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Simulation of state 4 — state 3 transition in isolated mitochondria
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Abstract

The mathematical dynamic model of oxidative phosphorylation developed previously and in the accompanying paper was
modified to involve isolated mitochondria conditions; it was also used to simulate state 4 — state 3 transition in rat liver
mitochondria incubated with succinate as respiratory substrate and glucose—hexokinase as an ADP-regenerating system.
Changes in the respiration rate, protonmotive force and reduction level of ubiquinone and cytochrome ¢ as well as the
internal (i) and external (e) ATP /ADP ratio between state 4 and state 3 were calculated and compared with the experimental
data. Flux control coefficients with respect to oxygen consumption flux for different reactions and processes of oxidative
phosphorylation were simulated for different values of the respiration rate (state 4, state 3 and intermediate states). Flux
control coefficients for the oxidation, phosphorylation and proton leak subsystems with respect to the oxidation, phospho-
rylation and proton leak fluxes for different values of the respiration rate were also calculated. These theoretical data were
compared with the experimental results obtained in the frame of metabolic control analysis and the ‘top-down’ approach to
this analysis. A good agreement was obtained. Simulated time courses of the respiration rate, the protonmotive force ( Ap)
and other parameters after addition of a small amount of ADP to mitochondria in state 4 mimicked at least semiquantita-
tively the experimentally measured time courses of these parameters. It was concluded, therefore, that in the present stage.
the model is able to reflect different properties of the oxidative phosphorylation system in a broad range of conditions fairly
well, allows deeper insight into the mechanisms responsible for control and regulation of this process, and can be used for
simulation of new experiments, thus inspiring experimental verification of the theoretical predictions.

Kevwords: Oxidative phosphorylation; Dynamic model; Computer simulation; Metabolic control analysis; Metabolic regulation

1. Introduction sponds entirely to the proton leak; the protonmotive

force is high. State 3 can be also generated from

State 3 of isolated mitochondria was defined [1]
as a state with external ADP added and a high
respiration rate. When all ADP is converted to ATP,
mitochondria transfer to state 4, with low respiration
rate. In state 3, there is an intensive phosphorylation
flux (ATP synthesis) and a relatively low proton-
motive force. In state 4 the phosphorylation flux
vanishes completely and the respiration rate corre-

state 4 by addition (in excess) of an ADP-regener-
ating system, for example glucose + hexokinase. If
such a system is added in sub-saturating amounts,
intermediate states between state 4 and state 3 are
reached. State 3 obtained with an ADP-regenerating
system is more physiological that state 3 induced by
addition of ADP: the ADP-regenerating system mim-
ics an ATP-utilising system present in intact cells.
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State 4 —» state 3 transition is a simple and very
broadly analysed model for regulation of respiration
and ATP synthesis in intact cells.

The mechanisms responsible for control and regu-
lation of oxidative phosphorylation in mammalian
mitochondria are currently quite well known [2-4].
Changes in many parameter values have been mea-
sured (e.g. respiration rate, Ap, internal and external
ATP/ADP, NADH/NAD") during state 4 — state
3 transition [5—13] and their qualitative role in regu-
lation has been determined. The results obtained
were somewhat different depending on the kind of
mitochondria as well as the isolation procedure, in-
cubation medium and respiratory substrate used. The
flux control coefficients for different parts of oxida-
tive phosphorylation with respect to oxidation flux
(respiration rate) have been measured [7,8] as well as
the flux control coefficients for the oxidation, phos-
phorylation and proton leak subsystems with respect
to the oxidation, phosphorylation and proton leak
fluxes for different values of the respiration rate [S].
However, all these data concern the macroscopic
level. To understand the control and regulation of the
oxidative phosphorylation process more deeply it is
necessary to derive macroscopic properties of the
system from microscopic characteristics of its com-
ponents in a quantitative way. Because of the great
complexity of the system, mathematical models are
necessary.

