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Abstract

A dynamic computer model of oxidative phosphorylation in oxidative mammalian skeletal muscle was developed.
The previously published model of oxidative phosphorylation in isolated skeletal muscle mitochondria was extended
by incorporation of the creatine kinase system (creatine kinase plus phosphocreatine /creatine pair), cytosolic proton
production /consumption system (proton production/consumption by the creatine kinase-catalysed reaction,
efflux/influx of protons), physiological size of the adenine nucleotide pool and some additional minor changes.
Theoretical studies performed by means of the extended model demonstrated that the CK system, which allows for
large changes in P; in relation to isolated mitochondria system, has no significant influence on the kinetic properties
of oxidative phosphorylation, as inorganic phosphate only slightly modifies the relationship between the respiration
rate and [ADP]. Computer simulations also suggested that the second-order dependence of oxidative phosphorylation
on [ADP] proposed in the literature refers only to the ATP synthesis flux, but not to the oxygen consumption flux
(the difference between these two fluxes being due to the proton leak). Next, time courses of changes in fluxes and
metabolite concentrations during transition between different steady-states were simulated. The model suggests, in
accordance with previous theoretical predictions, that activation of oxidative phosphorylation by an increase in [ADP]
can (roughly) explain the behaviour of the system only at low work intensities, while at higher work intensities
parallel activation of different steps of oxidative phosphorylation is involved. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Oxidative phosphorylation is the main process
responsible for the production of energy in the
form of ATP in oxidative skeletal muscle under
most conditions. The entire general sequence of
biochemical events leading to the synthesis of
ATP in the process of oxidation of respiratory
substrates has been known since Mitchell pro-
posed his chemiosmotic theory [1,2]. However, the
way in which the oxidative phosphorylation sys-
tem is regulated in intact tissues still remains a
matter of debate.

Great changes in ATP demand take place in
skeletal muscle during transition from resting
state to intensive exercise. To avoid a quick de-
pletion of ATP after an onset of stimulation,
oxidative phosphorylation in mitochondria must
be in some way ‘informed’ about the current
energy demand. Thus, energy supply can meet
energy demand and the oxygen consumption flux
and ATP turnover flux also increase greatly [3-8].
However, there is still no general agreement as to
how oxidative phosphorylation is regulated during
resting state — active state transition, that is
which elements of the system are directly acti-
vated by some external effector and which are
activated only indirectly, via changes in interme-
diate metabolite concentrations.

According to the classical (negative-feedback)
mechanism, proposed originally by Chance and
Williams on the basis of their studies on isolated
mitochondria [9-11], only ATP usage is activated
directly by an external effector (in this case, cal-
cium ions), while oxidative phosphorylation and
substrate dehydrogenation are activated only in-
directly, via changes in [ADP], [P,] and
[NADH]/[NAD™"]. Several authors [12—15] postu-
lated that ATP usage and substrate dehydrogena-
tion (e.g. irreversible TCA cycle dehydrogenases:
pyruvate dehydrogenase; isocitrate dehydroge-
nase; and 2-oxoglutarate dehydrogenase) are di-
rectly activated in parallel by an external effector
(calcium ions), while oxidative phosphorylation is
activated only indirectly, via an increase in [ADP],
[P.] and /or [NADH]/[NAD*].

The previously developed model of oxidative
phosphorylation in isolated skeletal muscle mito-

chondria suggested that only a direct parallel
activation of several (or even all) steps of this
process can account for the behaviour of the
system at higher work intensities [16,17]. How-
ever, this model did not take into account some
elements and properties of the bioenergetic sys-
tem in intact muscle important for the function-
ing of this system on the physiological level [18,19].
First of all, it did not include the creatine kinase
system, creatine kinase (CK) plus phosphocrea-
tine (PCr)/creatine (Cr) pair. This system is im-
portant for the regulation of oxidative phosphory-
lation, because its presence in intact muscle al-
lows large changes in the concentration of inor-
ganic phosphate, while [P,] is essentially constant
in isolated mitochondria [20]. Therefore, it was
theoretically possible that large changes in [P,],
accompanying the changes in [ADP], could ex-
plain the existing experimental data within the
negative-feedback-activation paradigm. In such a
case, the theoretical predictions made with the
aid of the model of oxidative phosphorylation in
isolated mitochondria would be not valid in intact
muscle. Additionally, this model did not cover
proton production /consumption in the cytosol, it
described fluxes in arbitrary units, involved a great
(suspension of mitochondria) external vol-
ume /mitochondrial volume ratio and it took into
account a lower adenine nucleotide pool than
that present in intact muscle.

The proposition that many different steps of
oxidative phosphorylation are activated in parallel
[16,17] was mostly based on the fact that large
relative changes in the oxygen consumption flux
are accompanied by only very small relative
changes in intermediate metabolite concentra-
tions ([ADP], A p, INADH)) [3-8,21,22]. However,
there are still trials been undertaken to explain
the regulation of oxidative phosphorylation in
muscle during varying energy demand in terms of
the negative-feedback mechanism involving
changes in [ADP] and/or [P,]. Jeneson et al. [8]
proposed that the dependence of mitochondrial
oxidative phosphorylation on ADP concentration
is of at least a second order and that this fact
could entirely explain the much smaller relative
changes in [ADP] than in the oxidative phospho-
rylation flux. However, the authors do not distin-
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guish clearly between the oxygen consumption
flux and ATP turnover flux, relative changes in
these fluxes are not equivalent to each other due
to proton leak. Therefore, the relevance of their
explanation for the oxygen consumption flux re-
mains uncertain.

