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The consequence of the complexity of the metabolic network on the amount of control strength of adenine 
nucleotide translocator was investigated with isolated rat liver mitocbondria. Two experimental systems were 
compared: (i) mitochondria in the presence of yeast hexokinase (hexokinase system) and (ii) the same system 
plus additional pyruvate kinase (pyrnvate kinase system). In both systems the control strength was analysed 
for the adenine nucleotide translocator by inhibitor titration studies with carboxyatractyloside and for the 
hexokinase or pyruvate kinase by changing their relative activities. Experimental results were compared with 
computer simulation of these systems and that of a third one, where the extramitocbondrial A T P / A D P  ratio 
was held constant by perifusion (perifusion system). The results demonstrate quite different flux-dependent 
control strength of the translocator in the three systems. In the hexokinase system the control strength of the 
translocator on mitochondrial respiration was zero up to respiration rates of about 60 nmol O 2 / m g  protein 
per rain. For higher rates, the control strength increased until the maximum value (0.45) was reached in the 
fully active state. Here, the same value was also found in the pyruvate kinase system. In all other states of 
respiration the translocator exerts a higher control strength in the pyruvate kinase system than in the 
hexokinase system. This different behaviour was attributed to the various changes in the adenine nucleotide 
pattern caused by partial inhibition of the translocator in the hexokinase and pyrnvate kinase system. The 
data clearly show that the sharing of control strength depends not only on the respiration rate hut also on the 
complexity of the metabolic system. 

Introduction 

In aerobic cells both the mitochondrial H +- 
ATPase and enzymes of the glycolytic pathway 
phosphorylate ADP. Most of the ATP-utilizing 
reactions are localized extramitochondrially. Both 
compartments found for cellular adenine nucleo- 

Abbreviation: CCCP, carbonyl cyanide m-chlorophenylhy- 
drazone. 
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tides [1,2] are connected by the adenine nucleotide 
translocator, mediating the competition of differ- 
ent reactions for adenine nucleotides. The finding 
that in phosphorylating mitochondria the translo- 
cator operates far from equilibrium [3-6] suggests 
its contribution to the control of adenine nucleo- 
tide fluxes. This is in line with the dependence of 
mitochondrial respiration on the extramitochon- 
drial A T P / A D P  ratio [7] which was attributed to 
the kinetic properties of the translocator [8,9]. In 
contrast, Erecifiska and Wilson [10] concluded that 
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the translocator does not participate in control of 
mitochondrial respiration. Also, at the level of 
whole cells, e.g., hepatocytes [11,12] or yeast cells 
[13], experiments on the participation of the 
adenine nucleotide translocator in the control of 
respiration lead to different interpretations. Re- 
cently, we pointed out the dependence of the 
control function of the adenine nucleotide translo- 
cator on the complexity of the experimental model 
system [3]. It was predicted that the control of the 
respiration rate by the translocator should be in- 
fluenced by a second competing reaction of ATP 
formation. The concept of control strength devel- 
oped by Kacser and Burns [14] and Heinrich and 
Rapoport [15] allows quantification of the amount 
of control which a particular enzyme exerts on the 
flux through a pathway. Using this concept it was 
possible to quantitate the contribution of the 
translocator to the respiration control [16,17]. This 
report is specially focused on the consequences of 
system complexity on sharing the control strength 
between ATP-generating and -utilizing processes. 
For this purpose the hexokinase system (Fig. 1B), 
consisting of mitochondrial oxidative phosphory- 
lation and yeast hexokinase, was extended by a 
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Fig. 1. Effect o f  partial inhibition of the adenine nucleotide 
translocator on the respiration rate in systems of different 
complexity. (A) Mitochondrial ATP regeneration in an open 
system (e.g., perifusion system). (B) Mitochondrial ATP-regen- 
erating system plus extramitochondrial ATP-utilizing system 
(e.g., hexokinase+ glucose: hexokinase system). (C) Extramito- 
chondrial ATP-utilizing system plus competing mitochondrial 
and extramitochondrial ATP-regenerating systems (e.g., pyru- 
vate kinase+phosphoenolpyruvate: pyruvate kinase system). 
(Upper panels) (I) Oxidative phosphorylation, (II) hexokinas, 
(III) pyruvate kinase; (1) inhibitor, e.g., carboxyatractyloside, 
(T) ATP, (D) ADP; straight arrows mark flux directions. 
(Lower panels) The predicted response of respiration rate 
d[O2]/dt to small additions of carboxyatractyloside. 