Several different kinds of description have been
applied to oxidative phosphorylation. Metabolic con-
trol analysis (MCA) [14-16] proved to be a very
useful tool for studying control and regulation of
oxidative phosphorylation in a quantitative way.
However, this method is only a phenomenological
description, unable to provide a deeper explanation.
Furthermore, it concerns only the steady state proper-
ties and not changes in time. Non-equilibrium ther-
modynamics [17,18] and mosaic non-equilibrium
thermodynamics [18,19] allow to deal with many
different aspects of oxidative phosphorylation, espe-
cially those concerning energetic and thermodynamic
aspects of this process. Nevertheless, these ap-
proaches are also rather phenomenological and use
terminology not very familiar for many biochemists.
In principle, the most complete description of any
metabolic pathway would be a full mechanistic ki-
netic description, expressing the behaviour of the

pathway in terms of metabolite concentrations, en-
zyme kinetics, pool sizes, buffering capacities and
other similar parameters. Moreover, it would be
possible to derive the properties described by other
approaches from a correct kinetic description, and to
explain all phenomena occurring at physiological
level using this description.

However, a full mechanistic description of oxida-
tive phosphorylation is not possible now because of
the great complexity of the system and limitations of
our knowledge. This statement concerns particularly
kinetic properties of particular enzymes and pro-
cesses. Nevertheless, it is possible to develop a
quasi-mechanistic approach, where some reactions
are grouped into blocks (for example substrate dehy-
drogenation) and described by simplified Kinetic ex-
pressions. Such a quasi-mechanistic description
would retain most advantages of a full mechanistic
description. However, because of simplifications and
assumptions made, it would have to be tested in a
broad range of different conditions.

Two quasi-mechanistic kinetic models of oxida-
tive phosphorylation have already been applied to
simulate the state 4 — state 3 transition [20-22].
However, both models mentioned have some disad-
vantages. The model developed by Holzhiitter et al.
[20] assumes three enigmatic proton pumps before
cytochrome ¢ and linear dependence of proton leak
on Ap; equations B and D in Table 1 in [20] are
incorrect (both should contain the factor §+ 1 in a
power expression); the size of the internal adenine
nucleotide pool was understated to obtain time
courses of parameters consistent with experiments.
The model developed by Bohnensack [21] (very
important as the first model of this kind) is a static
one, it operates on oversimplified descriptions of
cytochrome oxidase and proton leak, uses an out-
dated model of the ATP/ADP carrier, does not take
into account magnesium complexes of adenine nu-
cleotides and involves an enigmatic external ATPase,
which is necessary to obtain correct theoretical pre-
dictions. Additionally, experimental verification of
both models is rather limited. A more recent model
of oxidative phosphorylation developed by Korze-
niewski and Froncisz [17,18] describes only an inter-
mediate state 3, ,, in isolated mitochondria.

The purpose of the present work is to extend this
model and simulate the properties of the oxidative
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phosphorylation system studied in four kinds of ex-
periments (and therefore to perform a broad testing
of the model):

(1) measurements of changes of different parame-
ter values (i.e. respiration rate, Ap, internal and
external ATP/ADP, UQ/UQH,; UQ being the oxi-
dised form of ubiquinone and UQH, the reduced
form of ubiquinone) during state 4 — state 3 transi-
tion induced by an addition of excess of hexokinase,

(2) measurements of flux control coefficients for
different enzymes (processes) of oxidative phospho-
rylation with respect to the respiration flux for differ-
ent values of the respiration rate in the frame of
metabolic control analysis [7,8,14—16],

(3) measurement of flux control coefficients for
the oxidation, phosphorylation and proton leak sub-
systems with respect to the oxidation, phosphoryla-
tion and proton leak fluxes for different values of the
respiration rate in the frame of the ‘top-down’ ap-
proach to metabolic control analysis [5,25],

(4) time courses of the respiration rate, Ap,
UQ/UQH,, external adenine nucleotide concentra-
tions and other parameters after addition of a small
amount of ADP to mitochondria in state 4 (transfer
to state 3 and, after exhaustion of ADP, return to
state 4).