The Saks’ group developed computer models
involving ‘compartmentalised energy transfer’
[23,24], based on the assumption of considerable
metabolite (particularly ADP) concentration gra-
dients due to diffusion limitations. The authors
claim to demonstrate with the aid of their com-
puter simulations that compartmentalised energy
transfer is able to explain the very constant level
of [ADP] observed in intact heart at very different
flux intensities [25—27]. However, their theoretical
results have in fact little to do with diffusion
limitations and are mostly due to the very low
concentration (a few micromoles) of inorganic
phosphate in resting muscle and large relative
variations (100 times or more) in [P;] during rest-
ing state — active state transition assumed by the
authors. On the other hand, much greater resting
[P,] values and much smaller relative variations in
[P,] are usually reported in the literature [27]
(also see the discussion in [28]). Additionally, the
discussed model is not able to explain the stability
of other metabolite concentrations, especially
[NADH] [29]. Therefore, there still remains a
question if more physiological variations in [P;]
have any significant impact on the regulation of
oxidative phosphorylation in vivo.

In the present paper we extended and modified
the previous model of oxidative phosphorylation
in isolated skeletal muscle mitochondria in order
to involve the properties of oxidative phosphory-
lation in intact oxidative skeletal muscle. By ox-
idative muscle we understood mitochondria-rich
type I and type IIA fibres, constituting most of
e.g. human locomotory muscles [30-32]. We in-
corporated the CK system into the model, ex-
pressed fluxes in absolute units, took into account
the proton production/consumption by creatine
kinase and proton efflux /influx through the cellu-
lar membrane and introduced physiological ade-
nine nucleotide pool as well as a cytosol/
mitochondria volume characteristic of skeletal
muscle. Thus, the previous model for isolated

mitochondria was put into a more physiological
context.

Subsequently, we studied in a theoretical way
the regulation of oxidative phosphorylation in
skeletal muscle during transition from resting
state to active state. We obtained that the depen-
dence of the ATP turnover flux on [ADP] is
actually of, approximately, second order, as pro-
posed by Jeneson et al. [8]. However, we observed
in our simulations a near-first-order dependence
of oxygen consumption on ADP concentration,
the difference was due to the proton leak. Our
simulations also indicated that physiological vari-
ations in [P,] have only a minor effect on the
respiration rate. Therefore, we conclude that the
negative feedback via [ADP] and /or [P,] cannot
entirely account for the regulation of oxidative
phosphorylation in vivo at higher work intensities.

2. Model

The computer dynamic model of oxidative
phosphorylation in mammalian oxidative skeletal
muscle used in the present study was developed
by modifying the model of oxidative phosphoryla-
tion in isolated skeletal muscle mitochondria built
previously [16,18]. That model comprised explic-
itly of the following steps: substrate dehydrogena-
tion; complex I, complex III; complex IV (cyto-
chrome oxidase); proton leak; ATP synthase;
ATP/ADP carrier; phosphate carrier; ATP us-
age; and adenylate kinase. The dependencies of
the reaction rates of particular steps on different
metabolite concentrations were expressed as ap-
propriate kinetic equations. Changes over time in
particular metabolite concentrations were ex-
pressed in the form of a set of differential equa-
tions. This set was integrated numerically, with
the aid of a computer.

The model used in the present study was devel-
oped by incorporating into the model for isolated
mitochondria the following elements: absolute
oxygen consumption fluxes; creatine kinase (CK)
system; production /consumption of cytosolic pro-
tons by this system; and efflux/influx of protons
(plus buffering of proton concentration in the
cytosol). There were also some minor changes



20 B. Korzeniewski, J.A. Zoladz / Biophysical Chemistry 92 (2001) 17-34

introduced: a greater external (cytosolic) adenine
nucleotide pool concentration; and a new value of
the mitochondrial volume /external (in this case,
cytosolic) volume ratio.

2.1. Oxygen consumption fluxes

In the version of the model for isolated mito-
chondria [16,18], respiration rates were expressed
in arbitrary units. In the present article, oxygen
consumption is expressed in mM min~! in order
to scale the fluxes in real units and to facilitate
comparison of computer simulations with experi-
mental results. The rate constants (or maximal
velocities) of all reactions were therefore multi-
plied by an appropriate factor.

The oxygen consumption fluxes measured ex-
perimentally in different states in skeletal muscle,
as well as the values accepted in the model, are

Table 1

presented in Table 1. In the resting state, the
proton leak is responsible for over a half of the
oxygen consumption, while the remaining respira-
tion rate is due to the ATP turnover [33]. There-
fore, the relative increase in the respiration rate
during muscle exercise is never equal to the rela-
tive increase in ATP turnover, although these two
features are sometimes confused. For example, a
10-fold increase in the respiration rate would be
equivalent to a more than 20-fold increase in
ATP turnover.

The maximal respiration rate is similar in
isolated mitochondria, skinned fibres, muscle ho-
mogenate and intact muscle during PCr recovery
after exercise (see discussion by Tonkonogi and
Sahlin [34]). This suggests that the capacity for
oxygen consumption in isolated mitochondria
equals roughly the capacity for oxygen consump-
tion in mitochondria in intact non-stimulated

Respiration rates® in different states in mammalian skeletal muscle

State Experimentally- References Respiration rate
measured accepted in the
respiration rate model (mM min ')
(mM min 1)

State 4

(inhibited ATP turnover, entire V0,
due to proton leak 0.21 [33] 0.21
Resting state
(approx. 60% of respiration due to 0.22-0.35 [5,21,33] 0.30
proton leak, approx. 40% due to
ATP turnover)
Maximal V0, in [34,35]
isolated mitochondriah, [overviewed in
skinned fibres, muscle 3.0-4.0 [34]] 3.7
homogenates and intact
muscle during PCr
recovery’
Maximal V0, in 8.5 [34]
working muscle 15.5 [36]
6.3 [5] 7-15
16 [37]

1 mM min~! = 0.24 mmol X kg dry mass™! X min~!.

