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Abstract

Using the dynamic model of oxidative phosphorylation developed previously and tested for its validity under a broad
range of conditions some properties of cytochrome oxidase in the whole system considered were simulated. The regulation
of this enzyme by oxygen concentration, A p and reduction level of cytochrome ¢ were studied. Assuming at least qualitative
validity of the model, the following conclusions were drawn: (1) Regulation of cytochrome oxidase is different under the
same conditions, when changes in the system (oxidative phosphorylation in isolated mitochondria) are imposed by a
decrease in oxygen concentration (aerobiosis — anaerobiosis transition) or by addition of hexokinase (state 4 — state 3
transition). In the former case, cytochrome ¢ and A p play a very similar role in the compensation for a decrease in the
respiration rate caused by lowered oxygen concentration, while in the latter case changes in A p activate cytochrome oxidase
much stronger than changes in the reduction level of cytochrome ¢. (2) There is no unique thermodynamic flux—force
relationship for cytochrome oxidase. This relationship depends on how the thermodynamic span of the reaction catalyzed by
this enzyme is changed (aerobiosis — anaerobiosis transition vs. state 4 — state 3 transition). (3) Under some conditions
(aerobiosis — anaerobiosis transition) the flux—force relationship can be inverse, i.e. increase in a thermodynamic force
occurs simultaneously with decrease in a reaction rate.
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1. Introduction is far from thermodynamic equilibrium and essen-

tially irreversible. Therefore it is not necessarily

Cytochrome oxidase is the terminal component of
the respiratory chain, catalyzing transfer of electrons
from cytochrome c to oxygen. This transfer is cou-
pled with proton pumping outside the mitochondria,
equivalent to building up the proton-motive force
(A p). The reaction catalyzed by cytochrome oxidase

' Tel.. (48-12) 342008; Fax: (48-12) 336907; e-mail:
benio@mol.uj.edu.pl.

expected to exhibit a simple linear dependence on
the thermodynamic span, characteristic for reactions
being near equilibrium. Nevertheless, it is commonly
(although implicitly) accepted that this dependence
for a given system or reaction is unique under the
same conditions and proportional (flux increases
when force increases) [1-3].

On the other hand, negative values of the thermo-
dynamic response coefficient for cytochrome oxidase
at lower (but still physiological) oxygen concentra-
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tions were calculated for the case when oxygen was
gradually consumed by cells suspended in a closed
chamber and thus oxygen concentration decreased to
zero [4]. The thermodynamic response coefficient
describes the relative change in the thermodynamic
span of a given reaction as compared to the change
in the thermodynamic span through the entire con-
sidered system. This coefficient was defined as fol-
lows [4);

T, = 8AG,/8AGr, (1)

where k, j and i denote the indices of the external
metabolite (substrate or product), M,, whose con-
centration is changed, of the considered system U;
and of an enzyme e; (being a component of this
system), respectively. SAG; and SAG; stand for the
infinitesimal changes in the Gibbs free energy differ-
ence of the reaction catalyzed by enzyme e,, and in
the Gibbs free energy difference of the whole con-
sidered system U, respectively. r;; denotes the rela-
tive flux through the enzyme e,. The negative value
of the thermodynamic response coefficient for cy-
tochrome oxidase during transition to anaerobiosis
means that the thermodynamic span of the reaction
catalyzed by this enzyme increases when AG of the
whole oxidative phosphorylation system (and the
flux through this system) decreases. This suggests
the possibility that the flux—force relationship for
this enzyme could be inverse, not proportional. Val-
ues of the thermodynamic response coefficient for
different components of oxidative phosphorylation
depended on the way in which the thermodynamic
span through the whole system was changed [4]. This
indicates that the flux—force relationship could not
be unique. In the present paper these problems are
studied more thoroughly and explicitly, applying an
improved and tested in much more aspects version of
the model.

Cytochrome oxidase, working far from equilib-
rium, is likely to be regulated kinetically and not
thermodynamically [5]. The factors affecting the re-
action rate of this enzyme in mammalian cells are
oxygen concentration, reduction level of cytochrome
¢ and Ap [6-8]. The previous opinions concerning
regulation of cytochrome oxidase by the external
[ATP]/[ADP]P,] ratio [6,9] have been not con-
firmed. Oxygen is an external substrate for oxidative
phosphorylation. Therefore, although the cell has to

respond to changes in its concentration, it is not a
regulatory factor. Thus, two ‘‘regulators’ remain:
cytochrome ¢ and A p. A question arises as to their
quantitative significance under physiological (or
quasi-physiological) conditions. Another problem
concerns possible differences in their relative ‘‘regu-
latory power’” when different changes are introduced
to the system under the same conditions. Two kinds
of such changes have physiological significance. The
first kind is the varying energy demand, which can
be mimicked in isolated mitochondria by addition of
increasing amounts of hexokinase (in the presence of
glucose) to mitochondria in state 4 (state 4 — state 3
transition). The other change occurring in intact tis-
sues is decrease in oxygen concentration, or even its
(almost) total exhaustion, which takes place, for
example, in skeletal muscle during prolonged exer-
cise. This case can be studied in suspensions of cells
or mitochondria with decreasing values of fixed oxy-
gen concentration (aerobiosis — anaerobiosis transi-
tion).

