can state that the obtained 
experimental value is not a ' real '  coefficient, but only a 
'large-scale" one. This discrepancy has, thus, been suc- 
ce:sfully clarified. It indicates how important it is to 
apply as little relative change in an enzyme activity as 
possible during inhibitor titrations. 

Table IV presents a comparison of the fcc values 
obtained experimentally for a suspension of cells iso- 
lated from fed rats [19] and simulated for Mode 2. The 
results are rather similar to those in Table III. Thus, 
the discussion made for Mode 1 remains valid for 
Mode 2. Taking it into consideration, a good agree- 
ment with experimental results can be stated. 

Table V shows the fcc value simOated for Mode 3. 
Generally, the pattern of control is similar to the two 
other modes. Nevertheless, passing from the mitochon- 
drial conditions through Modes 1 and 2 to Mode 3, a 
clear increase of the fcc vahtes for the oxidation sys- 
tem, and a decrease of the fcc values for the phospho- 
rylation system, can be stated. It is due to the release 

TABLE V 

Simulated flux control coefficients o[" oxidation, phosphory!ation and 
proton leak subpathways of oxidation, pkosphorylation and proton leak 
fluxes hi intact hepatocytes working in the Mode 3 

Subpathway Oxidation Phosphorylation Proton leak 
flux flux flux 

Oxidation 
simulated 0.42 0.39 0.63 

Phosphor.elation 
simulated 0.49 0.67 - 0.53 

Proton leak 
simulated 0J)9 - 0.06 0.90 

of the control of the phosphorylation system in the 
"active' state. 

Our theoretical results, which are in semi-quantita- 
tive agreement with the experimental ones [19,20], show 
that the oxidation flux is controlled by all three subsys- 
tems, with the greatest fcc value being for the phospho- 
rylation subsystem. The latter is controlled mostly by 
itself, so it is only weakly influenced by the two others 
(the only exception being Mode 3). The large fcc value 
of the oxidation subsystem over the proton leak flux 
suggests that the proton leak acts as a 'buffer '  for 
changes in the oxidation flux, maintaining the 
phosphorylation flux essentially unchanged. This con- 
clusion is very important for the discussion on the 
stimulation of the oxidative pht.sphorylation system by 
hormones (see below). 

In our previous publication [2], we discuss the rela- 
tively high value of the flux control coefficient for 
A T P / A D P  carrier in a mitochondrial hexokinase sys- 
tem in the state 31/,, measured by Groen et al. [7]. 
Here we intend to extend this discussion. Gellerich et 
al. [8], who obtained practically no control for the 
A T P / A D P  carrier in the conditions mentioned, sug- 
gest that the reason is the great relative change (25%) 
in the carrier activity during carboxyatractyloside titra- 
tion described in Ref. 7. In order to assess this supposi- 
tion quantitatively, we simulated the dependence of 
the flux contr;~ ~ coefficient for the carrier considered 
on the relative change in the carrier activity (or con- 
centration). The results are presented in Table VI. It 
can be seen that, for the relative change used by Groen 
et al. [7], the measured fcc value can be overestimated 
by as much as 2-times. The second reason can be a 
slow return of the system to equilibrium, although 
rather fast transitions have been measured experimen- 
tally [22]. Further, as is shown by Geilerich et al. [23], 
the graphic method of the fixing of the flux control 
coefficients leads to the overestimation of the real 
value. And, finally, we stated in our model that the fcc 
value for the A T P / A D P  carrier is essentially depen- 
dent on the external magnesium concentration. All 
analysis of the kinetic model of this carrier proposed by 

TABLE Vl 

Simulated flux control co([ficients of A T P / A D P  carrier of oxygen 
consumption flux in isolated mitochondria at different relative changes 
in the carrier activity 

Relative change FCC a MRV h 
in carrier activity 

= 0.00 0.0248 1.00 
0.125 0.0332 1.33 
0.25 0.0480 1.93 
0.5 0.1470 5.90 

a Flux control coefficient. 
t, Multiplication of the real value. 



us [2] reveals that the changes in the [ADPf~]/ 
([ADFre ] + a r x [ATPre ]) ratio are responsible for more 
than 85% of the changes in the overall carrier activity. 
This ratio is influenced by the external magnesium 
concentration. The latter parameter is fixed differently 
in different experiments and has commonly a higher 
value than in intact cells. It can cause the obtained fcc 
values for the A T P / A D P  carrier to not be entirely 
relevant physiologically. 