PRecalculated for intact muscle taking into account mitochondria density [34].

“Recalculated from ATP production using the P /O ratio = 6.



B. Korzeniewski, J.A. Zoladz / Biophysical Chemistry 92 (2001) 17-34 21

muscle. Therefore, the state of maximal respira-
tion rate in skinned fibres, muscle homogenate
and intact muscle during PCr recovery can be
regarded as an equivalent of state 3 in isolated
mitochondria (in all these cases the respiration
rate is mainly stimulated by a high ADP concen-
tration). A comparison of the respiration rates in
state 3 and 4 presented in Table 1 gives an RCR
ratio (state 3 respiration/state 4 respiration)
equal to approx. 15-20. This value is slightly
greater than the maximal RCR ratio measured in
isolated skeletal muscle mitochondria, which
equals approximately 10 [38]. A plausible explana-
tion of this discrepancy seems to be the possibility
that the inner mitochondrial membrane is slightly
damaged during mitochondria isolation (at least
in some fraction of mitochondria) and, therefore,
the (averaged) intensity of proton leak in isolated
mitochondria is a little greater than in mitochon-
dria in situ. Taking into account this pheno-
menon, the rate constant of proton leak was
decreased in relation to the rate constants of
other processes within the model.

One can also see from Table 1 that the maxi-
mal oxygen consumption in working muscle can
be several times greater than the maximal capac-
ity of oxidative phosphorylation in non-stimulated
muscle (during PCr recovery after exercise). This
apparent discrepancy can be easily explained by
direct activation of mitochondria by some exter-
nal (in relation to oxidative phosphorylation) in-
tracellular factor, in parallel with the activation of
ATP usage (actinomyosin-ATPase and Ca’*-
ATPase) by calcium ions during muscle exercise.
On the other hand, the direct stimulation of
oxidative phosphorylation can be switched off
during PCr recovery after exercise (and is, of
course, absent from isolated mitochondria,
skinned fibres and muscle homogenates). Taking
into account the assumed resting oxygen con-
sumption rate (0.3 mM min '), one can easily
calculate that the respiration rate increases ap-
proximately 20-50 times during resting state —
maximal exercise transition. Within the model,
the maximal oxygen consumption in working mus-
cle was assumed to be equal to 7-15 mM min ™'

Of course, a potential alternative explanation
of the difference between the maximal respiration

rate in isolated mitochondria and in intact muscle
is that mitochondria are damaged during isola-
tion. However, this would mean that mitochon-
dria are also ‘damaged’ or inactivated in skinned
fibres, muscle homogenate and intact muscle dur-
ing PCr recovery, where similar maximal respira-
tion rates as in isolated mitochondria are observed
[34,35]. This seems very unlikely, especially in the
case of intact muscle during recovery. Further-
more, inactivation of mitochondria upon isolation
is not able to explain the main experimental
evidence of parallel activation of different steps,
namely the stability of metabolite concentration
during large flux variations. On the other hand,
the fluxes presented in Table 1 were measured in
different experiments carried out in different
laboratories. Therefore, only a semi-quantitative
comparison of these fluxes seems to be justified.

Both the resting and maximal oxygen consump-
tion rate per kg of body mass in mammals de-
pends on the size of the animal [39]. The above-
quoted fluxes refer mainly to medium-size mam-
mals (humans, dogs and so on). References [21]
and [33] concern rat muscle, but the resting respi-
ration rate is similar in dog [5] and rat [21].
Moreover, those references were used mainly in
order to assess the relative contribution of proton
leak to the respiration rate in resting state.

2.2. Creatine kinase system

The main modification performed within the
model was the introduction of the creatine kinase
system: CK plus the creatine (Cr)/phosphocrea-
tine (PCr) pair. The total creatine pool concentra-
tion Cy =[Cr] +[PCr] was assumed to be equal
to 35 mM [40,41]. The reaction catalysed by crea-
tine kinase was assumed to be very close to ther-
modynamic equilibrium in skeletal muscle both in
resting state and during intensive exercise. This
assumption is based on both experimental studies
[42,43] and theoretical quantitative considerations
[40,44]. For example, the maximal ATP synthesis
by creatine kinase is 11 times greater than the
maximal ATP synthesis by oxidative phosphoryla-
tion [45]. Therefore, the CK system seems to fulfil
two main functions in the muscle cell: (1) the
PCr/Cr pair is the buffer for the ATP/ADP
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ratio; and (2) the quick diffusion of Cr overcomes
possible limitations in ADP diffusion [46]. For the
above reasons, the diffusion limitations and dis-
placement of CK from equilibrium assumed by
Saks and co-workers in their models of oxidative
phosphorylation in heart [23,24] were not taken
into account in the present model. The cited
authors developed their models in order to ex-
plain the very small variations in [ADP] observed
in intact heart [25-27]. However, as it is discussed
in the present article, the stability of [ADP] they
obtained in their simulations was mostly due to
unphysiologically large variations in [P,] assumed
in their model and not due to compartmentalised
energy transfer.