The model, when successfully tested, should be
able to describe the control and regulation of oxida-
tive phosphorylation in ‘typical’ (i.e. from liver or
muscle, but not from brown adipose tissue) mam-
malian mitochondria correctly. Since the majority of
the data used for model building were obtained for
rat liver mitochondria with succinate as respiratory
substrate, the quantitative predictions of the model
concerns especially this kind of mitochondria and
substrate.

2. Model

The modified model of oxidative phosphorylation
presented in the accompanying paper was adjusted to
isolated mitochondria conditions as described in
[23,24]. Comparing with the model for the cell, the
following changes are introduced:

(1) lack of cell volume — concentrations of exter-
nal ATP, ADP, AMP and P, are determined in a
suspension volume;

(2) the external concentration of inorganic phos-
phate is 10 mM and of the adenine nucleotide pool is
1 mM, in agreement with experimental conditions
{7.8]; concentrations of particular nucleotides were
adjusted to obtain the external and internal phospho-
rylation potentials in the ‘physiological’ state 3, ,
comparable with those on intact cells, maintaining
the same displacement from equilibrium of the
ATP /ADP carrier and phosphate carrier:

(3) only two coupling sites are considered (com-
plex Il and 1V), since succinate s used as substrate;
the respiration rate is increased 1.7 times to maintain
the phosphorylation rate at the same level;

(4) the external ATP consumption is described as
[ATP}-dependent, with Michaelis—Menten constant
equal to 150 M, what reflects the kinetic properties
of hexokinase:

(5) a different description for the substrate dehy-
drogenation was used; this is justified, since sub-
strate dehydrogenation in isolated mitochondria with
succinate as substrate is quite different from sub-
strate dehydrogenation in intact cells.

The details of the changes mentioned above and
some additional changes are named below.

The substrate dehydrogenation system (for succi-
nate as substrate) contains two components: dicar-
boxylate carrier and succinate dehydrogenase. The
kinetics of this system was described by the follow-
ing simple phenomenological equation:

Vpenu = kpeny (Uy — UQH,) (l)

where U, is equal to 0.7 - U, This equation was
chosen to obtain a linear dependence of the oxidation
flux on Ap (all other kinetics tested did not fulfil
this requirement). Substrate concentration was not
taken into account explicitly, since it was assumed to
be constant (external succinate in excess). Because
[UQH,] and [UQ] are related to each other by the
following relationship: [UQH,] + [UQ] = const, the
above phenomenological dependence on [UQH,]
contains implicitly also a dependence on [UQ].

The applied expression for flux intensity through
the respiratory chain (complex III in this case, since
cytochrome oxidase was described separately) was:

Uenan = Kenanv - AGcham (2)
where AG,, .. = AE .., — Ap- (4 —2u)/2. The pa-

rameter u was constant and equal to A¥/Ap and
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the term (4 — 2u)/2 reflected the numbers of pro-
tons and changes transported by complex III (these
numbers are not equal for this complex — it transports
4 protons, but only 2 charges). The value of the
mid-point redox potential of the ubiquinone pool
(including complex III) was equal to 85 mV [26].

The dependence of proton leak on Ap obtained
experimentally in [5] can be approximated fairly well
for Ap values greater than 160 mV by the following
equation:

ViEak = kLEAK( Ap — Al’o) (3)

where Ap, =160 mV. However, calculations using
the dependence described in the previous paper [23]
gave quite similar results. Therefore, a particular
kinetic description of proton leak did not influence
the obtained results significantly.

The respiratory chain, ATP synthase and phos-
phate carrier were described as working near equilib-
rium (all three reactions were displaced from equilib-
rium 1.1 times in state 3, ,,), although this assump-
tion is probably fulfilled only approximately. When
greater (even 100 times) displacement of the respira-
tory chain from equilibrium was introduced, it did
not change the results significantly.

State 3 and intermediate states were obtained
from state 4 by an introduction of different values of
ATP utilisation activity (what corresponds to differ-
ent concentrations of hexokinase).

The numerical procedures used were the same as
in the accompanying paper.