competing extramitochondrial ATP-regenerating 
system (Fig. IC). Muscle pyruvate kinase was 
shown to be a suitable candidate for adjusting 
different stationary states of mitochondrial respi- 
ration in the presence of hexokinase [18,19]. We 
present an experimental investigation of the 
hexokinase and pyruvate kinase systems in com- 
parison with computer simulations of these and 
the perifusion system (Fig. 1A). The results dem- 
onstrate quite different flux-dependent control 
strengths of the translocator in the three cases. The 
pyruvate kinase system seems to be a suitable 
experimental model for simulating properties of 
energy metabolism in intact cells. The conse- 
quences of our findings for the interpretation of 
results obtained in intact cells [11-13] will be 
discussed. 

Materials and Methods 

Chemicals and enzymes. Yeast hexokinase (EC 
2.7.1.1), glucose-6-phosphate dehydrogenase (EC 
1.1.1.49), lactate dehydrogenase (EC 1.1.1.27), 
adenylate kinase (EC 2.7.4.3), pyruvate kinase (EC 
2.7.1.40), phosphoenolpyruvate, carboxyatractyl- 
coside, ATP, ADP, succinate, Tris, NADP ÷, 
NADH and CCCP were purchased from Boeh- 
ringer Mannheim, rotenone from Sigma, St. Louis. 
All other chemicals were produced in analytical 
grade in the G.D.R. 

Isolation of mitochondria. Rat liver mitochondria 
were isolated as previously described [20] in 0.25 M 
sucrose adjusted to pH 7.4 with small amounts of 
Tris. 

Incubation conditions. The standard medium for 
incubation contained 110 mM sucrose, 60 mM 
Tris, 60 mM KC1, 15 mM glucose, 10 mM 
K2HPO 4, 5 mM MgCI 2 and 0.5 mM EDTA. The 
pH was adjusted to 7.4 with HCI. The medium 
was completed immediately before measurements 
by the addition of 1 /tM rotenone, 10 mM phos- 
phoenolpyruvate, 10 mM succinate and 1 or 2 mM 
ATP. The temperature was 25°C. The respiration 
rates and the first derivative were measured with 
Clark-type oxygen electrodes in a thermostatically 
controlled closed vessel. 

Determination of control strength. Control 
strength (Z) for the enzymes hexokinase and 
pyruvate kinase were calculated from experimental 



data using the equation [15]: 

dF E 

where F is the mitochondrial rate of respiration 
under steady-state conditions and E the activity of 
enzymes added. Changes of respiration caused by 
increasing addition of enzyme allowed the de- 
termination of control strength between the resting 
and active state in the same experiment. The con- 
trol strength of the adenine nucleotide translocator 
was calculated from data obtained by titration 
experiments with its irreversible inhibitor carboxy- 
atractyloside 

( d F ] (  Imax I 
Z = ~ --d--~ ] -~o ] (2) 

where F 0 is the flux in the absence of the inhibitor 
and/max is the amount of inhibitor necessary for 
total inhibition [ 17]. 

Assays. Mitochondrial protein was determined 
by the biuret method [21]. Activities of hexokinase 
and pyruvate kinase were measured by standard 
procedures [22]. For determination of adenine 
nucleotides, samples were withdrawn and quenched 
with HC104. After immediate neutralization with 
K 2CO3 the samples were stored in liquid nitrogen 
until measurement as described previously [9]. 

Computer simulation. The mathematical model 
for the description of mitochondrial oxidative 
phosphorylation was identical with that described 
in Ref. 16. Due to the slightly different incubation 
conditions used here, some parameter values were 
changed: maximum velocities (in nmol /min  per 
mg) of hydrogen supply V h = 280, reversible elec- 
tron flux V r = 3000, cytochrome oxidase V o -- 8. 
105, ATP synthesis V~ = 3000 and external ATP 
splitting V~ = 60; rate constants (in nmol /min  per 
mg) of proton leak k~ = 0.02, internal ATP utiliza- 
tion k i = 0 and external phosphate [Pi]E = 10 mM. 
For hexokinase (Vhk) and pyruvate kinase (Vpk) 
the following rate equations were used: 

[ATP]E 
1)hk = Vhk Khk "4- [ATP]E (3) 

