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Abstract

In the present debating paper, the problem how the rate of ATP supply by oxidative phosphorylation in
mitochondria is adjusted to meet a greatly increased demand for ATP during intensive exercise of skeletal muscle is
discussed. Different experimental results are collected from different positions of the literature and confronted with
five conceptual models of the regulation of the oxidative phosphorylation system. The previously performed
computer simulations using a dynamic model of oxidative phosphorylation are also discussed in this context. The

Ž .possible regulatory mechanisms considered in the present article are: A output activation: an external effector
Ž . Ž .activates directly only the output of the system ATP turnover ; B inputroutput activation: an external effector

Ž . Ž . Ž .activates directly the output ATP usage and input substrate dehydrogenation of the system; C removal of
Ž .substrate shortage: only ATP consumption and substrate supply by blood are directly activated; D removal of

Ž .oxygen shortage: only ATP consumption and oxygen supply by blood are directly activated; E each step activation:
an external effector activates both the ATP-consuming subsystem and all the steps in the ATP-producing subsystem
Ž .particular enzymesrcarriersrblocks of oxidative phosphorylation, substrate supply, oxygen supply . The performed
confrontation of the considered mechanisms with the presented results leads to the conclusion that only the each
step activation model is quantitatively consistent with the whole set of experimental data discussed. It is therefore
postulated that a universal effectorrregulatory mechanism of a still unknown nature which activates all steps of
oxidative phosphorylation should exist and be discovered. A possible nature of such an effector is shortly discussed.
Q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Oxidative phosphorylation; Skeletal muscle; Regulation of metabolism; Computer model

U Tel.: q48-12-634-13-05; fax: q48-12-633-69-07.
Ž .E-mail address: benio@mol.uj.edu.pl B. Korzeniewski

0301-4622r00r$ - see front matter Q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S 0 3 0 1 - 4 6 2 2 9 9 0 0 1 2 0 - 9



( )B. Korzeniewski r Biophysical Chemistry 83 2000 19]3420

1. Introduction

Oxidative phosphorylation is the main process
producing ATP in most mammalian tissues under
most conditions. Its general scheme, which takes
into account the most important steps considered
in the present paper, is presented in Fig. 1. Gen-
erally, the system comprises: ATP usage, different
steps of oxidative phosphorylation in mitochon-

Ždria complex I, complex III, complex IV, proton
leak, ATP synthase, ATPrADP carrier, phos-

. Žphate carrier , substrate dehydrogenation system
.donating electrons on NAD as well as substrate

delivery and oxygen delivery by blood. The de-
mand for ATP changes over time, depending on
conditions. Therefore, when a cell receives a sig-

Žnal that some metabolic processes driven by hy-
.drolysis of ATP within it are to be turned on or

accelerated, the system of reactions which pro-
duce ATP must be also, directly or indirectly,
activated in order to meet the increased rate of
ATP consumption. The extracellular signals which

Žstimulate metabolism and therefore ATP
.turnover and respiration in non-excitable tissues

are mostly different hormones, while excitable
tissues are stimulated by neural signals. The tis-
sue where the greatest changes in the ATP
turnover rate and respiration rate between rest-
ing state and maximal activation take place is
skeletal muscle. A neural stimulation of skeletal
muscle leads to a large activation of two ATP-
consuming steps: actinomyosin-ATPase and
Ca2q-ATPase. Calcium ions are the secondary
intracellular messenger, which is responsible for
this activation. Of course, in order to achieve a
steady state during a continuous prolonged exer-
cise, the rate of ATP synthesis must be equalised
with the rate of ATP utilisation. Apart form the
first few seconds of exercise, when ATP is sup-
plied mainly from conversion of phosphocreatine
Ž . Ž . ŽPCr to creatine Cr reaction catalysed by crea-

.tine kinase , and maximal exercise, where anaer-
obic glycolysis plays a significant role, the main

Ž .source of ATP in oxidative type I skeletal mus-
cle fibres is oxidative phosphorylation. Therefore,
the rate of mitochondrial respiration has to be
also greatly speeded up in order to meet the
increased energy demand during contraction.

Fig. 1. General scheme of the oxidative phosphorylation sys-
tem in muscle. The system contains: ATP usage, different

Žsteps of oxidative phosphorylation complex I, complex III,
complex IV, ATP synthase, ATPrADP carrier, phosphate

.carrier , substrate dehydrogenation, respiratory substrate de-
livery by blood, oxygen delivery by blood.

Different models of regulatory mechanisms, de-
scribing how the oxidative phosphorylation
process in mitochondria is ‘informed’ about the
current energy demand, have been proposed. In
the present paper, I discuss five of such possible

Žmodels three of them have been proposed explic-
itly in the literature and the remaining two consti-

.tute additional theoretical possibilities . I call
them: ‘output activation’, ‘inputroutput activa-
tion’, ‘removal of substrate shortage’, ‘removal of

Žoxygen shortage’ and ‘each step activation’ al-
though there are no univocal experimental evi-
dences supporting the removal of substrate short-
age and removal of oxygen shortage mechanisms,
they are worth discussing as theoretical possibili-

.ties . They are presented in Fig. 2 where the same
schematic convention as in Fig. 1 is used. It was

w xoriginally proposed by Chance and Williams 1
Žthat only ATP consumption output of the sys-

.tem is activated directly by an external effector,
while respiration in mitochondria is activated in-
directly, via a decrease in the ATPrADP ratio
Ž . Žincrease in ADP concentration output activa-

.tion . The discovery of the activation in vitro of
the irreversible TCA cycle dehydrogenases by cal-
cium ions prompted several authors to postulate

Žthat also substrate dehydrogenation input of the
.system is activated directly in parallel with ATP
Ž . w xusage inputroutput activation 2,3 . There also

exists a theoretical possibility that respiratory
substrate concentration in resting state in skeletal
muscle, unlike in isolated muscle mitochondria, is
very low and to a large extent limiting for the
oxygen consumption flux; in such a case, a stimu-
lation of substrate supply by blood, together with
the activation of ATP usage, could be sufficient to
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Fig. 2. Five models of the regulation of oxidative phosphorylation. In different models, an external effector X activates directly
different steps of the system. Details in the text.