2. Model

2.1. Rate expressions

The dynamic model of oxidative phosphorylation
used in this paper was developed in several steps and
published in subsequent papers [10-13). For this
reason, the final description of the model has not
been published anywhere in one piece. Therefore, 1
will give below a concise description of the final
version of the model. Those details will be pointed
out which are different in the version for intact cells
(hepatocytes) and the version for isolated rat liver
mitochondria incubated with succinate. The numbers
of equations concerning exclusively mitochondria
will be signed with an asterisk (*).

The expressions for the reaction rates of particular
steps of oxidative phosphorylation taken into account
explicitly are presented below. The values of rate
constants are not given as they are not fixed, but
calculated in the initial state (see below) on the basis
of fixed parameter values (for example Michaelis—
Menten constants) as well as initial values of concen-
trations and fluxes.
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2.1.1. Substrate dehydrogenation

1
Upu = kpy K 7o (2)
1+ X

[NAD*]/[NADH]

K .\ = 100 is the Michaelis—Menten constant for the
NAD*/NADH ratio and p, = 0.18 is a phenomeno-
logical parameter reflecting the sensitivity of sub-
strate dehydrogenation to this ratio. In the version of
the model concerning isolated mitochondria respiring
on succinate another rate expression was used:

UDH=kDH([U]0_[UQH2]) (27)

where [U], = 0.7[U], is a phenomenological constant
and [U], = [UQ] + [UQH,] denotes total concentra-
tion of ubiquinon.

2.1.2. Cytochrome oxidase

1
UC4=kC4[a2+ ][C“]—K—g— (3)
1+ —

2

K.o=12 uM is the ‘‘real’” Michaelis—Menten
constant for oxygen (the apparent constant is much
smaller, equal to about 1 uM, because of regulation
of cytochrome oxidase by Ap and cytochrome c),
while a** and c?* denote reduced forms of cy-
tochromes a; and c, respectively.

2.1.3. ATP synthase
y—1

Doy = kgy——
SN SN7+1

(4)

v=1026snF/Z denotes the displacement from equi-
librium of the reaction catalyzed by ATP synthase
and AGg =n,Ap— AG, is the Gibbs free energy
difference for this reaction (n As H* /ATP stoichiom-
etry, AG,, internal phosphorylation potential).

2.1.4. ATP / ADP carrier
v =k [ADPfe]
EX "EX{ [ADP, ] + [ATP, 10" Y-/
- [ADP; ]
[ADP,] + [ATP; J10~¥:/%

IOAGEX /ZpE

(5)

pe = 0.3 is a phenomenological coefficient and

[ATP, ][ADP; ]
AGgy = AVF — RTIn| -
[ADP, J[ATP, ]

is the thermodynamic span of the reaction. ¥, = 0.65
-AW¥ and ¥, = —0.35 - AV represent the ‘‘effective
fractions’” of membrane potential, driving the elec-
trogenic transport of ATP (for exchange with ADP)
from inside and from outside the mitochondria, re-
spectively.

2.1.5. Phosphate carrier

Up = kP,([PiK] [H.]- [Pij,] [Hl]) (6)

2.1.6. ATP usage

1
Vyur =kUT_K—mA (7)

|+ —
[ATP, ]

K., is the Michaelis—Menten constant for ATP.
The value of this constant is equal to 300 uM in
cells and 150 uM for hexokinase in the model for
mitochondria.

2.1.7. Proton leak

vk = k(10098 — 1) + &y A p (8)
where &, =92x 1077 uM H* s7', k;, =94 X
1072 mV™' and k,;=15X10"> uM H® mV~'
s™.

2.1.8. Adenylate kinase

Uak = kAKf[ADPfe][ADPme] - kAKb[ATPme][AMPe]
(9)

2.2. Set of differential equations

The rates of changes in time of independent vari-
ables were expressed as a set of differential equa-
tions. This set is given below:

d[NADH]/dt = (vpy — 20e4) /by (10a)
d[UQH, ]/dr= (vpy — 2v.4) (10a™)
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d[HT]/dt = (N4 — NADgy — UVEy