It has been shown that hormones such as glucagon, 
vasopressin and others, stimulate the gluconeogenesis 
and ureogenesis, as well as the respiration [6,24-27]. 
The basic question is which parts of the whole oxida- 
tive phosphorylation system are activated by these hor- 
mones. Brand and Murphy [6], discussing some possi- 
bilities, draw the conclusion that the main stimulated 
point is the substrate dehydrogenation process (Ca 2+- 
sensitive TCA cycle dehydrogenases). This opinion is 
supported in Ref. 19. However, results obtained in this 
paper suggest that the phosphorylation system (and, 
hence, glueoneogenesis and ureagenesis) can be stimu- 
lated by the increase in the oxidation flux intensity only 
slightly, the rest of this mcrease being 'buffered' by the 
proton leak. The fact that an increase in the level of 
the NAD and cytochrome c reduction [25], as well as 
in the internal [ATP]/[ADP] ratio [27], can be ob- 
served after the hormone addition, does not necessarily 
lead to the conclusion that the substrate dehydrogena- 
tion system is activated mainly or uniquely, but proves 
only that this system is stimulated as well. The experi- 
mental findings that, after the hormone addition, the 
protonmotive force, remains essentially unchanged [26], 
suggest that the stimulation of the phosphorylation 
system is of the same order of magnitude. To support 
these intuitive considerations, we simulated the hor- 
mone influence on the oxidative phosphorylation sys- 
tem in two models. In Model A only the substrate 
dehydrogenation is stimulated while in Model B the 
phosphorylation system is activated with hormones as 
well. The simulations for both models are divided into 
three stages, the first two being the same. Stage 1 is 
Mode 1 of the cell work. Stage 2 begins after the 
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Fig. 1. The relative intensities of three fluxes before and after 
hormone action in Model A. After 100 s lactate is added, after 31)0 s 
hormone is introduced. OX flux, oxidation flux; PH flux, phospho- 

ry!ation flux; LK flux, proton leak flux. 

lactate additton and, hence, is comparable with Mode 
3. In Stage 3, hormone-caused stimulation occurs. The 
relative respiratory rates of the particular stages are 
from Ref. 24 and amount to approx. 100%, 130% and 
180%, respectively. In Stage 2 the additional external 
ATP utilization (corresponding to the gluconeogenesis) 
is described by the equation analogous to Eqn. (4), 
with the c o n s t a n t s  Vmaxl_J 2 = 7 • V,~× U and KMU 2 = ?0" 
KMU. In Stage 3 of Model A, the maximal velocity for 
the substrate dehydrogenation Vm~xD is increased 10- 
times and KmN is decreased 20-times. Stage 3 of Model 
B is characterized by the following changes: the sub- 
strate dehydrogenation and the phosphorylation sys- 
tem, apart from the ATP utilization, is activated 2- 
times, KMU 2 = KMU = 0.25 " KMU from Stages 1 and 2, 
Vmaxu2= 0.9'  VmaxU. The results obtained are pre- 
sented in Figs. 1 and 2 and in Table VII. Fig. 1 shows 
the three stages of Model A. It can be clearly seen that 
stimulation solely of the substrate dehydrogenation 
causes only a weak increase in the ,phosphorylation 
flux, the rest of the activation being 'buffered' by the 
proton leak. A quite different situation occurs in the 
Fig. 2, reflecting Model B. There, practically all the 
enhancement of the oxidation system is utilized by the 
increased activity of the phosphorylation system, the 
proton, leak remaining essentially unchanged. Thus, 

TABLE VII 

Comparison between two models o f  hormone action on oxidattce phospkorylation sys.tem 

Model A, only substrate dehydrogenation stimulated and Model B, phosphorylatitm system activated as well, 

Metabolic state Cyt. c reduction NAD reduction A/2 H * [ATP u ] /  FCC 
(%) (%) (mV) [ADPt,] (exch.) 

Resting slate 18.3 8.45 181.0 1.77 0.13 

Lactate added 15.7 1.18 174.3 0.99 0.22 

Hormone added 
model A 24.7 09.1 206.6 18.2 0.25 
model B 30.2 12,6 177.5 1.29 0.05 
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Fig. 2. The relative intensities of three fluxes before and after 
hormone action in Model B. After 100 s lactate is added, after )00 s 
hormone is inm)duced. ON flux, oxidation flux: PH flux, phospho- 

tylalion flux: LK flax, prolon leak flux. 