Žcause an appropriate increase in ATP supply re-
.moval of substrate shortage . Similarly, a low oxy-

gen concentration in resting state could be limit-
ing for the flux and an increase in oxygen delivery
by blood during work could remove this limitation
Ž .removal of oxygen shortage . Finally, the theoret-

ical studies performed with the aid of the dy-
namic model of oxidative phosphorylation in
skeletal muscle mitochondria developed previ-

w xously 4 lead to the prediction that all the steps
Žof oxidative phosphorylation enzymes, carriers,

.blocks of reactions , taken into account explicitly
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in this model, should be directly activated to a
Žlarge extent by an external effector e.g. calcium

. Ž . w xions each step activation 5 . The above models
are described in more detail in Section 5.

An analogous problem also exists in other tis-
sues, for example in the case of activation of
oxygen consumption and ATP synthesis in heart
during an increase of the beating frequency or in
liver during activation of oxidative phosphoryla-
tion by different hormones, acting via calcium

Ž .ions e.g. vasopressin , which speed up the
processes of gluconeogenesis and ureagenesis.
The accessible experimental data and their theo-
retical interpretations suggest that also in these
cases at least both the ATP-consuming subsystem

Žand ATP-producing subsystem in general and
possibly all particular steps of oxidative phospho-

.rylation in mitochondria are directly activated by
Ž . w xan external effector e.g. calcium ions 6]8 .

w xI suggested in the previous article 5 that the
parallel activation of each step of oxidative phos-
phorylation is necessary for an explanation of the
changes in the respiration rate and ATPrADP
ratio during transition from resting state to maxi-
mal exercise in skeletal muscle. However, it was
assumed in that paper that substrate delivery and
oxygen delivery by blood were not limiting for the
respiration flux and ATP synthesis flux in resting
muscle. Therefore, this reasoning was susceptible
to the criticism that large relative changes in the
respiration rate and relatively low changes in the
ATPrADP ratio in skeletal muscle during resting
state ª intensive exercise transition were not due
to the parallel activation of different steps, but
due to a removal of substrate shortage andror
oxygen shortage, simultaneous with the activation
of ATP utilisation. In the present debating paper,
experimental data which testify against the possi-
bility that a small concentration of respiratory

Ž .substrate s andror oxygen in resting muscle low-
ers the respiration rate much below the state 4
respiration level in isolated mitochondria are dis-
cussed. Additionally, a much broader range of
experimental facts and conceptual models is anal-
ysed on a more physiological level. This extended
analysis leads to the conclusion that the main
mechanism responsible for the adjustment of the

rate of ATP synthesis to the rate of ATP con-
sumption in skeletal muscle during intensive exer-

Ž .cise is the parallel activation of almost all steps
of the oxidative phosphorylation system.

2. Selected experimental data

Below, chosen experimental and theoretical re-
sults and data, taken from different positions of
the literature, are presented. These results are
next interpreted and combined in appropriate
Ž .i.e. leading to concrete logical conclusions
groups in Section 4 as well as confronted with
different models of regulation of oxidative phos-
phorylation in Section 6. The data concerning the
properties of intact skeletal muscle were selected
according to three criteria. Firstly, results were
taken which concern the transition from resting

Ž .state to intensive preferably maximal exercise in
order to involve an as great a range of changes of
the respiration rate as possible; as I discussed

w xpreviously 5 , at low work intensities the negative
w xfeedback via ADP may be the main mechanism

of regulation of oxidative phosphorylation. Sec-
ondly, a preference was given to the data ob-
tained with neural stimulation of muscle, as more
physiological than artificial electrical stimulation
Ž .see Section 7 . Thirdly, for the same reason,
experiments on muscle in vivo rather than on
perfused muscle were taken into account. The
last choice can be easily justified by the fact that

w xchanges in ADP during stimulation of heart
w xmuscle are much smaller in heart in situ 6 than

w xin perfused heart 9,10 .
The selected experimental results are enumer-

ated below:

v Result 1. During transition from resting state
to maximal exercise, the respiration rate in-
creases 15]200 times in skeletal muscle of
mammals, or even as much as 600 times in

Ž w xflight muscle of insects see Hochachka 11
.for a review . In a very ‘moderate’ case of dog

gastrocnemius, taken as the reference point in
w xthe previous theoretical studies 5 , the respi-

w xration rate increases 18 times 12,13 .
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v Result 2. At the same time, the ATPrADP
ratio decreases two to five times during resting

w xstate ªmaximal exercise transition 11 . In
dog gastrocnemius, this ratio decreases ap-

w xproximately three times 12,13 .
Žv Result 3. The respiratory control ratio RCR,

the ratio of the respiration rate in state 3 to
.the respiration rate in state 4 , that is the

maximal relative increase in VO caused by2
changes in the ATPrADP ratio, is equal up to
approximately 10 in isolated skeletal muscle

w xmitochondria 14 .
v Result 4. A much greater than 10-fold de-

crease in the ATPrADP ratio is needed to
cause the increase of the oxygen consumption
rate from the state 4 value to the state 3 value
w x15]18 . A little bit steeper dependence
between the respiration and ATPrADP ratio

w xwas reported in Jeneson et al. 19 , however,
this result was not confirmed by other studies.

v Result 5. The proton leak through the inner
mitochondrial membrane accounts for approx-
imately one-half of the respiration rate in

w xresting muscle 20 .
v Result 6. During transition form resting state

to working state in skeletal muscle, an in-
crease of the NADHrNADq ratio is observed

w xin some experiments 21,22 , while in other
w x Žexperiments 23]26 this ratio decreases how-

w xever, in Godfraind 24 it was reported that
the NADHrNADq ratio first increases and

.only then decreases . It is believed that
changes in the overall NADH fluorescence
correspond at least partially to changes in
mitochondrial NADH. Additionally, it seems
probable that cytosolic and mitochondrial
NAD redox states change in the same direc-
tion.

v Result 7. The maximal respiration rate in in-
tact muscle is three to five times greater than
the maximal respiration rate in isolated mito-

Žchondria calculated for the same amount of
. w xmitochondria 27,28 . A similar estimation

w xbased on data presented in Blei et al. 29
gives an approximate twofold difference in the
maximal flux between intact muscle and
isolated mitochondria.