The apparent equilibrium constant of creatine
kinase:

. ATP-Cr
Ko =Kex H' = 2pp - per @

is equal to approximately 220 [47] in the condi-
tions prevailing in resting muscle (Mg?*]=3-4
mM [45], pH,=7.0). In fact, this equilibrium
description would be completely sufficient to cal-
culate the PCr/Cr ratio in all conditions on the
basis of a current ATP /ADP ratio and pH. How-
ever, in order to involve explicitly the proton
production /consumption by creatine kinase dur-
ing transition between different steady-states, a
fully equivalent kinetic description is used where
the forward and backward reaction rates are de-
scribed by a linear dependence on substrate con-
centrations (see Table 2). The greater the rate
constants ke and k,cx (of course, their ratio
has to fulfil the equilibrium requirements given
by Eq. (1), the closer the reaction to thermody-
namic equilibrium. Therefore, high enough values
of these rate constants were chosen, ensuring that
creatine kinase was near equilibrium in all condi-
tions considered in the present paper (even at
maximal ATP turnover fluxes). There is no need
for a more complicated kinetic description of
creatine kinase, especially so that the relevant
kinetic parameters are difficult to measure and a
great range of their values was obtained in dif-
ferent studies [46].

2.3. Proton efflux

The efflux of protons from cytosol to blood
depends linearly on the cytosolic pH (pH,) [48,49]
and can be expressed by the following equation
(see also Table 2):

verr = kgpr(PH) — pH,) 2

where pH,=7.0 and kgp=10 mM min~!
[48,49]. Of course, when pH, > pH,, (e.g. after an
onset of work, when protons are consumed by the
CK-catalysed reaction), protons flow from outside
to inside of muscle cells and we deal with an
influx (negative efflux) of protons. Therefore, the
flow of protons through the cellular membrane
can be called the efflux/influx of protons.

2.4. Cytosolic proton buffering

The buffering of cytosolic proton concentration
is described similarly as the buffering of protons
in mitochondrial matrix [50]. The efficiency of
buffering is expressed as follows:

Touste = Coutte/ Coe 3)

where ¢y g4 = 0.025 M H* per pH unit [48] is the
cytosolic buffering capacity and ¢, stands for the
‘natural’ buffering capacity:

¢go = (107PHe — 10-PH—dPH) /g pH (4)

where dpH is a small change in pH.. R, ap-
pears in the differential equation describing the
balance of the reactions producing and con-
suming cytosolic protons (see Table 2).

2.5. Other changes

The concentration of the external (cytosolic)
adenine nucleotide pool A;=[ATP]+ [ADP]+
[AMP] was increased to 6.7 mM in order to
reflect the situation prevailing in intact muscle
cells [35,40,43,45,51]. The concentration of the
total cytosolic phosphate pool P; = [PCr] +
3[ATP] + 2[ADP] + [AMP] + [P;] equal to approx-
imately 48 mM was accepted [40] (however, be-
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Table 2
Concise complete kinetic description of the dynamic model of oxidative phosphorylation in intact skeletal muscle

23

Kinetic equations
(All reaction rates are expressed in pM min™').
Substrate dehydrogenation:

1
Vpu =Kpn )pD

1+ Ko
NAD*/NADH

kpy = 28074 uM min "', K = 100, pp, = 0.8.

Complex I:
vep = keAEg . .
ke =23895 uM mV™ " min

Complex III:
Vo3 =ke3AEc; L .
kcz = 13641 pM mV™ " min

Complex I'V:

Vey =keyra” ¢ ——
C4 C4 K
mO

key =3.60 uM™ ! min~!, K, o = 120 p.M (apparent Ko, = 0.8 uM)

ATP synthase:
vy—1
vsn = ksn m

kgy = 34316 uM min ™!, y = 10%¢ /#

ATP/ADP carrier:
e ADP,, ADP; ( 1 )
VEX T PEXT ADP. + ATP, 10 "/Z  ADP, + ATP;-10~ /% | \ T+ Kpapp /ADP
kpx = 54572 pM min~ Y, K, opp = 3.5 uM
Phosphate carrier:

Vpr = kPI'(Pije ‘H, _IPiji ‘Hil)
kpp = 09.421 uM™ " min~

ATP usage:
1
Vur = kUT—K
R —
ATP,

kyr = 686.50 WM min~ " (resting state), K, = 150 uM

Proton leak:
vk = kpgg(eFrt? —1)
kg, =2.500 uM min~", k; x, = 0.038 mV !

Adenylate kinase:
vak = kax - ADPy, - ADP,,. — ks - ATP, .- AMP,
kax = 86210 uM ™' min~ !, kyax =22.747 pM ! min~!
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Table 2 (Continued)

Creatine kinase:
veg = ke - ADP, - PCr-H, " — kycy - ATP,. - Cr
ke = 1.9258 wM ™ min ™', k= 0.00087538 pM ™~ min "

Proton efflux:
verr = kgpr- (PHy — pH) .
kgpp = 10000 uM min~ , pH; = 7.0

Set of differential equations

NADH = (vpyy — vey) Rem/Bx

UQHz = (vey —vea) Repy

¢ =(vey —2vey) 2 Repy

Oz =0 (constant saturated oxygen concentration = 240 pwM) or 02 =~y
H, "= —(2-Q+2u)voy + (4= 2-1) vy + 410y —np vy — gy — (L — 1) Vpp — ) Rom /Fouti
ATPA = (vsn — VEX) Rem

P ijj = (py = von) Rep

ATPte =Vgpx — VuT T Vak T Vck

.ADPte = vyt ~ VEx ~ 2'Vak ~ VK

Pi{e =VyT — Vpr

PCr= —veg

Ho "= (20242 u) vy + (4= 20u) -wes + 4o vey —np vy — o vgx — (1= 1) *vpy = vix = Vg = Verr)/Foutte
R, = 15 (cell volume /mitochondria volume ratio)
By =5 (buffering capacity coefficient for NAD)