[ADP]E 
Vpk = Vpk Kpk + [ADP]E (4) 
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Other terms in the complete rate laws of yeast 
hexokinase (e.g., see Refs. 23 and 24) and of 
pyruvate kinase from rabbit muscle (e.g., see Ref. 
25) could be neglected under our conditions. Par- 
ticularly, this concerns the inhibition of hexokinase 
by ADP and AMP as well as the inhibition of 
pyruvate kinase by ATP, the latter being very 
small because of the large excess of phosphoenol- 
pyruvate [25]. The concentrations [ATP]E and 
[ADP]E were computed from the ratio [ATP]E / 
[ADP]E = QE occurring in the model of oxidative 
phosphorylation [ 16]: 

[ATPIE = AE/(1 + 1/ QE + K~qk/ Q 2 ) (5) 

[ADP]E = [ATP]E/Q E (6) 

where A E = [ATP]E + [ADP]E + [AMP]E is the 
constant sum of external adenine nucleotides and 
K ~  = [ATP]E[AMP]E/[ADP] 2 the equilibrium 
constant of the adenylate kinase reaction. Besides 
the hexokinase also the splitting of external ATP 
by an ATPase activity in the mitochondrial pre- 
paration was taken into account [ 16]. The equation 
was improved by introducing a Michaelis constant 

Ko. 

[ATP]E 
v¢ = V~ K¢ + [ATPIE (7) 

For the additional parameters in Eqns. 3-7  the 
following values were used: ghk  = 0.15 mM [26], 
Kpk = 0.2 mM [27], K~q k = 0.5 [28] and K e = 0.15 
mM (Kiister, U., personal communication). The 
values given to Vhk and Vpk depended on the 
system simulated: Vhk = Vpk = 0 for the perifusion 
system (Fig. IA); Vpk = 0 and Vhk varied in the 
hexokinase system (Fig. 1B); Vhk = 500 nmol /min  
per mg and Vpk varied in the pyruvate kinase 
system (Fig. 1C). 

Results 

It was predicted already [3] that a partial inhibi- 
tion of the adenine nucleotide translocation by 
carboxyatractyloside should produce different ef- 
fects with respect to respiration rate in the 
hexokinase system compared with the more com- 
plex pyruvate kinase system. To test this predic- 
tion the control strength of the adenine nucleotide 
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Fig. 2. Effect of carboxyatractyloside on the respiration rate in 
the hexokinase system (corresponding to Fig. 1B). Incubation 
of rat liver mitochondria (RLM) (2.1 mg protein/ml) in stan- 
dard medium with 10 mM succinate, 1 #M rotenone, 1 mM 
ATP and 10 mM phosphoenolpyruvate. A stationary respira- 
tion rate of 40 nmol O2/mg protein per min was adjusted by 
addition of 105 mU hexokinase/mg protein (HK). Then 
carboxyatractyloside (CAT) was added in increasing amounts 
as indicated (values given in pmol carboxyatractyloside/mg 
protein). Rates of respiration in the first derivative (B) of the 
oxygen electrode signal (A). For comparison the respiration 
was uncoupled by additions of 5 #M CCCP. 

t rans loca tor  as well  as that  of the hexokinase  and  
pyruva te  k inase  were de t e rmined  exper imenta l ly  
and  ca lcula ted  by  a ma themat i ca l  mode l  s imulat -  
ing the overal l  resp i ra t ion  rates  in the di f ferent  
systems under  well def ined  condi t ions .  The  general  
a p p r o a c h  for  t i t ra t ion  exper iments  with carboxy-  
a t rac ty los ide  is i l lus t ra ted  in Fig.  2. In  this experi-  
men t  mi tochondr i a l  resp i ra t ion  was ad jus ted  to 40 
nmol  O 2 / m g  pro te in  pe r  min  by  the add i t i on  of  
105 m U  h e x o k i n a s e / m g  prote in .  This  co r responds  
to abou t  38% of  the fully active state. The  in- 
f luence of  increas ing amoun t s  of  ca rboxya t rac -  
ty los ide  on  resp i ra t ion  rate  is especial ly visible in 
the first  der ivat ive  of  the oxygen e lec t rode  signal. 
I m m e d i a t e l y  af ter  add i t i on  of  small  amoun t s  of  
ca rboxya t r ac ty los ide  up to 84 p m o l / m g  prote in ,  
there  are ini t ia l  phases  of  inhibi t ion,  fol lowed by  a 
reac t iva t ion  of  resp i ra t ion  ra te  to a new s teady  
s tate  which is compa rab l e  with the or iginal  rate. 
High  amount s  of  ca rboxya t rac ty los ide ,  however,  
cause  a r emarkab le  decrease  in resp i ra t ion  ra te  as 
po in t ed  out  previous ly  [4]. The  p r o m p t  response  
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Fig. 3. Effect of carboxyatractyloside on different respiration 
rates in the hexokinase system (corresponding to Fig. 1B). 
Mitochondria (1.0 mg protein/ml) were incubated as described 
in Fig. 2. Different stationary states of respiration were ad- 
justed by addition of appropriate activities of hexokinase. 
Slopes of the curves at zero concentration of carboxyatractylo- 
side were used for calculation of the control strength of the 
adenine nucleotide translocator and enhancements in mito- 
chondrial respiration caused by additions of hexokinase were 
used for calculation of the control strength of hexokinase on 
mitochondrial respiration. These values are presented in Fig. 4 
for comparison with computed values. 