Fig. 3. Graphical presentation of facts 1, 2, 3, 4, 5, 7. The
Žsimulated with an aid of the dynamic computer model of

oxidative phosphorylation in muscle mitochondria developed
.previously kinetic response of muscle mitochondria to the

Ž .ATPrADP ratio solid line is compared with the increase in
Ž .the respiration rate 18-fold and decrease in the ATPrADP

Ž .ratio threefold during transition from resting state to inten-
Žsive exercise in skeletal muscle dog gastrocnemius in vivo,

w x. Ž .measured experimentally 9 dashed line . Quantitative ex-
perimental results 1, 2, 3, 4, 5, 7 described in the text are

Ž .presented graphically dotted lines .

Results 1, 2, 3, 4, 5 and 7 are presented graphi-
cally in Fig. 3.

3. Previous theoretical results

w xIn the previous paper 5 , the kinetic dynamic
model of oxidative phosphorylation in muscle mi-

w xtochondria developed previously 4 was used in
theoretical studies on the problem how ATP sup-
ply by oxidative phosphorylation in skeletal mus-
cle is regulated during resting state ª intensive
exercise transition. In this model, each reaction
Ž .process taken into account is described explicitly
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Table 1
Kinetic descriptions of the components of oxidative phosphorylation explicitly taken into account in the model

Substrate dehydrogenation:
1

¨ s k K s100, p s0.6DH DH mN DPDkmN1q qž /NAD rNADH
Complex I:

¨ s k ?DEC1 C1 C1
Complex III:

¨ s k ?DEC3 C3 C3
Complex IV:

12q 2q apparentŽ .¨ s k ?a ?c , K s120 mM K s0.8 mMC4 C4 mO mOKmO1q O2

ATP synthase:
gy1 DG ?Fr ZSN¨ s k , gs10SN SN gq1

ATPrADP carrier:
ADP ADP 1f e f e¨ s k ? y ?EX EX yC r Z yC r Z ž /1qK rADPe iž / m ADP f eADP qATP ?10 ADP qATP ?10f e f e fi fi

K s3.5 mM,mADP
Phosphate carrier:

Ž .¨ s k ? Pi ?H yPi ?H ,PI PI e e i i
ATP usage:

1
¨ s k K s15 mM,UT UT mAKmA1q ATPte

Proton leak:
k ?D pLK2Ž .¨ s k ? 10 y1LK LK1

Adenylate kinase:
¨ s k ?ADP ?ADP yk ?ATP ?AMPAK fAK f e m e bAK m e e

Direct actï ation of step A by an external effector: step A is activated n times when its rate constant or
maximal velocity is increased n times:

1 0k sk ?nA A
or

1 0V sV ?n,Amax Amax
where superscript ‘1’ refers to the state after activation and superscript ‘0’ refers to the state before activation.
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by an appropriate kinetic equation, expressing the
dependence of the rate of such a reaction on
intermediate metabolite concentrations. The ki-
netic equations appearing in the model are pre-
sented in Table 1. Changes in time of concentra-
tions of intermediate metabolites constituting in-
dependent variables are described by a set of
ordinary differential equations. This set is inte-
grated numerically using a computer. The models
have been broadly tested by comparison with
experimental data, especially those involving large
changes in fluxes and metabolite concentrations
w x4 . The detailed description of the model is given

w xelsewhere 5 .
The theoretical studies performed in Korze-

w x Žniewski 5 consisted in checking which steps from
.among those enumerated in Table 1 should be

directly activated by an external effector to cause
the changes in the respiration rate and ATPrADP
ratio observed experimentally in skeletal muscle
during transition from resting state to maximal
work. The rather ‘moderate’ case of dog gastro-
cnemius, in which an 18-fold increase in the oxy-
gen consumption as well as a threefold decrease
in the ATPrADP ratio took place, was taken as a
reference. In the frame of the model, an activa-
tion of a given step by an external effector n
times was equivalent to an n-fold increase of the
value of the rate constant or maximal velocity of

Ž .this step see Table 1 . The model is in agreement
with experimental results 3 and 4, and the per-
formed simulations take into account experimen-
tal results 1, 2, 5 and 7 presented in Fig. 3. The
following theoretical results have been obtained
in computer simulations:

Ž1. A direct activation of only ATP usage output
.activation cannot account for the changes in

VO and ATPrADP observed experimentally2
Ž .in skeletal muscle. The expected threefold

decrease in the ATPrADP ratio is obtained
when ATP usage is activated 3.3 times, but
this causes only a 2.3-fold increase in the
respiration rate. On the other hand, when a

Ž .large 100-fold activation of ATP usage is
imposed, oxygen consumption increases only
4.5 times, while the ATPrADP ratio drops

Ždramatically more than 1000 times well below
. w x1 5 .

2. A parallel activation of only ATP usage and
Žsubstrate dehydrogenation inputroutput ac-

.tivation cannot account for the changes in
VO and ATPrADP observed experimentally2
in skeletal muscle. When ATP usage is acti-
vated three times and substrate dehydrogena-
tion is activated 50 times, the expected three-
fold decrease in the ATPrADP ratio is
observed, but the respiration rate increases
only three times. When ATP usage is acti-
vated 20 times and substrate dehydrogenation
is activated 50 times, the ATPrADP ratio
decreases below 1, while the respiration rate

w xincreases only 5.2 times 5 .
3. The changes in VO and ATPrADP observed2

in skeletal muscle during resting state ª
intensive work transition can be easily ex-
plained by a parallel direct activation of ATP
usage as well as of all steps of oxidative
phosphorylation. The expected increase in the

Ž .respiration rate 18-fold and decrease in the
Ž .ATPrADP ratio threefold are obtained

when ATP usage is activated 29 times, while
all steps of oxidative phosphorylation but pro-

Žton leak that is substrate dehydrogenation,
complex I, complex III, complex IV, ATP
synthase, ATPrADP carrier, phosphate car-

. w xrier are activated 8.5 times 5 .
4. If even one of the above mentioned steps is

not directly activated, only approximately a
half of the expected increase in the respira-
tion rate takes place, while the ATPrADP

w xratio diminishes very significantly below 1 5 .