3. Theoretical results and discussion

Simulated changes in values of chosen parameters
during state 4 — state 3 transition are presented in

Table 1. The comparison with experimental results
can be often only semiquantitative, as these results
differ somewhat depending on the source of mito-
chondria, isolation procedures, incubation medium
and respiratory substrate added. Taking this limita-
tion into consideration, a good agreement between
experimental [5—13] and simulated absolute values
of parameters and their changes can be stated. For
example, the calculated about 5-fold increase in the
respiration rate is a typical value measured experi-
mentally for mitochondria incubated with succinate
[5,7-9,12,13]). The obtained decrease in the proton-
motive force by about 20 mV is at the lower limit of
a broadly accepted range of 20-30 mV [5,9,12,13];
even lower changes in Ap during state 4 — state 3
were measured experimentally [12]. The 10 times
lower internal ATP/ADP ratio obtained as a result
of simulations in state 3 as compared to state 4, is
comparable with an about 8-fold decrease of this
ratio in state 3 obtained in [6). Theoretical values of
other parameters (and their changes) in state 4, state
3 and intermediate states are also consistent, at least
roughly, with experimental measurements [6,9,10].
This suggests that the model describes at least the
general steady-state properties of isolated mito-
chondria well.

Some conclusions concerning regulation of partic-
ular enzymes (processes) of oxidative phosphoryla-
tion during state 4 — state 3 transition can be drawn
from the theoretical results mentioned above. Cy-
tochrome oxidase seems to be activated mainly by a
decrease in Ap, rather than an increase in a reduc-
tion level of cytochrome c¢ (this increase is very
small). The opposite situation occurs during the aero-
biosis — anaerobiosis transition [23], where the cy-
tochrome c¢ reduction level is at least as important as
a regulatory factor as the protonmotive force; reduc-

Table 1

Simulated values of chosen parameters in state 4, state 3, ,, (about 50% of state 3 respiration rate) and state 3

Parameter State 4 State 3, ,, State 3 Change
Respiration rate (nmol O, /min/mg protein) 20 57 101 15.05 times
Ap (mV) 185.9 175.0 166.0 1199 mV
UQ/UQH, 0.58 1.09 243 14.19 times
cytet seyt.crt 488 4.17 4.23 L 1.15 times
ATP,/ADP, 10.5 2.73 1.00 1 10.5 times
ATP./ADP, 7054 24.0 0.62 1 11377 times
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tion of cytochrome ¢ seems thus to be tightly linked
with oxygen tension. In the respiratory chain the
decrease in Ap overcomes an oxidation of UQ pool,
which, on the other hand, activates the substrate
dehydrogenation process. The respiratory chain, ATP
synthase and phosphate carrier work near equilib-
rium and a small displacement from equilibrium can
activate them to a required extent [27]. In the case of
the ATP/ADP carrier a great fall in the external
ATP/ADP ratio overcomes a decrease in the inter-
nal ATP/ADP ratio and Ap (AY¥). The simulated
external ATP/ADP ratio in state 4 is very high since
no external ATPase activity is taken into account;
mitochondrial preparations are frequently contami-
nated with some external ATPases and therefore this
ratio under experimental conditions is somewhat
lower. An addition of a small external ATP usage in
the model allows to decrease the external ATP /ADP
ratio in state 4 to the appropriate value. The ATP-
utilising system (hexokinase) is regulated by external
ATP at concentrations below the Michaelis—Menten
constant for this compound (150 M) and is insensi-
tive to ATP at concentrations significantly exceeding
this constant.

Table 2 and Fig. 1 show simulated values of flux
control coefficients for particular enzymes (reac-
tions) of oxidative phosphorylation with respect to
the oxidation flux for different values of the respira-
tion rate. The obtained pattern of control is similar to
the experimental results obtained by Groen et al. ([8],
Table 1 and Fig. 3) and Gellerich et al. [7] (some-
what more similar to the results from the latter
paper). The ATP utilisation has no control in state 4

Table 2

Simulated flux control coefficients for particular enzymes
(processes) of oxidative phosphorylation in state 4, state 3, ., and
state 3