af ter  the add i t i on  of  uncoup le r  demons t ra tes  the 
abi l i ty  of the moni to r ing  system to detect  rap id  
changes  in the resp i ra t ion  rate.  

In  Fig. 3 the results  of  the whole  set of  t i t ra t ion  
exper iments  with ca rboxya t rac ty los ide  in the hexo- 
k inase  system are summarized .  The respi ra t ion  
rates  were ad jus ted  be tween the rest ing and  fully 
active states by  add i t i on  of  a p p r o p r i a t e  activit ies 
of  yeas t  hexokinase.  Obviously ,  the add i t ion  of  
smal l  amoun t s  of  ca rboxya t rac ty los ide  does not  
inf luence the rate  of  respi ra t ion  in the new s teady 
s tate  up to abou t  50% of  the m a x i m u m  rate. Al l  
curves have a p ronounc e d  s igmoidal  shape with 
increas ing slopes at higher  concent ra t ions  of  in- 
hibi tor .  F r o m  the ini t ial  s lope of  different  curves 
in Fig. 3 at  zero concen t ra t ion  of  ca rboxya t rac -  
tyloside,  the cont ro l  s t rength of  the adenine  
nuc leo t ide  t rans loca tor  on mi tochondr ia l  respira-  
t ion was calculated.  These values are presented  in 
Fig.  4. Add i t iona l ly ,  the cont ro l  s t rength of  the 
hexokinase  was ca lcula ted  f rom differences in 
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Fig. 4. Control strength of various steps in the hexokinase 
system (Fig. lB) as a function of the rate of respiration 
calculated by computer simulation and from experimental data. 
Computed curves: ( l)  proton leak, (2) adenine nucleotide trans- 
locator, (3) hydrogen supply, (4) cytochrome oxidase, (5) ex- 
tramitochondrial ATPase, (6) hexokinase. Experimental points: 
(©)  adenine nucleotide translocator, (o,m) hexokinase. Open 
symbols are taken from the experiment in Fig. 3, the closed 
symbols from that in Fig. 5. 

hexokinase activities and corresponding changes in 
respiration rate of experiments shown in Figs. 3 
and 5. These values are shown in Fig. 4 together 
with curves of the control strength obtained by 
computer simulation for the most important steps 
controlling the respiration rate in the hexokinase 
system (Fig. 1B). Similar to the experimentally 
determined results, the computer simulation re- 
flects that the adenine nucleotide translocator has 
practically no control strength on the steady-state 
respiration up to rates of about 50 nmol O2/mg 
protein per min. From this rate up to that of the 
fully active state, the control strength of the 
adenine nucleotide translocator increases having 
the highest value at the maximum rate of coupled 
respiration. Under the chosen conditions, the 
adenine nucleotide translocator is the most im- 
portant rate-controlling step in the fully active 
state of respiration. In the intermediate states, 
however, between about 30 and 80 nmol O2/mg 
protein per min hexokinase has the highest control 
strength. For comparison, the other control 
strengths available from the model are also pre- 
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sented. Near to the resting state, the proton leak 
and the ATP-splitting activity in mitochondrial 
preparation, together causing the respiration in the 
resting state, possess the strongest influence on the 
respiration control. In the fully active state, the 
hydrogen supply and the cytochrome oxidase con- 
tribute to the control besides the adenine nucleo- 
tide translocator. 