Therefore, the conclusion was drawn in Korze-
w xniewski 5 that only the each step activation

mechanism is able to explain the quoted experi-
mental data. On the other hand, in the cited
paper the substrate shortage removal mechanism
and oxygen shortage removal mechanism were
not analysed. However, I will argue in the present
paper that these mechanisms can be excluded on
the basis of other experimental data not taken

Ž .into account in the previous paper Table 2 .

4. Interpretations of results

The above-presented results can be collected in
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Table 2
Interpretations and conclusions drown from different combinations of the results discussed in the text

Interpretation of results

Results 1]2
The relative change in Vo in muscle during transition to maximal exercise is much greater than2

the relative change in the ATPrADP ratio, which is in contradiction with a simple Michaelis]Menten kinetics.

Results 1]4
The ratio of the change in Vo to the change in ATPrADP is much higher in intact muscle than in2

isolated mitochondria. This suggests that some mechanisms, which are absent in isolated
mitochondria, exist in intact muscle, for example a parallel activation of ATP supply together with ATP usage.

Results 1,3,5
The relative capacity for an increase of oxygen consumption is at least four times greater in intact

muscle than in isolated mitochondria.

Result 6
At least in some cases, NADH production is directly activated by an external effector more

strongly than NADH consumption.

Result 7
An excellent agreement with the results 1,3,5. This indicates that the much greater relative

changes of oxygen consumption in intact muscle than in isolated mitochondria are due to a
greater maximal oxygen consumption, and not to a lower minimal oxygen consumption in intact
muscle than in isolated mitochondria.

groups and appropriately interpreted. Such groups
of results should lead directly to clear, easy to
interpret conclusions. Different combinations of
results and conclusions drawn on the basis of
these results are shown in Table 3. In Section 6,
these interpretations are confronted with differ-
ent models of the regulation of oxidative phos-
phorylation in response to a changing energy de-
mand.

5. Models

The following, already mentioned, conceptual
models of the regulation of oxidative phosphory-
lation in response to a changing energy demand
in skeletal muscle are considered in the present
article:
Ž .A Output actï ation. Within this model, pro-

w xposed originally by Chance and Williams 1 , only

Table 3
aModels vs. results: a test of an agreement of the proposed models with the discussed results is presented

Results Output Inputroutput Removal of Removal of Each step
activation activation substrate oxygen activation

shortage shortage

1]2 y ? ? ? q
1]4 y " " " q
1,3,5 y ? " " q
6 y " " y "
7 y " y y q
Theoretical results y y n.d. n.d. q

a q , quantitative agreement; ", qualitative agreement; ?, lack of contradiction; y, contradiction; n.d., not determined.
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ŽATP utilisation in the case of skeletal muscle:
2q .mainly actinomyosin-ATPase and Ca -ATPase

Žis directly activated by an external effector in the
. Ž .case of skeletal muscle: calcium ions Fig. 2a .

The mitochondria as a whole are activated indi-
rectly by an increase in ADP concentration, as
well as an increase in P concentration and de-i
crease in ATP concentration. Different steps of
oxidative phosphorylation within mitochondria are
activated via changes in appropriate metabolite
concentrations, e.g. particular complexes of the
respiratory chain are stimulated by a decrease in

Ž .the protonomotive force D p .
Ž .B Inputroutput actï ation. Only two steps of

oxidative phosphorylation in mitochondria are di-
Žrectly activated by an external effector calcium

. Ž .ions , namely ATP usage output and some en-
Žzymes of substrate dehydrogenation i.e. irre-

versible TCA cycle dehydrogenases: pyruvate de-
hydrogenase, isocitrate dehydrogenase and 2-

. Ž . Ž . w xoxoglutarate dehydrogenase input Fig. 2b 2,3 .
ŽOther steps are sufficiently active have a great

.enough capacity and sensitive to intermediate
metabolite concentrations to adjust passively their
rates to changes in the overall flux.
Ž .C Remo¨al of substrate shortage. In resting

muscle, substrate concentration is much below
the saturating level and rate-limiting. Therefore,
resting respiration in muscle is much below state
4 respiration in isolated mitochondria. Only ATP
usage and substrate delivery by blood are directly
activated during an onset of muscle exercise, while
other steps are activated indirectly, via changes in

Ž .intermediate metabolite concentrations Fig. 2c .
Ž .D Remo¨al of oxygen shortage. In resting mus-

cle, oxygen concentration is much below the satu-
rating level and rate-limiting. Therefore, resting
respiration in muscle is much below state 4 respi-
ration in isolated mitochondria. Only ATP usage
and oxygen delivery by blood are directly acti-
vated during an onset of muscle exercise, while
other steps are activated indirectly, via changes in

Ž .intermediate metabolite concentrations Fig. 2d .
Ž .E Each step actï ation. Each step of the oxida-

tive phosphorylation system taken into account
explicitly in the dynamic computer model of ox-

w xidative phosphorylation developed previously 4,5
Žis directly activated to a large extent of the order

.of 10 times or even more by an external effector
Ž .Fig. 2e . The relevant steps are: ATP usage,

Žsubstrate dehydrogenation e.g. tricarboxylate acid
.cycle dehydrogenases , particular enzymes of ox-

Židative phosphorylation complex I, complex III,
complex IV, ATP synthase, ATPrADP carrier,

.phosphate carrier , substrate delivery by blood,
oxygen delivery by blood.