Calculations
3+ 2+
cT=c—c

¢, =270 uM, (= ¥+ ¢, total concentration of cytochrome ¢)

UQ = U-UQH,
U, = 1350 pM, (= UQH, + UQ, total concentration of ubiquinone)

NAD" = N,-NADH
N, =2970 pM, (= NADH + NAD", total concentration of NAD)

AMP, = A g, — ATP,, — ADP,,
A.sum = 6700.2 pM, (= ATP,, + ADP,, + AMP,, total external adenine nucleotide concentration)

ADP;; = Ajsym — ATP;;
Aigum = 16260 uM, (= ATP,; + ADP,;, total internal adenine nucleotide concentration)
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Table 2 (Continued)

Cr = Cqyy—PCr
Cgum = 35000 wM, (= Cr + PCr, total creatine concentration)

Pyyp = 55659 uM (= PCr + 3ATP,, + 2ADP,, + AMP, + Pi,, + BATP, + 2ADP,; + Pi;)/R,,,, total phosphate pool)
Mg, = 4000 wM, (free external magnesium concentration)

ATPfe = ATPte/(l + Mgfe/kDTe)
kpre = 24 nM, (magnesium dissociation constant for external ATP)

ATP,,, = ATP,, — ATP,

ADP,, = ADP,. /(1 + Mgfc/kDDc)
kppe = 347 M, (magnesium dissociation constant for external ADP)

ADP,,. = ADP,, — ADP;,
Mgy; = 380 pM, (free internal magnesium concentration)

ATP; = ATP, /(1 + Mgﬁ/kDTi)
kpri = 17 .M, (magnesium dissociation constant for internal ATP)

ATP,, = ATP, — ATP;

ADP; = ADP,; /(1 + Mgg; /kpp;)
kppi = 282 wM, (magnesium dissociation constant for internal ADP)

ADP,,; = ADP,; — ADP;,
T = 289K

R=0.0083kJ X mol ' x K™
F=0.0965kJ X mol ! xmV ™!
S=2303XRXT
Z=2303XRXT/F
u=10.861, (= Ay /Ap)

pH, = —log(He /1000 000) (He expressed in M)
pH, = —log(H,/1000000) (H, expressed in M)
ApH=Z (pH; — pH,)
Ap=1/(1—-u) ApH
Ay = —(Ap — ApH)
Wi = 0.65 X Al
Ye = —0.35 X Al
coi = (107 PHI — 107 PHI=4PH)y /g5H | (‘natural’ buffering capacity for H' in matrix), dpH = 0.001
Foutii = Couti/Coi» Duffering capacity coefficient for H in matrix)
Cpurs = 0.022 M H* /pH unit, (buffering capacity for H" in matrix)
Coo = (107 PHe — 107 PHEPHYy /gl (‘natural’ buffering capacity for H in cytosol), dpH = 0.001
Foutte = Chutie/ Coe» buffering capacity coefficient for H" in cytosol)
Chutte = 0.025 M H' /pH unit, (buffering capacity for H* in cytosol)
Pij, = Pi, /(1 + 10P1¢7PKe)
Pij; = Piy /(1 + 10°T7PK?)
pK, =6.8
AGgy = np X Ap — AGp, (thermodynamic span of ATP synthase)
AGp = AGp,/F + Z X 10g(1000000 X ATP,; /(ADP,; X Pi;)) (concentrations expressed in nM)
n, = 2.5, (phenomenological H* /ATP stoichiometry of ATP synthase)
AGpy =31.9kJ X mol !
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Table 2 (Continued)

Eon=Emnno +Z/2 X 1log(NAD* /NADH), (NAD redox potential)

E,no= —320mV

E.v =E,uo +Z/2 %x10g(UQ/UQH,), (ubiquinone redox potential)

E, =85 mV
E

mc

E .0=250mV

mc0

Epo =Ene + Ap X (24 2u) /2, (cytochrome a3 redox potential)

A3 ,= lo(EmafErnaO)/Z (a3+/a2+ ratio)
a2¥= a,/(1 + A4, ,»), (concentration of reduced cytochrome a;)
Pt =a -
a,= 135 uM
E .o=540mV

ma0

AGe, =E, — Eqxn — Ap X 4/2, (thermodynamic span of complex I)

=E, .+ ZXlog(c®* /¢*"), (cytochrome ¢ redox potential)

AGg =E, . — Ey — Ap X (4 — 2u) /2, (thermodynamic span of complex I1I)

Subscripts: e, external (cytosolic); i, internal (mitochondrial); t, total; f, free; m, magnesium complex; j, monovalent.

cause inorganic phosphate can be exchanged
between the cytosolic pool and mitochondrial
pool, the total phosphate pool constitutes a real
constant parameter, see Table 2). The ratio of the
cytosol volume to the mitochondrial matrix
volume (R_,) was assumed to be equal to 15.
Thus, it was accepted that mitochondria occupies
approximately 7% of the myocyte volume [52,53].