Enzyme (reaction) State 4 State 3,,,  State 3
Substrate dehydrogenation ~ 0.04 0.05 0.35
Complex IIT 0.00 0.00 0.01
Cytochrome oxidase 0.17 0.10 0.15
Proton leak 0.79 0.21 0.02
ATP synthase 0.00 0.00 0.04
ATP/ADP carrier 0.00 0.01 0.28
Phosphate carrier 0.00 0.00 0.05
ATP utilization 0.00 0.63 0.10
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Fig. 1. Simulated flux control coefficients with respect to the

oxygen consumption flux for chosen enzymes (processes) of the
oxidative phosphorylation system as a function of the respiration
rate. (@), substrate dehydrogenation, (+), cytochrome oxidase,
(). ATP/ADP carrier, (&), ATP utilization. ( a ), proton leak.

as there is no phosphorylation flux. It has also almost
no control near state 3, as ATP concentration is there
below the Michaelis—-Menten constant (K ) of hex-
okinase to ATP and therefore hexokinase activity is
very sensitive to ATP concentration (the elasticity of
hexokinase towards ATP concentration is high). In
the intermediate states, the ATP utilisation has a high
flux control coefficient as there is a significant phos-
phorylation flux and ATP concentration is far above
the K constant of hexokinase (and therefore this
enzyme is almost insensitive to ATP concentration -
the elasticity of hexokinase to [ATP] is low). The
flux control coefficient for proton leak is close to |
in state 4 since this process is the unique consumer
of Ap under these conditions and proton leak is
much less sensitive to Ap than the cytochrome
oxidase and substrate dehydrogenation. Inversely, in
state 3 this coefficient is near 0 as Ap is mostly used
for ATP synthesis and not dissipated into heat. The
control over the respiration flux kept by the cy-
tochrome oxidase does not change significantly be-
tween state 4 and state 3. The ATP/ADP carrier and
substrate dehydrogenation have almost no control in
state 4 and state 3]/2. However, in state 3 their
capacities for the flux intensity become saturated and
their flux control coefficients increase very signifi-
cantly. A similar situation occurs in the case of the
ATP synthase and phosphate carrier; however, the
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values of flux control coefficients are much smaller
here.

Simulated flux control coefficients for the oxida-
tion, phosphorylation and proton leak subsystems
with respect to the oxidation flux for different values
of the respiration rate are shown in Fig. 2. The
theoretical values are very similar to experimental
results obtained by Hafner et al. [5] in the frame of
the ‘top-down’ approach to metabolic control analy-
sis. Since flux control coefficients of entire subsys-
tems are sums of flux control coefficients of their
components, the pattern of control presented in Fig.
2 results from the patterns in Fig. 1 and Table 2.

The flux control coefficients for the three distin-
guished subsystems with respect to the phosphoryla-
tion flux for state 4, state 3 and the intermediate
states are presented in Fig. 3. Again, a very good
agreement with experimental results 5,25} can be
observed. Both the experimental and theoretical data
show that near state 4 and state 3, , the phospho-
rylation subsystem is mainly controlled by itself
(flux control coefficient very near 1), because under
these condittons an external ATP concentration is far
above the K constant of hexokinase and this en-
zyme is practically insensitive to any intermediate
metabolite concentration. Unlike the oxidation flux,
the entire phosphorylation flux passes through hex-
okinase; there is no ‘buffering’ by proton leak.
Therefore hexokinase is able to keep almost all the

10 7
0.8 -
0.6 -

0.4 4

flux control coclficient

0.2 4

0.0 4 r

T T 1
0 20 40 60 80 100
% of statc 3 respiration rate

Fig. 2. Simulated flux control coefficients with respect to the
oxidation (oxygen consumption) flux for the oxidation, phospho-
rylation and proton leak subsystems. (@), oxidation subsystem,
(<), phosphorylation subsystem, {4 ), proton leak subsystem.
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Fig. 3. Simulated flux control coefficients with respect to the
phosphorylation flux for the oxidation, phosphorylation and pro-
ton leak subsystems. (@), oxidation subsystem, (<), phosphoryla-
tion subsystem, (4 ), proton leak subsystem.

control over the phosphorylation flux under the con-
ditions discussed. Near state 4 the concentration of
ATP falls below the K constant of hexokinase for
this compound, the capacity of the oxidation subsys-
tem for flux intensity becomes exhausted resulting in
the flux control coefficient for this subsystem equal
to about 0.5. The rest of the control under these
conditions is kept by the phosphorylation subsystem
(ATP/ADP carrier and, additionally, ATP synthase
and phosphate carrier; the ATP utilisation near state
4 has a low value of the flux control coefficient).
Proton leak exerts no significant control over the
phosphorylation flux at all values of the respiration
rate.