6. Models vs. results

In Table 3, the presented conceptual models
Ž .are confronted with the chosen combinations of

results taken from the literature. It can be seen
that output activation model is in contradiction
with all the experimental results discussed in the
present paper. Generally, it cannot explain large
changes in the respiration flux accompanied by
very moderate changes in the ATPrADP ratio, a
greater capacity for the oxygen consumption flux
of mitochondria in vivo than in vitro, an increase
in the NADHrNADq ratio during exercise
observed at least in some experiments as well as it
is not consistent quantitatively with simulations
made using the dynamic computer model of ox-
idative phosphorylation. The inputroutput activa-

Žtion model is apparently not contradictory at
.least qualitatively with the existing experimental

data. However, a more detailed quantitative anal-
ysis with an aid of the dynamic computer model
of oxidative phosphorylation shows that this
mechanism is not able to explain the changes in
the respiration rate and the ATPrADP ratio
taking place during transition from resting state

w xto maximal exercise 5 . Namely, the inputrout-
put activation model does not take into account
the fact that the capacities and sensitivities to
intermediate metabolite concentrations of dif-
ferent mitochondrial enzymes are too small to
adjust passively the rates of the reactions catal-
ysed by these enzymes to a great increase in the
overall flux. Therefore, the quantitative theoreti-
cal treatment proves in this case that a qualitative
explanation, which is acceptable intuitively does
not work when quantitative properties of the con-
sidered system are taken into account. The re-
moval of the substrate shortage model evidently
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cannot be reconciled with the fact that the maxi-
mal capacity of oxidative phosphorylation in mus-
cle is much greater than in isolated mitochondria
Ž .result 7 . The removal of oxygen shortage model
is inconsistent not only with result 7, but also with
the increase in the NADHrNADq ratio during
muscle contraction observed at least in some ex-

Ž .periments result 6 . Only the each step activation
model exhibits a very good quantitative agree-
ment with all the experimental results and theo-
retical studies discussed in the present paper.
This suggests that the direct activation by an
external effector of each step of oxidative phos-

Žphorylation taken into account explicitly in the
discussed dynamic computer model of this

.process is the main mechanism responsible for
the adjustment of the rate of ATP synthesis to
the current energy demand in skeletal muscle
during transition from resting state to intensive
exercise.

7. Discussion

The present paper tries to resolve the problem
as to how ATP production by oxidative phospho-
rylation meets ATP demand at an onset of an
intensive exercise in skeletal muscle. More pre-
cisely, it deals with the sub-problem which steps
of the bioenergetic system of a muscle cell, espe-
cially of oxidative phosphorylation in mitochon-
dria, must be directly activated by an external
effector to cause the changes in the respiration

Žrate and ATPrADP ratio and also in other
.metabolite concentrations observed experimen-

tally during resting state ªmaximal work transi-
tion in skeletal muscle.

Several possible models are analysed by their
comparison with selected experimental data. Only
the each step activation mechanism is able to
explain in a quantitative way the changes in fluxes
and metabolite concentrations taking place in in-
tact muscle, especially when they are referred to
the changes occurring in isolated mitochondria
during state 4ªstate 3 transition.

The fact that the output activation mechanism
fails completely as the main explanation of the

accessible experimental data becomes intui-
tively obvious when we consider the hyperbolic
kinetics of mitochondria with the apparent

w xMichaelis]Menten constant for ADP equal to
approximately 25 mM, on one hand, and the

w xchanges in the respiration rate and ADP
Ž .ATPrADP ratio which take place in intact mus-
cle, on the other hand. One could argue that not
only ADP concentration, but also P concentra-i
tion changes significantly in intact muscle during
resting state ªactive state transition. On the

w xother hand, P is essentially constant in suspen-i
sion of isolated mitochondria during state 4ª
state 3 transition. Therefore, the maximal 10-fold
increase in the respiration rate in response to

Žchanges in the ATPrADP ratio the RCR ratio
fixing the capacity of mitochondria for an in-

.crease of the oxygen consumption flux observed
in isolated mitochondria cannot be extrapolated
to intact muscle conditions. For example, because
of the presence in intact muscle of creatine ki-
nase and the PCrrCr pair which buffers the
ATPrADP ratio, the concentration of inorganic
phosphate can increase several times during tran-

w xsition to intensive exercise 29 . Therefore, the
computer dynamic model based on experiments
performed on isolated mitochondria cannot re-
flect properly the bioenergetic properties of the
intact muscle cell. However, when a saturating
concentration of external inorganic phosphate is
introduced in state 3 within the computer model
of oxidative phosphorylation, the maximal capac-
ity of oxidative phosphorylation for a relative
increase in the respiration flux increased from
approximately 10 times to only approximately

w x12]13 times. This suggests that changes in Pi
Ž w x.accompanying changes in ADP cannot stimu-
late oxidative phosphorylation much stronger than

w x Žw xthe changes in ADP alone do ATP remains
.essentially constant even in intact muscle . This is

because the kinetic effects of ADP and P do noti
add linearly, which can be easily understood in
terms of the two-substrate enzyme kinetics
Žmitochondria are more than half-saturated with
w x .P even in resting state . Therefore, an involve-i
ment of the changes in inorganic phosphate which
occur in intact muscle cannot increase signifi-



( )B. Korzeniewski r Biophysical Chemistry 83 2000 19]34 29

cantly the capacity of mitochondria for an in-
Ž .crease in the respiration and ATP synthesis rate

in response to an elevated energy demand.
w xSome studies 30]32 showed a near-hyperbolic

or near-linear relationship between ADP concen-
tration and the ATP synthesis rate or respiration
rate during muscle exercise. However, these stud-
ies were performed for relatively very low work
intensities, covering up to 10% of the maximal

w xcapacity for ATP turnover 11 . Additionally, the
electrical stimulation of muscle used in these

Žstudies contrary to the physiological neural sti-
.mulation can cause some non-physiological ef-

fects, for example non-specific stimulation of gly-
Ž .colysis e.g. by a recruitment of glycolytic fibres ,

Žor even a damage of fibres especially at higher
.stimulation frequencies . This can in turn cause a

non-physiological decrease in the ATPrADP ra-
tio as well as in the maximal capacity of oxidative
phosphorylation for an increase in the oxygen
consumption flux. For the purpose of studies on
the regulation of oxidative phosphorylation, it
seems better to measure the oxygen consumption

Žflux instead of the ATP synthesis flux elimination
.of glycolytic ATP supply and to use a neural

stimulation instead of electrical stimulation
Ž .avoiding a non-physiological increase in ADP .
Nevertheless, the mentioned experiments can tes-

w xtify to this that the negative feedback via ADP is
actually the main mechanism which stimulates
ATP production by mitochondria at low work
intensities, while at medium and high work inten-
sities the parallel direct activation of different
steps of oxidative phosphorylation by an external

w xeffector is recruited and starts to predominate 5
Ž w xthe negative feedback via ADP remains a mi-

.nor, fine-tuning mechanism .
There have also been proposed some variants

of the output activation model, where a negative
feedback via creatine concentration, rather than

w xvia ADP concentration, is involved. Mahler 33
drew attention to the fact that there exists a
linear relationship between the respiration rate
and creatine concentration during muscle con-
traction. On the basis of this observation, the
author concluded that oxidative phosphorylation

w xis directly activated by Cr and that this process
can be described by a simple first-order kinetics.