2.6. Glycolysis

Glycolytic production of ATP and of protons
was not incorporated into the model. It is so that
oxidative phosphorylation is the main energy pro-
duction system in oxidative skeletal muscle under
most conditions (even in hypoxia) and in most
human physical activities [3,35,54-56], although
undoubtedly glycolysis plays an important role
during short-term maximal exercise. Additionally,
quantitative kinetic data concerning glycolysis in
skeletal muscle seem to be insufficient to work
out a satisfactory mathematical description of this
process. No detailed quantitative model of glycol-
ysis in skeletal muscle has been worked out, while
models of this process in other tissues cannot be
easily and reliably incorporated into the model of
oxidative phosphorylation in muscle, especially
that it is not certain how glycolysis is activated, by

changes in intermediate metabolite concentra-
tions or by direct activation of different enzymes.
Furthermore, the present article deals mainly with
oxygen consumption fluxes and not with ATP
turnover fluxes. In order to check very roughly
the effect of glycolytic ATP supply on the relation
between oxygen consumption and [ADP], we in-
troduced to our model several very simple kinetic
descriptions of glycolysis, e.g. a linear dependence
of this process on [AMP] and /or [ADP] (the most
important activators of glycolysis). Then, we tested
the influence of the additional ATP production
on the system properties. The general, semi-
quantitative effect was the same in all the cases
checked, at a given particular energy demand, the
additional glycolytic ATP production decreased
oxygen consumption and increased the
[ATP]/[ADP] ratio [data not shown]. However,
what is most important is that the relationship
between the respiration rate and phosphorylation
potential remained completely unchanged (in fact,
this is what should be expected intuitively, be-
cause the kinetic dependence of oxidative phos-
phorylation on the ‘components’ of the phospho-
rylation potential is the same in the presence of
glycolysis; the latter process can only affect mito-
chondrial ATP production via [ADP], [P,] and
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[ATP]). Therefore, we concluded that glycolysis
had essentially no impact on the relationship
between the oxygen consumption flux and the
concentrations of ADP, P, and ATP which we
studied in the present article.

Nevertheless, the omission of glycolysis is cer-
tainly an approximation and one should bear in
mind that e.g. the increase in pH, after the onset
of contraction is most probably overestimated in
computer simulations due to the lack of the glyco-
lytic proton production. On the other hand, theo-
retical predictions of the model agree fairly well
with the experimental data suggesting that proton
influx /efflux counteract effectively large changes
in cytosolic pH as a result of proton prod-
uction /consumption by CK-catalysed reaction (at
least at low and moderate work intensities). How-
ever, glycolysis could be easily incorporated into
the model, when only a simple quantitative ki-

netic description of this process in skeletal muscle
becomes available and the details of its regulation
are known.

A concise complete description of the model of
oxidative phosphorylation in intact skeletal mus-
cle used in the present study is given in the Table
2.

3. Theoretical results and discussion

First, the behaviour of the oxidative phosphory-
lation system in skeletal muscle for the negative-
feedback mechanism, where only ATP usage is
directly activated, while oxidative phosphorylation
is activated indirectly, via changes in [ADP] and
[P,], was modelled. Fig. 1 represents the simulated
dependence of the respiration rate and different
metabolite concentrations on a relative energy

respiration rate (mM O, min™)
N w
| 1
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metabolite concentration (mM)
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Fig. 1. Simulated dependence of the respiration rate and different metabolite concentrations on a relative energy demand in the
case of negative-feedback mechanism. Energy demand corresponds to the current rate constant of ATP usage and is standardised to

equal to 1 in the resting state.
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demand. Within the model, energy demand was
equivalent to the current rate constant of ATP
usage (k) in a given state (see Table 2). In Fig.
1, this rate constant was standardised to equal to
1 in the resting state. Then the energy demand
was gradually increased and the simulated values
of fluxes and metabolite concentrations in subse-
quent steady-states were recorded.

It can be seen that the respiration rate in-
creases linearly with an increase in ATP demand
until the demand reaches approximately 30 (a
30-fold increase in relation to resting state). Then
oxygen consumption stabilises at approximately
3.7 mM min~!. This is an equivalent of state 3 in
isolated mitochondria. The concentrations of PCr
and Cr change in a near-linear manner until state
3 is reached and afterwards they remain constant
([PCr] approaches zero while [Cr] approaches
CD. Initially, the inorganic phosphate concentra-
tion also increases linearly, in the vicinity of state
3 the increase becomes steeper and then termi-
nates, [P,] does not change any more. [ATP] re-
mains essentially constant before state 3 is
reached and then decreases sharply to a very low
value. The concentration of ADP increases quickly
with accelerating speed during transition from
resting state to state 3 (generally, an approx.
200-fold increase takes place) and then decreases
a little due to the adenylate kinase equilibrium.
[AMP] is very low between resting state and state
3 and increases greatly when state 3 is reached.
However, [ATP] and [ADP] do not ultimately fall
to zero and [AMP] does not reach A} because in
state 3 the concentration of ATP approaches the
Michaelis—Menten constant of ATP usage for
ATP and therefore, a further increase in the
maximal velocity of ATP usage cannot effectively
affect the system.

Fig. 2 presents the simulated relationship
between [ADP] and respiration rate, extracted
from the data shown in Fig. 1 (solid line in Fig. 2).
This near-hyperbolic relationship constitutes only
apparent dependence because respiration rate is
stimulated not only by an increase in [ADP] but
also by an increase in inorganic phosphate con-
centration. In intact muscle, [P,] can change sig-
nificantly due to the presence of the CK system
(CK + PCr/Cr pair), which is not the case in
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Fig. 2. Simulated relationship between [ADP] and the respira-
tion rate for a varying (thanks to the existence of the CK
system) [P;] (solid line) and for a fixed [P;] equal to 10 mM
(situation analogous to that prevailing in isolated mitochon-
dria) (dotted line).

isolated mitochondria, where [P;] remains essen-
tially constant. Therefore, in order to study the
effect of CK system on the behaviour of oxidative
phosphorylation, a simulation analogous to the
one presented in Fig. 1, but with a constant fixed
[P.] =10 mM (a concentration frequently applied
in the isolated mitochondria system) was per-
formed. The dotted line in Fig. 2 represents the
simulated relation between [ADP] and respiration
rate in this situation. It can be seen that a varying
[P.] (accompanying a varying [ADP)]) is able to
stimulate oxygen consumption by up to 30% more
than a varying [ADP] alone does. The difference
is quite significant but the ADP concentration
still remains the main factor affecting the respira-
tion rate, especially at lower (physiological) ADP
levels. Therefore, [ADP] can be regarded as a
predominating regulatory factor that determines
the rate of oxygen consumption (and ATP
turnover) in skeletal muscle in the case of the
negative-feedback mechanism.