Model B reflects the exper imenta l  results nlt,ch bet ter .  
it must be emphas ized  that  the oxidat ion flux. being 
the sum of the two others ,  changes  similarly in both  
models. Fur ther  compar ison  is given in Table  Vll .  
Chosen  pa rame te r  wthles of the c o m m o n  Stages 1 and  
2 and of Stage 3 of both  models  are p re sen led  there .  It 
can be seen tha! the h o r m o n e  addi t ion in Model  A 
leads to the eno rmous  increase  in the level of  N A D  
reductkm,  protc ' !mot ive  force, fi~ternal [A1"P] / [ADP]  
ratio and k c  wdue fl)r A T P / A D P  carr ier ,  none  of 
thorn being conf i rmed by exper imen t s  [24-27]. O n  the 
o the r  hand,  Model  B agrees  with the  exper iments  very 
well (of course only a semi-quant i ta t ive  compar i son  is 
possible), This  model  shows that ,  af ter  the  ho r m one  
addit ion,  there  is some increase in the N A D  and 
cytochrome c reduct ion level [25], a modera t e  increase 
in the internal  [ .~ ,TP]/[AI)P]  rat io  [27], and  an essen- 
tially cons tant  pro tonmot ive  force [26], In spite of  this, 
the c:dculalcd flux conh'ol  coefficients  of the A T P /  
AI )P  carr ier  in Stages 2 :rod 3 agree  well with the 
exper imenta l  lindimas of Tager  cl al, [1 l]. These  au- 
thors  mcasured  lhc fcc wduc of this car r ie r  as equal  to 
0 .26-0.28 in Mode 3, this value reducing  to nearly zero 
af ter  the  glucagon addi t ion.  O u r  s imula t ions  are in line 
with the authors" conclusion that  this ho r m one  changed  
the ATP-utili~'ing system's elasticity with rcspcct  to the 
exterm,1 [ A T P ] / [ A D P ]  ratio. Wc must emphas ize  that  
stJch ).',ood agrceme, l l  with exper imenta l  m e a s u r e m e n t s  
is difficult to obta in  for any realistic condi t ions  wi thout  
s t imtdat ion of the A T P / A D P  carrier ,  So, our  conclu- 
sion is thai the ho rmones  men t ioned  inf luence thc 
subst ra te  dehydrogena t ion  as well as the phosphoryla-  
lion system (exlcrnal  ATP uti l izat ion anti, possibly, 
A T P / A D P  carrier),  It must b,? empt las ized thal  the 
s imulat ions descr ibed above are pe r fo rmed  for Mode  3 
(gluconeogenesis  present) .  H o r m o n e  addi t ion to the 
rest ing cells" suspens ion wouM yie!d a somewhat  diffcl-  
enl rCSLllt, as thc~c is n o  gluconcogenesns to bc stimu- 
lated. The  adeqm, tc  descr ipt ion for such condi t ions  

would be probably  in te rmedk , tc  be tween  Model  A and 
B (maybe closer  to Model  A). However,  such a si tua- 
t ion seems to occur  r a the r  seldomly in intact  living 
organisms.  We do not chlim tha t  ou r  model  has f;nally 
resolved the p rob lem discussed,  but  we helieve i~ sup- 
plies a s t rong hypothesis .  

The  con ten t  of the  p re sen ted  work is the theoret ical  
t reat ise  of the p rob lem of  thc mechan i sm cont ro l l ing  of 
the  oxidative phosphory la tkm system. The  dynamic  
model  descr ibed  in our  previous  p a p e r  is ver i f ied by a 
compar i son  with exper imen ta l  resul ts  and  t hen  used to 
obtain some new information about the system. Be- 
cause of its complexity,  the  resul ts  o b t a i n e d  can of ten  
only be compared  with exper imen t s  semiquant i ta t ively .  
Tak ing  into account  this l imitat ion,  the  model  reflects  
the  p roper t i e s  of the system well and  is :1 useful tool 
for r esea rch ing  the  problems that  have not been  en- 
tirely resolved ia an exper imenta l  way up till now. Of  
course,  subsequen t  verif icat ion will be necessary. 
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