Leaving aside the fact that a linear correlation
does not imply a direct causal relationship, only
absolute changes in the respiration rate and crea-
tine concentration were considered in the men-
tioned paper. When relative changes in these
parameters are taken into account, it can be

Ž w xeasily calculated see Fig. 6 and resting Cr quoted
w x.in Mahler 33 that a 30-fold increase in the

respiration rate is accompanied by an only three-
fold increase in creatine concentration. It remains
a puzzle, how this fact can be reconciled with the
first-order kinetics postulated by the author. On
the other hand, the presented data can be easily
explained within the paradigm of a parallel direct
stimulation of different steps of oxidative phos-
phorylation by an external effector.

The observation that the affinity of mitochon-
dria to ADP in skinned fibres of cardiac muscle
and slow-twitch skeletal muscle increases dramat-
ically in the presence of creatine, to the value

w xobserved in isolated mitochondria 34 , was inter-
preted by the authors as evidence for an existence
of an ADP diffusion limitation andror displace-
ment from equilibrium of creatine kinase. How-
ever, these experiments only show that some

Žstructural limitation for ADP diffusion e.g. mi-
.cro-organisation or channelling is present in

skinned fibres, and that this limitation is removed
after an addition of creatine, and therefore after
a restoration of more physiological conditions. In

Žthis aspect, isolated mitochondria no diffusion
limitation because of a destruction of the postu-
lated structural micro-compartmentation between

Ž .mitochondrial creatine kinase mi-CK and
.ATPrADP carrier are a better model for studies

of the kinetic properties of oxidative phosphoryla-
Žtion in intact muscle no diffusion limitation be-

cause of the presence of creatine, which over-
comes ADP diffusion limitations caused by

.micro-compartmentation than skinned fibres
Žwithout creatine diffusion limitations present,

because the micro-organisation is preserved, while
. Žcreatine is lacking . Of course, the system:

skinned fibresqcreatine is an equally good, if not
better, model of oxidative phosphorylation in in-

.tact muscle as isolated mitochondria. This con-
clusion is strongly supported by the fact that
many experiments performed on intact muscle



( )B. Korzeniewski r Biophysical Chemistry 83 2000 19]3430

testify against any diffusion limitations for ADP
w x w x35,36 . Moreover, Aliev and Saks 37 developed
a mathematical model of oxidative phosphoryla-
tion in cardiac muscle which involves the postu-
lated diffusion limitations as well as a displace-
ment from equilibrium of creatine kinase, in or-
der to explain the very small changes in ADP
concentration observed experimentally during a
several-fold increase in oxygen consumption in

w xthe heart 6 . They argued that just the postulated
compartmentalised energy transfer in cardiomyo-
cytes is responsible for small changes in bulk-

w xphase ADP . However, paradoxically, just their
own model shows excellently the need for a paral-
lel activation of ATP supply together with ATP
usage. Because, the simulations performed by the
authors gave a twofold decrease in the PCrrATP
ratio during an approximate fivefold increase of

Žthe phosphorylation flux Figure 14B in Aliev and
w x.Saks 37 , while essentially no changes in this

ratio were observed experimentally in heart at a
w xcomparable change in the flux 6 . Again, this

discrepancy can be easily explained on the grounds
of the concept of parallel activation of ATP con-
sumption and ATP production. Additionally,

w xKushmerick 38 , using experimentally-measured
kinetic properties of creatine kinase, showed that
this enzyme is near equilibrium in muscle even at
high flux intensities.

One could also argue that the process of oxida-
tive phosphorylation in intact muscle, unlike in
isolated mitochondria, exhibits a property of ul-

Žtrasensitivity of the flux of respiration and ATP
. Žsynthesis to changes in the ATPrADP ratio and

also is characterised by a greater capacity for an
.increase in these fluxes . For this reason, the

output activation mechanismqnegative feedback
via ADP concentration still remains a valid expla-
nation of the existing experimental data. How-
ever, this supposition would imply that the
properties of isolated mitochondria are com-
pletely different than the properties of mitochon-
dria in situ. There are no reasons to accept such
an assumption. Moreover, Brand, Brown and col-
leagues clearly demonstrated, using the ‘top-down’
approach to Metabolic Control Analysis, that the
kinetic properties of oxidative phosphorylation in

w xisolated liver mitochondria 39 are very similar to

the properties of oxidative phosphorylation in in-
w xtact hepatocytes 40 . In both cases, a comparable

contribution of the proton leak to the overall
oxygen consumption flux as well as a similar dis-
tribution of metabolic control among the oxida-
tion system, phosphorylation system and proton
leak system were stated, which testifies that mito-
chondria were not damaged during isolation and
their properties were not changed. This conclu-
sion can be reasonably extrapolated to oxidative
phosphorylation in skeletal muscle, especially that
kinetic properties of muscle mitochondria do not
differ by anything significant from the kinetic

w xproperties of liver mitochondria 14,41 . Similar
kinetic properties of oxidative phosphorylation
were also observed in skinned fibres when ATP

Ž .consumption actinomyosin ATPase was stimu-
w xlated by calcium ions 42 . These findings greatly

validate the theoretical result that the discussed
dynamic computer model of oxidative phosphory-
lation, successfully tested for virtually all known
kinetic properties of oxidative phosphorylation in
isolated mitochondria, decidedly excludes the

w xpossibility that the negative feedback via ADP is
the main mechanism responsible for an adjust-
ment of ATP production to current energy de-

w xmand at high exercise intensities 5 .
Additionally, the output activation mechanism