This conclusion is particularly important in the
light of the models of oxidative phosphorylation
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in working heart developed recently by Saks and
co-workers [23,24]. The authors claim that they
are able, assuming ‘compartmentalised energy
transfer’, to explain the essentially constant ADP
concentration at very different oxygen consump-
tion fluxes [25-27], without the necessity to refer
to the direct activation of (different steps of)
oxidative phosphorylation, or even of substrate
dehydrogenation. Unfortunately, their simula-
tions remain in contradiction with several experi-
mental results. These simulations suggest explic-
itly that the PCr/ATP ratio decreases two times
during a five-fold increase in the flux (fig. 14b in
[23]), while essentially no changes in this ratio
were observed in experiments [27,57]. In fact, the
stability of [ADP] obtained in the cited articles
has little to do with the postulated compartmen-
talised energy transfer, and is based on the as-
sumption that P; concentration is very low (a few
pM) in a slowly-beating heart, and therefore, it
limits the flux, while this concentration increases
dramatically (to 12000 wM, by 3-4 orders of
magnitude) during activation of heart work (fig.
14d in [23]). This assumption stands in severe
conflict with many experimental results, where

relatively small (approx. 50-100%) or no changes
in [P;] are reported at all, while the (measured or
estimated) inorganic phosphate concentration in
slowly-beating heart is, roughly, between 500 and
2000 wM (e.g. [27], see also the discussion in [28]).
Also the extended version of this model [24] pre-
dicts huge relative changes in [P.] (see fig. 9 in
[24]. Additionally, the discussed model cannot
explain the relatively constant NADH/NAD™
ratio in heart [29]. On the other hand, our present
model, which takes into account physiological
changes in inorganic phosphate concentration,
leads to the conclusion that P, does not constitute
an important factor regulating oxidative phospho-
rylation in intact muscle. Therefore, we conclude
that the regulation of oxidative phosphorylation
by the negative-feedback mechanisms involving
changes in [ADP] and/or [P;] cannot alone ac-
count for the behaviour of the system in vivo. The
theoretical results concerning the stability of
[ADP] obtained by Saks and co-workers can be
mimicked within our model, which does not take
into account any diffusion limitations, when the
resting state is assumed to be very close to state 4
(data not shown). In such a case, the concentra-
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Fig. 3. Simulated relationship between the oxygen consumption flux, ATP turnover flux and [ADP] at low ADP concentrations.
ATP turnover flux is expressed in O, equivalents, in order to enable an easy comparison with the overall oxygen consumption flux

(corresponding to both ATP turnover and proton leak).
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tion of inorganic phosphate equals a few wM, and
ATP turnover can be increased significantly by an
increase in [P,], without significant changes in
[ADP]. However, in this situation the proton leak
accounts for almost 100% of the respiration rate
and phosphate concentration is extremely low,
which contradicts experimental results [33,28].

Fig. 3 shows the simulated dependence of the
oxygen consumption flux and ATP turnover flux
on [ADP] (at varying [P,]) at low ADP concentra-
tions. As it is expected, the relationship between
respiration rate and [ADP] is here near-propor-
tional (a near-first-order reaction), a five-fold in-
crease in the respiration rate accompanies a six-
fold increase in [ADP]. On the other hand, ATP
turnover depends much more steeply on the ADP
concentration, a six-fold increase in [ADP] causes
a 12-fold increase in ATP turnover. The reaction
order approaches 2 in this case. This is caused by
complex kinetics of the ATP/ADP carrier pre-
sented in Table 2. Such a dependence was
observed in experimental studies on an isolated
ATP/ADP carrier [58]. The difference in the
kinetics (order) of the oxygen consumption flux
and ATP turnover flux is, of course, due to the
proton leak, which corresponds to at least one
half of oxygen consumption in resting muscle [33].
This causes relative changes in the respiration
rate to be at least twice smaller than the relative
changes in ATP turnover.

Jeneson and co-workers [8] have proposed that
the above-discussed phenomenon alone should
explain the steep dependence of ATP turnover on
[ADP] in skeletal muscle. They drew attention to
the fact that a near-second-order dependence
between ADP concentration and ATP turnover
(and, in a few cases, oxygen consumption) flux
was observed in isolated mitochondria and pro-
posed that this fact alone could explain the re-
sults they had obtained in intact muscle (over
20-fold increase in ATP turnover vs. approx.
four-fold increase in [ADP]). However, computer
simulations performed by means of the model
developed in the present paper do not confirm
this proposition. Furthermore, the kinetics of oxy-
gen consumption flux, which is predominantly
dealt with in the present article, is still near-hy-

perbolic (near-first-order at low ADP concentra-
tions). In most experiments, a near-hyperbolic
(near-first-order at low ADP concentrations) de-
pendence of the respiration rate on [ADP] is
observed. The more than 20-fold increase in ATP
turnover observed [8] corresponds approximately
to a 10-fold increase in oxygen consumption (as-
suming that approx. 60% of resting-state respira-
tion is due to proton leak), while only a 3.3-fold
increase in the respiration rate can be caused by
the measured four-fold increase in [ADP] [8] (see
Fig. 3). In conclusion, the near-second-order de-
pendence on [ADP] refers only to the ATP-
turnover flux, but not to the oxygen-consumption
flux (the difference being due to proton leak).