Finally, Fig. 4 presents simulated flux control
coefficients of the three subsystems with respect to
the proton leak flux. These values are also consistent
with experimental results [5,25). Proton leak controls
the proton leak flux at different values of the respira-
tion rate to a similar extent (flux control coefficient
equal to about 0.8). Passing from state 4 to state 3
the oxidation subsystem exerts an increasing positive
control and the phosphorylation subsystem an in-
creasing negative control over the proton leak flux.
This is connected with a decreasing absolute value of
intensity of this flux and increasing absolute intensi-
ties of the oxidation and phosphorylation fluxes.

Figs. 5-8 show time courses of chosen parameter
values after addition of a small amount of ADP



B. Korzeniewski / Biophysical Chemistrv 57 (1996) 143-153 149

flux control coclficicut
1

W~
4

T T T
0 20 40 o0 B0 100
¥ of state 3 respiration rate

-

Fig. 4. Simulated flux control coefficients with respect to the
proton leak flux for the oxidation, phosphorylation and proton
leak subsystems. (@), oxidation subsystem, (<), phosphorylation
subsystem, { &), proton leak subsystem,

(corresponding to about 200 nmol ADP per mg of
mitochondrial protein) to mitochondria in state 4.
Mitochondria transfer to state 3 and, after about 2
minutes (when all ADP is converted to ATP), they
return to state 4. All the values of the parameters
important for regulation of oxidative phosphorylation
follow these changes. The respiration rate increases
rapidly after the ADP addition (Fig. 5) and subse-
quently it decreases slowly (there is a quasi-plateau)
in time as ADP is being exhausted. When ADP is
completely depleted (compare Fig. 8) the respiration
rate quickly falls to the state 4 value. The proton-
motive force, conversely, decreases after the transi-
tion to state 3, then slowly increases (quasi-plateau)
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Fig. 5. Time course of the respiration rate after an addition (after
30 s) of a small amount of ADP. The respiration rate is expressed
in arbitrary units, which correspond approximately to nmot O, -mg

protein ' -min~'.
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Fig. 6. Time course of the protonmotive force after an addition
(after 30 s) of a small amount of ADP,

and during the return to state 4 increases more
quickly and reaches its initial value (Fig. 6). These
theoretical simulations are consistent, at least semi-
quantitatively, with experimental results {28,29]. Both
experiments and simulations show that there is no
constant value of the respiration rate and Ap in state
3 obtained by an addition of ADP (especially if
small amounts of this compound are added). State 3
obtained by an addition of an ADP-regenerating
system (e.g. hexokinase + glucose) is more stable
and therefore better defined. Furthermore, the in-
crease in the respiration rate and the decrease in Ap
is somewhat greater in state 3 induced by the regen-
eration of ADP from ATP than in state 3 established
by the addition of ADP. The reason for this is that
adenylate kinase very quickly converts most of the
added ADP to ATP and AMP (compare Fig. 8), and
the phosphorylation potential is always higher than
the phosphorylation potential obtained during contin-
uous consumption of ATP (in the latter case there is,
at the same equilibrium constant of the reaction

0 30 60 90 120 150
time (seconds)

Fig. 7. Time course of the UQ/UOH, ratio after an addition
(after 30 s) of a small amount of ADP.
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Fig. 8. Time course of external concentration of ATP, ADP and
AMP after an addition (after 30 s) of a small amount of ADP.

catalysed by adenylate kinase, relatively more AMP
and less ATP, as the latter is very rapidly converted
to ADP). Finally, state 3 generated by the addition of
the ADP-regenerating system is more physiological,
as this system corresponds to the ATP usage in intact
cells. It should be emphasised that relatively very
small changes in Ap cause great relative changes in
the respiration rate. This property reflects the great
sensitivity of the oxidation subsystem to the proton-
motive force.