Ž .also in the ‘ultrasensitive’ version is not able to
explain the increase in the NADHrNADq ratio
after an onset of muscle contraction observed in
some experiments. The fact that the NADHr
NADq ratio increases during muscle work

w xin same cases 21,22 , while it decreases in other
w xcases 23]26 testifies to this that there exists a

very subtle balance of activation on the NADH-
production side and on the NADH-consumption
side. Indeed, relatively small changes in the de-
gree of activation by an external effector of the

ŽNADH-producing block substrate dehydrogena-
. Žtion and the NADH-consuming block respira-

.tory chain within the dynamic computer model of
oxidative phosphorylation gave either a quite high
increase in the NADHrNADq ratio after transi-
tion to active state, or a decrease in this ratio
w xdata not shown . Therefore, the fact that the
reduction level of NAD decreases in some cases
after an onset of muscle contraction by no means
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testifies univocally to the validity of the output
activation mechanism.

w xFinally, a very recent work by Rolfe et al. 43
shows that the protonmotive force does not
change or even slightly increases during stimula-
tion of muscle. Again, this result can be explained
only in the frame of the paradigm of parallel
direct activation of the D p-producing block and
D p-consuming block. When the proportional acti-

w xvation approach 8 is used to elaborate quantita-
tively these data, one can easily calculate for this
case the value of the proportional activation co-

Žefficient defined as the ratio of the relative sti-
Ž .mulation of the D p-consuming block B to the

relative stimulation of the D p-producing block
Ž . A BA by an external effector X : P sX
­BrBr­ArA, where A and B stand for the

.activities of the two blocks . This value equals
roughly 0.75, which means that D p consumption
was activated by only 25% less than D p produc-
tion.

At the first look, the inputroutput activation
mechanism seems to be intuitively logical and to
offer an attractive qualitative explanation of the
experimental results discussed in this paper. Nev-
ertheless, this mechanism does not work when
more quantitative analysis of the system is per-
formed. This analysis involves maximal capacities
of particular steps for an increase in the flux as
well as sensitivities of these steps to intermediate
metabolite concentrations. It also takes into ac-
count the fact that flux control coefficients of
substrate dehydrogenation and particular mem-
brane complexes of oxidative phosphorylation are

w xof the same order of magnitude 14 and there-
fore all these steps become saturated more or less
simultaneously when the flux increases. In order
to draw final conclusions, all these facts should be
analysed in a quantitative way. Because the hu-
man brain cannot cope with such an analysis, a
quantitative treatment with the aid of well-tested
computer models plays a crucial role in these
kinds of studies. Such a treatment performed in

w xthe previous paper 5 suggests that the
inputroutput activation mechanism cannot ac-
count for the experimentally observable be-
haviour of the investigated system.

The substrate shortage removal mechanism is

contradictory not only with the fact that the maxi-
mal respiration in intact muscle is two to five

Žtimes greater than in isolated mitochondria re-
.sult 7 . Because, a significant substrate shortage

in resting state, and therefore a considerable de-
crease in the ATP supply rate as well as in the
phosphorylation potential, would hinder many re-
actions driven by ATP hydrolysis, important for
keeping a cell alive, e.g. protein synthesis, DNA

Ž q q.and RNA synthesis, ion Na , K circulation
w xand so on 44 . Finally, the phosphorylation po-

w xtential measured in resting muscle 35,45 is at
Ž .least as high if not higher as the phosphoryla-

tion potential in isolated mitochondria in the
Ž‘physiological’ state 3.5 a state intermediate
. w xbetween state 4 and state 3 15]18 . For all these

reasons, the removal of substrate shortage mech-
anism does not seem to reflect correctly the situa-

Ž .tion regulatory mechanisms which actually takes
place in intact muscle.

Some support for the oxygen shortage removal
mechanism can be given by the fact that Gneiger

w xet al. 46 found that the oxygen concentration in
heart muscle reported in some publications is
greater by ‘only’ approximately one order of mag-
nitude than the K constant of oxidative phos-m
phorylation for oxygen concentration measured
by them. The authors concluded that this oxygen
concentration is located in the ‘control range’ for
oxidative phosphorylation, since it lowers the res-
piration rate to approximately 90% of the value
expected at saturating oxygen concentration.
However, this means nothing more than that an
increase of oxygen delivery by blood can, in itself,
increase the respiration rate by only up to 10%.

ŽOn the other hand, an approximate 10-fold by
.900% activation of oxidative phosphorylation is

necessary to explain the changes in fluxes and
metabolite concentrations observed experimen-

w xtally during muscle contraction 5 . Therefore, an
activation of oxygen delivery by blood does not
seem to be a significant mechanism responsible
for the stimulation of respiration rate and ATP
synthesis during transition from the resting state
to intensive exercise. Of course, the supply of
substrate and oxygen by blood must be increased
during muscle contraction, however, not in order
to activate the oxidative phosphorylation system
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in resting state, but to avoid a decrease in oxygen
Ž .and substrate concentration and therefore an

Žinhibition of this system in active state. This does
not have to lead to an increase in oxygen concen-
tration if oxygen supply and oxygen consumption

.are activated to the same extent. In other words,
the oxygen concentration does not control sig-
nificantly the respiration flux; inversely, just this
concentration is controlled by the balance
between the rate of oxygen consumption and the
rate of oxygen delivery by blood. Additionally, the
oxygen shortage removal mechanism cannot be
reconciled with result 6 and the whole criticism
concerning the removal of substrate shortage
mechanism applies equally well to the removal of
the oxygen shortage mechanism.