Additionally, the authors estimated the ATP
turnover flux from the initial rate of a decrease in
[PCr]. However, this estimation is only valid in
the case of the negative-feedback mechanism. On
the other hand, if ATP (and PCr) production and
consumption are activated in parallel, the actual
ATP turnover can be essentially greater than the
initial rate of PCr depletion. This would lead to a
substantial underestimation of the (relative
changes in) ATP turnover flux.

The simulated dependence between [ADP] and
respiration rate for the case of the negative-
feedback mechanism (Fig. 3) is in good agree-
ment with several experimental data obtained for
low work intensities in skeletal muscle under
electrical stimulation, where a near-first-order or
near-hyperbolic kinetics of oxygen consumption
were observed [57,59,60]. Therefore, the negative
feedback activation via [ADP] can be the main
mechanism regulating oxidative phosphorylation
under these conditions. However, this mechanism
is not able to explain the changes in the respira-
tion rate and [ADP] taking place in skeletal mus-
cle during transition from rest to high work inten-
sities [3—8]. Additionally, even some experimental
data for low work intensities cannot be explained
within the negative-feedback paradigm. For ex-
ample, the protonmotive force (Ap) does not
change, or even slightly increases, during a two-
fold stimulation of oxygen consumption in muscle
[21]. This experimental result is supported by the
effect of calcium ions on isolated skeletal muscle
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mitochondria, where an increase in the respira-
tion rate is accompanied by essentially no changes
in the protonmotive force [61].

Fig. 4 represents simulated time-courses of
[PCr], [P,] and cytosolic pH during stimulation of
muscle and recovery for three different (but rela-
tively low) increases in energy demand in the case
of negative-feedback mechanism. The concentra-
tions of PCr and inorganic phosphate change in a
near-exponential way — similar behaviour was
observed in experimental studies [41,60]. The
simulated relationship between [PCr] and ATP
turnover, presented in Fig. 5, is near-linear which
is also in agreement with experimental results
[41,60]. The overshoot of [PCr] observed
sometimes during recovery [60], which does not
appear in the above simulations, can be explained
by the fact that the direct activation of the oxida-
tive phosphorylation system and/or substrate de-
hydrogenation is not completely switched off im-
mediately after the end of work and onset of
recovery, but a little later. Nevertheless, gener-
ally, also in this case, experimental results can be
fairly well explained within the paradigm of the
negative-feedback mechanism. However, these

experiments were performed using electrical sti-
mulation of muscle and relatively low increases in
work intensity above its resting-state value. Addi-
tionally, relative changes in the respiration rate
were not measured in the discussed experiments,
and therefore it is possible that also in this case a
direct activation of substrate dehydrogenation and
oxidative phosphorylation is necessary to explain
the behaviour of the system.

The simulated changes in cytosolic pH after
stimulation and during recovery (up to approx. 0.2
units) are a little greater than those observed in
experiments [35,51] (although even higher changes
are observed in some experiments at higher work
intensities [49]). This is probably due to the fact
that glycolytic proton production is not included
in the model. However, generally, the simulated
changes in pH, are relatively small, which can
suggest that proton efflux/influx alone can effec-
tively counteract large changes in cytosolic proton
concentration (at least at low and moderate work
intensities).

The arguments supporting the idea of a direct
activation of several (all) steps of oxidative phos-
phorylation in parallel with activation of ATP
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Fig. 4. Simulated time courses of the concentration of PCr and P; as well as of cytosolic pH after an onset of muscle stimulation
and during recovery for three stimulation intensities (increases in energy demand): 3.5 fold (dotted line); eight fold (dashed line);

and 15 fold (solid line).
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Fig. 5. Simulated relationship between [Cr] and ATP turnover
rate extracted from the data presented in Fig. 4.

usage and substrate dehydrogenation are dis-
cussed in more detail elsewhere [16,17]. To add
one more example, we modelled one particular
set of experimental data obtained by Hogan and
co-workers for electrically-stimulated dog gastroc-
nemius [5] in order to determine what activation
of ATP-consumption and ATP-production could
be expected in that case. The theoretical results
obtained are presented in Fig. 6. Experimental
points for resting state, sub-maximal and maximal
work are compared with a line joining simulated
points. For each state, the degrees of activation of
ATP-production and ATP consumption used in
simulations are indicated (of course, in resting
state both sub-systems are activated once, that is
they are not activated). It can be seen that a large
(five—eight-fold) direct activation of the substrate
dehydrogenation + oxidative phosphorylation
sub-system is necessary to account for the re-
ported changes in the respiration rate and [ADP].
At the same time no combination of a direct
activation of only ATP usage and substrate dehy-
drogenation was able to produce the expected
changes in oxygen consumption and ADP concen-
tration. It must be emphasised that our present
model takes into account both physiological
changes in [P,] and the near-second-order depen-
dence of ATP synthesis on [ADP] discussed above.
Nevertheless, they are not able alone to account
entirely for the behaviour of the system in vivo.
Therefore, a direct activation of the oxidative

phosphorylation block was necessary to explain
the analysed experimental results.

When analysing the experimental data concern-
ing intact skeletal muscle, it must be taken into
account that this tissue is heterogeneous with
regard to fibre types and activation of fibres. It
seems to be the case that there is a hierarchy of
recruitment of different muscle fibres during in-
creasing work intensity. Th