Fig. 7 shows changes in time of the UQ/UQH,
ratio during the simulated experiment. This time
course is similar to the time course of the respiration
rate. It can be explained by a near-proportional
dependence of the substrate dehydrogenation flux
intensity on this ratio. Therefore changes in
UQ/UQH, follow changes in the respiration rate
(and reversely).

The majority of ADP added to suspension of
mitochondria in state 4 is almost immediately con-
verted by adenylate kinase to ATP and AMP (Fig.
8). The reaction catalysed by this enzyme is very
fast, so adenylate kinase works near equilibrium.
This can explain very sharp changes immediately
after onset of state 3. Afterwards, the remaining
ADP is gradually converted to ATP. However, con-
centration of ADP drops relatively slowly, as it is
effectively buffered by changes in [AMP]. This
mechanism is responsible (at least partially) for the
quasi-plateau in the time course of external ADP
concentration, respiration rate, protonmotive force
and other parameters in the simulated experiment.
Therefore, we can consider adenylate kinase as an
enzyme buffering the external phosphorylation po-
tential (compare [30,31]). It must be emphasized that

the above considerations concern mitochondria sus-
pended in a medium containing Mg?*. Adenylate
kinase needs magnesium-bound forms of ATP and
ADP for its activity; without this ion the enzyme is
inactive. Therefore the state 4 — state 3 — state 4
transition is not so well expressed in magnesium-free
suspensions of mitochondria. In the simulation with-
out an external magnesium ion pool the initial
changes in the ATP and ADP concentrations were
not so rapid and the plateau in time courses of all
parameters much less pronounced. The medium con-
taining Mg?* ions is more physiologically relevant
than the magnesium-free medium, because in intact
cells there is a considerable concentration of magne-
sium ions in the cytosol (0.38 mM). This is one of
the reasons why the state 3 experiment performed by
Ogawa and Lee [13], which was modelled by
Holzhiitter et al. [14], does not represent a typical
state 4 — state 3 transition well. The other reasons
are the unusually high concentration of mitochondria
in suspension and the low temperature used.

When all the ADP added is converted to ATP
(about 2 minutes after the addition), the values of all
parameters (except of, of course, the external ATP
concentration) return to their initial state 4 values.
However, transition from state 3 to state 4 is less
sharp here than the onset of state 3. Both state
4 — state 3 and state 3 — state 4 transitions are less
clear in a magnesium-free medium.

In the theoretical model of oxidative phosphoryla-
tion used in the present paper a H* /ATP stoichiom-
etry of ATP synthesis by ATP synthase (n,) equal to
2.5 H* /ATP was used. Integer values of this param-
eter equal to 2 or 3 are usually considered in litera-
ture [32—-39]. What is the motive of such a treat-
ment? Thermodynamic calculations of n,, based on
measurements of Ap and the phosphorylation poten-
tial (ATP/ADP-P,) give most frequently values
between 2 and 3, gathering roughly around 2.5
[13,26,40]. However, one can argue that the mea-
surement of one (or more) of the parameter values,
for example free ADP or Ap, is not very accurate,
and that the exact ‘true’ value would give an integer
value of n,. However, ATP synthase working near
equilibrium is not the only thermodynamic require-
ment which has to be taken into account. The ther-
modynamic relationships of different reactions create
a network, because many of them have common
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metabolites. A part of this network, which was taken
explicitly into account in the model, is shown in
Table 3. This network imposes, for example, a unique
Ap value fixed unequivocally by other parameter
values and by thermodynamic requirements for par-
ticular reactions. It is impossible to change the pro-
tonmotive force to the value which would give an
integer stoichiometry for ATP synthesis without dis-
turbing seriously the thermodynamic limitations for
the ATP/ADP carrier, phosphate carrier and respira-
tory chain. The same can be said about other parame-
ters. The additional enzyme belonging to the network
of thermodynamic dependencies, not shown in Table
3, is adenylate kinase. Thus, the network is sophisti-
cated enough to determine unequivocally the value
of n,. The measured values of all parameters fit very
well to each other to fulfil the thermodynamic re-
quirements of particular reactions. Change in one
parameter would require strictly determined changes
in many other parameters. Therefore we have two
possibilities to choose. Either there are great errors in
the measured values of many parameters and all
these errors are by a chance of a size exactly needed
to fulfil the mentioned thermodynamic requirements,
or the H™ /ATP stoichiometry for ATP synthesis is
not integer and is equal to about 2.5.