Taking into account the above discussion, a
conclusion can be drawn that only the ‘each step’
activation mechanism agrees in a satisfactory,
quantitative way with the known facts and com-
puter simulations based on the model of oxidative
phosphorylation in muscle mitochondria devel-

Ž .oped previously. This suggests that a universal
Ž . Ž .intracellular activator s rregulatory mechanism s

of different steps must exist. However, the main
known candidate, namely calcium ions, is not fully
satisfactory because their action in vitro is too

w xsmall andror doubtful 47,48 . The computer
model predicts that all steps of oxidative phos-
phorylation should be activated to a large extent
Ž .10 times or so . On the other hand, it still re-
mains a matter of debate if calcium activates
some complexes in mitochondria in vivo. Even in
these few cases where it is proposed that calcium
activates some enzymes, the extent of stimulation
is decidedly too small to account quantitatively
for the phenomena taking place in skeletal mus-

Žcle for example a less than twofold up-regulation
w x.of ATP synthase in heart 49 . Therefore, one

can expect that our present knowledge lacks
something very significant, an important element
necessary for explanation of how ATP supply
meets ATP demand. This would mean that a
general effectorrregulatory mechanism is still
waiting for experimental identification. In this

w xsense, the simulations performed previously 5
with an aid of the computer dynamic model of
oxidative phosphorylation and discussed in this

article may inspire and direct further experimen-
tal studies. At the present stage, one can specu-
late on the physical nature of the theoretically
predicted universal effectorrregulatory mecha-
nism.

Considering the activation by calcium ions of
TCA cycle dehydrogenases in vitro and some
effect of calcium on some complexes of oxidative

w xphosphorylation 2,3,47,48 , it seems probable that
this universal effector has something to do with
calcium ions. However, for the reasons mentioned

w 2qxbefore, a high Ca alone does not seem to be
the obvious factor. I proposed in the previous

w xarticle 5 that calcium ions may act via some
protein, analogous to calmodulin, which is lost or
inactivated during isolation of mitochondria and
especially during isolation of particular enzymes.
This possibility can be supported by the fact that,
e.g. the isolated ATPrADP carrier is activated by
calcium ions, but the concentration of calcium
needed is at least two orders of magnitude greater

w xthan in intact cells 50 . This suggests that some-
thing mediates in ‘presenting’ calcium ions to the
ATPrADP carrier. Such a protein could be re-
sponsible for the integration over time of the
signal coming from the frequency of Ca2q oscilla-

Ž .tions see below .
Ž .Another alternative or supplementary possi-

bility comes from calcium spiking discovered in
w xhepatocytes. It was demonstrated 51 that hor-

mones coupled with a release of calcium ions to
Ž .cytoplasm e.g. vasopressin, phenylephrine which

activate respiration and ATP synthesis, generate
w 2qxperiodic Ca spikes in the cytoplasm. It was

w xsubsequently shown 52 that cytosolic calcium
spikes are reflected in oscillations in mitochon-
drial calcium ion concentrations occurring in the
same phase. The frequency of spiking was inte-
grated over time, which manifested itself in a
persistently elevated reduction level of NAD and

w xprotonmotive force 52 . This suggests that cal-
cium spiking causes a frequency-dependent acti-
vation of at least some mitochondrial enzymes.
On the other hand, paradoxically, a high constant

2q Žcytosolic concentration of Ca present at high
.doses of hormones caused only a transient in-

crease in mitochondrial calcium concentration
and, as a result of this, as a transient activation of
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oxidative phosphorylation. This could well explain
why isolated mitochondria are activated relatively
weakly, or, not at all, by high constant external

w xconcentrations of calcium ions 48 . The fre-
quency-dependent stimulation of oxidative phos-
phorylation in mitochondria by calcium oscilla-
tions seems to be an attractive candidate for the
postulated universal mechanism which activates
in parallel all the complexes of oxidative phos-
phorylation in skeletal muscle in order to adjust
the rate of ATP synthesis to current energy de-
mand.

The postulated each step activation mechanism
is, in an important sense, a logical derivative of a
theoretical and experimental development of the

w xMetabolic Control Analysis 53,54 . Because, this
method demonstrated that the metabolic control

Ž .is distributed among many virtually all steps of
different metabolic pathways, especially of oxida-

w xtive phosphorylation 14,41 . Additionally, in a
typical case, if one step is activated by an external
effector, the flux control coefficients of the re-
maining steps increase. Therefore, all steps should
be directly activated to cause a large increase of
the metabolite flux through a considered
biochemical pathway. On the other hand, if the
parallel activation of different steps actually takes
place, the values of flux control coefficients of
particular enzymes loose to a large extent their
importance, because in the case of an ideally
equal activation of each step by n times, the
overall flux will also increase n times regardless
of the values of flux control coefficients of partic-
ular enzymes. In the case of a non-ideally equal
activation, which occurs in the bioenergetic sys-

Žtem of skeletal muscle ATP usage is activated
.more than ATP supply , the values of flux control

coefficient of particular steps are relevant for the
‘fine tuning’ mechanism of equilibration of dif-
ferent reaction rates via moderate changes in
intermediate metabolite concentrations.

The each step activation mechanism, if correct,
completely changes the traditional paradigm of
the regulation of the bioenergetic metabolism,
based on the negative feedback loop involving

w xchanges in ADP and other metabolite concen-
trations. Two possible evolutionary profits of the
parallel activation of different steps can be con-

sidered. Firstly, it allows to maintain a relatively
constant concentration of different intermediate
metabolites, such as ATP, NADH, D p and acetyl-
CoA. These metabolites are substrates for many
anabolic and transport processes important for
the function and survival of a cell. A significant
decrease in the concentrations of these
metabolites could stop the mentioned processes
and lead to damage or even death of a cell.
Secondly, the each step activation mechanism
would enable to keep the concentrations of the
relevant enzymes low and therefore to diminish
energy expanses for protein synthesis. Because, in
the absence of a direct activation, the concentra-
tion of a given enzyme would have to be signifi-
cantly greater in order to achieve the large de-
sired maximal capacity for an increase of a flux.

Summing up, the each step activation proposal
discussed in the present article seems to be the
only quantitatively-working interpretation of the
accessible experimental data as well as a logical
consequence of the homeostasis of the cell condi-
tioned by the purposefulness of biological evolu-
tion. A similar idea, named ‘multi-site modula-
tion’, was developed in a more abstract and gen-

w xeral way by Fell and Thomas 55 in relation to
other pathways, especially glycolysis.
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