Fig. 5 demonstrates the effect on steady-state 
respiration of pyruvate kinase additions to mito- 
chondria in the fully active state adjusted by 
hexokinase in the presence of glucose and phos- 
phoenolpyruvate. Decreasing stationary respira- 
tion rates were obtained after additions of pyru- 
vate kinase. As demonstrated elsewhere [19], 
pyruvate kinase competes for ADP with the 
mitochondrial oxidative phosphorylation without 
any influence on the rate of glucose 6-phosphate 
formation. Considering the decrease in respiration 
rate after additions of pyruvate kinase, it follows 
that pyruvate kinase has a negative control strength 
on the overall reaction of mitochondrial respira- 
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Fig. 5. Dependence of mitochondrial respiration on hexokinase 
activity up to the fully active state followed by additions of 
pyruvate kinase. Mitochondria ( l . l  mg protein/ml)  were in- 
cubated as described in Fig. 2. Stationary rates of respiration 
were adjusted by increasing additions of hexokinase up to the 
maximum rate. Then the sample was titrated with pyruvate 
kinase. Changes in respiration rates caused by enzyme addi- 
tions were used for calculation of control strength and are 
presented in Figs. 4 and 7. 



386 

tion. Because of the unfavourable K ADP for pyru- 
vate kinase of 0.2 mM [27], very high activities of 
the enzyme are necessary for the inhibition of 
respiration. In this pyruvate kinase system the 
control strength of the adenine nucleotide translo- 
cator was determined in a way similar to that 
described above for the hexokinase system. The 
results of these experiments are depicted in Fig. 6. 
Stationary states of respiration without inhibitor 
were adjusted by addition of 295 or 354 mU 
hexokinase/mg protein per rain and appropriate 
activities of pyruvate kinase. The higher hexokinase 
activity was used in the experiments depicted in 
the upper two curves of Fig. 6 because of the 
necessity of maximal stimulation of mitochondrial 
respiration. It was checked that changes of 
hexokinase activity in this range did not cause a 
significant alteration in the shape of the titration 
curves. It is evident that already small additions of 
inhibitor cause an inhibition of the respiration 
rate. The plot of dependency on carboxyatrac- 
tyloside of the respiration rates resembles straight 
lines more than sigmoidal curves (cf. Fig. 3). In 
other words, the effect of carboxyatractyloside on 

the respiration rate is increased, in particular, in 
the slower range of respiration. This corresponds 
to a higher control strength of the adenine nucleo- 
tide translocator in this range compared with the 
hexokinase system. 

The control strength calculated from Figs. 5 
and 6 is compared with model calculations in 
Fig. 7. Indeed, the course of changes in the control 
strength of adenine nucleotide translocator in the 
pyruvate kinase system is quite different from that 
in the hexokinase system. It begins at low values 
of respiration with a maximum at about 30 nmol 
O2/mg protein per min. Only at the fully active 
state is the control strength of 0.45 similar to that 
in the hexokinase system. At all other rates of 
respiration the control strength of translocator in 
the hexokinase system is much lower. On the other 
hand, the computed control strengths of the en- 
zyme hexokinase within the complete systems B 
and C (Fig. 1), respectively, are not very different 
from each other (Figs. 4 and 7). A significant 
control strength must be ascribed to the hexokinase 
reation in the intermediary states of respiration 
which decreases to zero when approaching the 
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Fig. 6. Effect of carboxyatractyloside on different respiration 
rates in the pyruvate kinase system (Fig. IC). For the six 
experiments in the lower part of the figure stationary states of 
respiration were adjusted by addition of 295 mU hexokinase/ 
mg protein and appropriate activities of pyruvate kinase. In the 
other two experiments 354 mU hexokinase/mg protein was 
used. Slopes of curves at zero concentration of carboxyatrac- 
tyloside were used for calculation of control strength and 
presented in Fig. 7. 
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Fig. 7. Control strength of various steps in the pyruvate kinase 
system (Fig. lC) as a function of the rate of respiration 
calculated by computer simulation and from experimental data. 
Pyruvate kinase [computed (7) and experimentally determined 
(zx)] has a negative control strength (fight-hand ordinate). Other 
symbols as in Fig. 4. The experimental points are taken from 
Figs. 5 and 6. 



active state of respiration. In the pyruvate kinase 1.00 
system the sum of control strengths of hexokinase 
plus adenine nucleotide translocator exceeds unity 
because of the negative control strength of pyru- -,- 

i . . . -  
vate kinase. In absolute sense, the highest degree 7o 0.75 
of control strength of pyruvate kinase was esti- tu t~ 
mated at rates of about 30-35 nmol O2/mg pro- ~n 
tein per rain. The control strength of pyruvate a: 
kinase decreases to zero, approaching both the ~ aS0 
level of the active state and the resting state of 8 
respiration. 