In the present paper (and in the accompanying
paper) the developed mathematical model of oxida-
tive phosphorylation was successfully tested for iso-
lated mitochondria (and intact cells) in a broad range
of conditions. The agreement of the theoretical simu-
lations with experimental results was at least semi-
quantitative and in many cases very good. An en-
tirely quantitative comparison is not possible, be-
cause experimental results differ somewhat from each
other because of different procedures, conditions and
sources of mitochondria used. Furthermore, in such a
sophisticated system as oxidative phosphorylation

Table 3

there is some inherent variability on the macroscopic
level. Small, undetectable changes on the micro-
scopic level can cause relatively significant varia-
tions of measured parameters. Therefore the theoreti-
cal results produced using the model should be com-
pared with typical experimental values of parameters
or their ranges.

The model described in the present paper is only
quasi-mechanistic, as described in the accompanying
paper. The description of substrate dehydrogenation
and, partially. of the ATP/ADP carrier is certainly
phenomenological (one of the aims of the model was
to find proper descriptions for these components of
the system). Therefore, this model should be care-
fully tested in a broad range of conditions, what was
the main purpose of the present paper. Such a tested
model, correctly describing many different properties
of oxidative phosphorylation, could serve as an use-
ful tool for prediction and explanation of quantitative
properties of the system which are intuitively not
obvious. The kinetic descriptions of particular en-
zymes (processes) need not to be entirely ‘true’ in a
mechanistic sense. It is enough, if they are correct in
a functional sense, i.e. if they are able to reflect
correctly a complex pattern of properties of the
studied system.

A phenomenological description has some advan-
tages in relation to a fully mechanistic description.
Its validity does not depend on uncertainties in our
knowledge about the system. For example, the
semi-phenomenological description of the ATP /ADP
carrier 1s not ‘sensitive’ to the fact whether or not the
process of channelling, proposed by some authors for
this carrier [41,42], takes place. The model does not
distinguish between proton leak [28.43] and pump
slipping [44] either, and therefore does not depend on
which of them occurs.

A constant H™ /ATP stoichiometry was accepted

A network of thermodynamic dependencies within oxidative phosphorylation in isolated mitochondria. The network is balanced only under
the assumption that ATP synthase uses about 2.5 protons for synthesis of | ATP. Both stoichiometries 2 and 3 H* /ATP give results far

from balance

Enzyme Parameters involved

Thermodynamic requirement

Phosphate carrier
ATP/ADP carrier
Respiratory chain
ATP synthase

4p (4pH), P, P,

Ap,cyt.e’™ feyt.c®*, UQ/UQH,
Ap. ATP, ADP,, P,

Ap (4W), ATP,, ADP,, ATP,, ADP,

near equilibrium
about 30 times displaced from equilibrium {46]
near equilibrium
near equilibrium
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in the model discussed. The proposition that this
stoichiometry can be regulated [45] needs further
confirmation.

Of course the model of the oxidative phosphoryla-
tion process described in this paper and in the ac-
companying paper is not fully completed as it can be
further improved and extended. However, it seems to
be a broadly tested approximation good enough to
describe mechanisms responsible for control and reg-
ulation of this process in mammalian mitochondria
(especially rat liver mitochondria) semiquantita-
tively, to calculate the parameter values which bio-
chemists are interested in, and to derive macroscopic
properties of the entire system from microscopic
features of its components. Therefore it can be used
to try to predict the results of new kinds of experi-
ments, not performed until now, and to explain some
experimental properties which are not obvious intu-
itively.
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