The computed curves in Fig. 7 are very similar 
to those in Fig. 8 which were obtained for respira- 025 
tion control under conditions of different, but 
stationary, extramitochondrial adenine nucleotide 
patterns. Only at respiration rates near to that of 
the fully active state do some deviations occur. For 
the sake of completeness, in Fig. 8 the curves are 
also given for the reversible electron flux in the 
respiration chain and for the mitochondrial 
ATPase. Both reactions have a very small in- 
fluence so that these curves were Omitted from 
Figs. 4 and 7. 
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Fig. 8. Control strength of various steps in the perifusion 
system (Fig. IA) as a function of the rate of respiration 

calculated by computer simulation. (8) Reversible electron flux 

through the respiratory chain, (9) mitochondrial ATPase. Other 

symbols as in Fig. 4. 

TABLE I 

CONTROL STRENGTH OF A D E N I N E  N U C L E O T I D E  TRANSLOCATOR, HEXOKINASE AND PYRUVATE KINASE ON 
M I T O C H O N D R I A L  RESPIRATION IN SYSTEMS OF D I F F E R E N T  COMPLEXITY 

System A, B and C as described in Fig. 1. Control strengths of the enzymes regarded were determined experimentally for the rates of 

respiration (nmol O 2 / m g  protein per rain) as well as computed (*) by means of computer simulation. 

System Adenine nucleotide translocator Hexokinase Pyruvate kinase 

Rate of Control Rate of Control Rate of Control 

respiration strength respiration strength respiration strength 

A 25 * 0.52 * - 

50 * 0.57 * - - 
97 * 0.43 * 

B 2 5  * 0 . 0 0  * 2 3  * 0 . 1 3  * 

25 0.00 23 0.27 
50 * 0.01 * 55 * 0.65 * 
50 0.03 55 0.60 

100 * 0.44 * 93 * 0.20 * 

100 0.44 93 0.19 

C 26 * 0.46 * 23 * 0.44 * 
26 0.37 
44 * 0.44 * 55 * 0.56 * 

44 0.47 
96 * 0.40 * 93 * 0.23 * 

96 0.39 

25 * 
25 
52* 
52 
90* 

90 

- 0.45 * 
-0 .31  
- 0.38 * 
- 0 . 4 4  

- 0.09 * 
-0 .01  
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TABLE II 

EFFECT OF CARBOXYATRACTYLOSIDE ON RESPIRATORY RATES AND ON ATP/ADP RATIOS IN THE 
HEXOKINASE (FIG. 1B) AND PYRUVATE KINASE SYSTEMS (FIG. 1C), RESPECTIVELY 

Mitochondria (0.54-0.68 mg protein/ml) were incubated as described in Fig. 2 but with 2 mM ATP. Respiration rates were adjusted 
by addition of 81-122 mU hexokinase/mg protein for experiments with the hexokinase system or by addition of 234-258 mU 
hexokinase/mg protein plus 3.6-4.8 U pyruvate kinase/mg protein for corresponding experiments with the pyruvate kinase sytem. 
Before and after addition of 55 pmol carboxyatractyloside/mg protein, samples were withdrawn for determination of ATP/ADP 
ratios. CAT, carboxyatractyloside. 

System Expt. Rate of respiration [ATP]/[ADP] 
No. (nmol 02/mg protein per min) 

-CAT +CAT A 
-CAT +CAT A 

(B) Hexokinase 1 51.3 51.3 0 40.2 31.1 9.1 
2 47.0 47.0 0 40.8 32.9 7.9 
3 48.7 48.3 0.4 43.3 28.7 14.6 

(C) Hexokinase + 1 46.0 40.9 5.1 44.8 43.9 0.9 
pyruvate kinase 2 48.7 41.1 7.6 48.8 47.2 1.6 

3 47.4 42.0 5.4 51.9 50.9 1.0 

Table I summarizes the results on control 
strength of the adenine nucleotide translocator, 
hexokinase and pyruvate kinase reactions, respec- 
tively, in the three systems compared here. The 
computed data were taken from Figs. 4, 7 and 8 at 
rates of respiration identical to those for the ex- 
perimentally determined values. In the resting and 
intermediate states, respectively, the translocator 
has a remarkable control strength only in systems 
A and C. In the fully active state the control 
strength of the translocator is comparable in all 
three systems. On the other hand, the course of 
control strength of hexokinase is similar in systems 
B and C, occupying more than 0.5 in the inter- 
mediate states but decreasing strongly in the fully 
active state. 

The lack of effect of small additions of 
carboxyatractyloside in the hexokinase system on 
mitochondrial steady-state respiration was ex- 
plained to be caused by a decrease in the extrami- 
tochondrial A T P / A D P  ratio compensating the ef- 
fect of partial inhibition of the translocator [4]. 
Further, it was predicted that in the pyruvate 
kinase system no drastic changes of the A T P / A D P  
ratio should occur [3]. Therefore, in parallel ex- 
periments the effect of small amounts of carboxy- 
atractyloside on the rate of mitochondrial steady- 
state respiration was compared with the effect on 

the corresponding A T P / A D P  ratios in both the 
hexokinase and pyruvate kinase systems (Table 
II). Before and after additions of 55 pmol 
carboxyatractyloside/mg protein, samples were 
taken and the A T P / A D P  ratios were determined. 
It is evident that this amount of inhibitor was 
small enough to have no effect on the rate of 
steady-state respiration in the hexokinase system 
whereas the A T P / A D P  ratios decrease, com- 
pensating the partial inhibition of translocator. In 
contrast, in the pyruvate kinase system the 
A T P / A D P  ratio practically does not change after 
addition of carboxyatractyloside whereas the rate 
of respiration was decreased distinctly. 

Discuss ion  

The results described here clearly demonstrate 
that it is not justified to assume the existence of 
one rate-controlling step in respiration. The con- 
cept of control strength shows that all enzymes of 
a system have some contribution to the control of 
metabolic fluxes [14,15]. Originally, the concept of 
control strength was used for analyzing linear en- 
zyme chains, for instance, in glycolysis [15]. In this 
paper, the control strength of three enzymes 
(adenine nucleotide translocator, hexokinase and 
pyruvate kinase) on the respiration rate was 
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analyzed in a branched system. These three en- 
zymes are constituents of the subsystems of 
mitochondrial ATP generation, extramitochon- 
drial ATP generation and extramitochondrial ATP 
consumption, but the respiration rate only de- 
termines the flux through the mitochondrial sub- 
system. Similarly it should be possible to analyze 
the control strength on the flux through the second 
ATP-generating system (pyruvate kinase) or 
through the hexokinase. We have chosen the respi- 
ration rate since it is an indicator of mitochondrial 
function. 

We have shown for the adenine nucleotide 
translocator that the degree of control exerted on 
the steady-state rate of respiration not only de- 
pends on the flux through the respiratory chain [4] 
but also on the way in which the flux is caused [3]. 
In the presence of hexokinase and glucose, we 
found a very small effect of the translocator on the 
stationary rate of respiration provided mitochon- 
drial respiration was not fully activated by excess 
hexokinase. This result is quite different from the 
situation in the perifusion system where the ex- 
tramitochondrial adenine nucleotide pattern is 
constant. In the latter case, only mitochondrial 
processes determine the rate of respiration and in 
the range of ATP/ADP-dependent  respiration the 
translocator has the strongest influence of all steps. 
The changes produced by the inclusion of 
hexokinase are primarily caused by the fact that 
the extramitochondrial A T P / A D P  ratio now re- 
suits from both activities, ATP production by 
mitochondria and its consumption by the 
hexokinase. In the steady state, both fluxes are 
equal and an inhibition of adenine nucleotide 
translocator leads to a decrease in the A T P / A D P  
ratio which restores the original flux. 

The strong suppression of the controlling in- 
fluence of the translocator by the hexokinase is 
caused by the different sensitivities to changed 
A T P / A D P  ratios. Yeast hexokinase has a low K m 

value of 0.15 mM ATP [26] whereas the sensitivity 
to ADP inhibition is very low (K i = 2-3  mM ADP 
[23,24]). In the region where mitochondrial respi- 
ration is sensitive to the A T P / A D P  ratio 
( A T P / A D P  > 5 [16]) the activity of hexokinase is, 
therefore, nearly independent of changes in the 
A T P / A D P  ratio. 

A much higher control strength of the translo- 

cator in the presence of hexokinase was reported 
by Groen et al. [17]. They found a control strength 
of about 0.3 at respiratory rates lower than 50% 
and they observed the maximum at about 65% of 
the active respiration. The reason is probably the 
unfavourable high concentration of carboxyatrac- 
tyloside used by Groen et al. for the first experi- 
mental points in the inhibitor titrations resulting 
in overestimations of control strength especially in 
the range up to 70 nmol O2/mg protein per min. 

The further supplementation of the reaction 
system by pyruvate kinase as an additional source 
of ATP again restores the controlling influence of 
the translocator. The reason is that now the 
A T P / A D P  ratio is mainly determined by the ac- 
tivities of extramitochondrial processes, i.e., hexo- 
kinase and pyruvate kinase. Changes in the activ- 
ity of the translocator have much smaller effects 
on the A T P / A D P  ratio than in the absence of 
pyruvate kinase and, therefore, they do not pro- 
duce a compensating shift in the adenine nucleo- 
tide pattern. 

In general, this interpretation of our experimen- 
tal results is in agreement with the connectivity 
theorem of Kacser and Burns [14] connecting con- 
trol strengths with elasticities (or effector strengths 
[15], i.e., the effects of changes in the metabolite 
concentration on the reaction rates). It follows 
from this theorem that in the absence of pyruvate 
kinase the ratio of the control strengths of the 
translocator to the hexokinase is proportional to 
the reciprocal ratio of their elasticities for the 
extramitochondrial A T P / A D P  ratio. In the pres- 
ence of pyruvate kinase, an additional term occurs, 
increasing the ratio of the control strengths pro- 
portional to the negative control strength of the 
added pyruvate kinase. However, for the quantita- 
tive evaluation of the agreement between experi- 
ment and theory computer simulation was neces- 
sary. The computer model is a mathematical ex- 
pression of the relations considered before. Both 
the experimental results as well as the computer 
simulation clearly demonstrate that the same 
molecular event (inhibition of the adenine nucleo- 
tide translocator by carboxyatractyloside) pro- 
duces different results in systems differing in the 
composition of ATP- and ADP-converting en- 
zymes. 

As shown by experimentally supported com- 
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puter  simulations [16] and by  experiments of  Groen  
et al. [17], there are steps within the overall reac- 
t ion of  mitochondrial  oxidative phosphoryla t ion 
with negligible contr ibut ion to the control  of  re- 
spiratory rate. In order  to obtain reconsti tuted 
systems which allow simulation of  distinct situa- 
t ions of energy metabolism in intact cells, it is 
necessary to determine the really impor tant  steps. 
For  example, the pyruvate  kinase system, in addi- 
t ion to the hexokinase system as used in this work, 
exhibits properties which we should expect in cell 
types with high rates of glycolysis [18]. In  this case 
the respiration is mainly controlled by mitochon-  
drial processes, predominant ly  by the translocator,  
and partial inhibition of the translocator has strong 
effects on the respiration rate. Such inhibition, 
however, has little influence on the total energy 
metabol ism represented by  the total turnover of 
adenine nucleotides, since the system is able to 
maintain the extramitochondrial  A T P / A D P  ratio 
occurr ing before inhibition. 

By decreasing the relative activity of  pyruvate  
kinase a model  for aerobic cells is obtained, where 
the glycolytic pa thway is insufficient to substitute 
oxidative generat ion of  ATP.  If, in the control  
range of  mitochondrial  respiration, the ATP-util iz- 
ing processes are insensitive to changes in the 
adenine nucleotide pattern, their activities solely 
control  the respiration. In  this case an inhibition 
of  adenine nucleotide translocation exerts a small 
control  on  the respiration rate. The A T P / A D P  
ratio decreases drastically, causing the compensat-  
ing effect found in the hexokinase system [4]. A 
similar system seems to be realized in hepatocytes 
in which the influence of  the translocator on the 
cellular respiration was at tempted to be evaluated 
by  Stubbs et al. [12] and Groen  et al. [29]. Despite 
the controversal  interpretations of  the results ob- 
tained by these authors, in both  cases a parallel 
decrease in the rate of  respiration and gluconeo- 
genesis was found. The latter is the main process 
of  A T P  utilization under  the condit ions applied. 
The  parallel inhibition of  respiration and gluco- 
neogenesis should indicate that gluconeogenesis is 
sensitive to changes in the adenine nucleotide pat-  
tern in a way similar to that of  respiration. Then 
both  processes, adenine nucleotide translocation 
and ATP  utilization, mainly should share the con- 
trol. Indeed, it was found that  the A T P / A D P  

ratio decreases also in response to the inhibition of 
the translocator [ 12]. 
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