—(1—wu)vp — ”LK)RcmRsc/bH

(10b)
d[ATP;]/dr = (vsy — vex) RemRic (10c)
dPili/dt=(UPI—USN)RC,“RSC (10d)
d[ATP, ]/dr= (vgx — vyt + Uak ) R (10e)
d[ATP, ]/dr = (vex — vyr + Vax) (10e™)
d[ADP, ]/dt = (vyr — vex — 20ax) Rsc (10f)
d[ADP, ]/dt = (vyr — vgx — 20ax) (10f7)
dP, /dt= (vyr — vp )R, (10g)
dPiw/dt=(UUT_UP1) (10g™)
R, and R are ratios of cell volume to mitochon-

drial volume and of suspension volume to cell vol-
ume, respectively. by =5 denotes the buffering co-
efficient of the [NADH]/[NAD™] ratio by the B-hy-
droxybutyrate /acetoacetate ratio {10], while b,
(calculated) stands for buffering coefficient for inter-
nal protons [10]. n, denotes the [H*]/[ATP] stoi-
chiometry, n_ is the number of protons pumped by
the respiratory chain per four passing electrons (20
in intact cells and 12 in mitochondria respiring on
succinate) and u is equal to AV /A p. Since oxygen
concentration was fixed in all simulations, the differ-
ential equation for oxygen is omitted.

Time-dependent changes of independent variable
values were simulated by solving numerically the
above set of differential equations using the Gear
procedure. Programs were written in Microsoft FOR-
TRAN. An IBM PC/386 compatible computer was
used for simulations.

2.3. Parameters and dependent variables

The values of dependent variables were calculated
at each iteration step from the values of fixed (or
calculated) parameters and independent variables,
calculated directly by the Gear procedure.

Concentration of NAD™ was calculated from
overall concentration of NAD (n,=[NAD*]+
[NADH]), equal to 8.8 M (determined in suspen-

sion for 3 mg of mitochondrial protein per ml), and
from concentration of NADH:

[NAD*] = n, — [NADH] (11)

Concentration of UQ in the version of the model
concerning mitochondria was obtained similarly.

Concentrations of ADP; and AMP, were calcu-
lated in an analogous way:

[ADPti]=Ai—[ATPti] (12)
[AMP, ] = A, — [ATP, ] — [ADP,] (13)

where A, =[ATP,;]+[ADP,] and A, =[ATP.]+
[ADP, ]+ [AMP.].

Concentration of external protons was calculated
under the assumption that the external buffering
capacity for protons was 10 times greater than the
internal capacity:

[(H] = ([H] - [H{])/10 (14)

where [H,]=((H;] + [H!] /10 denotes the sum of
free internal and external proton concentrations.
Concentration of external protons changes relatively
very slightly and, in fact, can be considered as
essentially constant, without any significant effect on
results of simulations.

The (components of the) proton-motive force were
calculated as follows:

ApH RT] (] 15
pH= F n [H:—] ( )
A ApH : 16
p=ap 1_u (16)
A¥ =Ap— ApH (17)

where ¥ = A¥ /A p = constant.
The following expression for the buffering coeffi-
cient for internal protons was used:

by = Cour/ o (18)

where ¢y, = 0.022 M H* per pH unit (assuming 1
w1 matrix volume per mg of protein) is the buffering
capacity measured experimentally and c, = (107PH
— 107PH=%H) /dpH is the ‘‘natural’ buffering ca-
pacity for a given pH (dpH is a small change in pH).

Concentrations of free and magnesium-bound
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forms of the most important magnesium ligands (X)
were calculated in the following way:

[x3] = —[[Xg]—]— (19)
1+ gfs
KDXs

(X5 ] = [X§] = [X3] (20)

where [X"] is the concentration of the nth ligand,
index ‘‘s”’ denotes *‘i’’ or ‘‘e’’ indexes and K,
stands for a dissociation constant. The values of
dissociation constants for particular magnesium lig-
ands are given in Table 1. The total magnesium

concentration was calculated as follows:
[Me2] = X [xn,] + Mg (21)

During simulations the free magnesium concentra-
tion was recalculated at each step, using 10 itera-
tions:

[Mgir] = [Mg2']
/[1+ E{xa/(vs] + ko))
" (22)

When constant concentrations of free internal and
external magnesium, both equal to 380 uM, were
used, the properties of the model and the results of
simulations were very similar.

The concentration of monovalent inorganic phos-
phate was calculated from the following expression:

[P ] = [P.]/(1 +4) (23)
where
q, = 10¢PH.—PKL)
and pK,=6.8.
The redox potentials of cytochromes ¢ and a,

were calculated from the redox potential of NAD
and from the proton-motive force:

RT [NAD+]
Evxap = Eanap T 51 [NADH] (24)
Emcyt.c=EmNAD+Ap(8_2u)/2 (25)
Emcyt.af‘ = Emyct.c + Ap(2 - 2“)/2 (26)

Table 1
Dissociation constants of most important magnesium ligands

Ligand Dissociation constant ( . M)

Cytosolic space  Mitochondrial space

ATP 24 17
ADP 347 282
P, 1180 1176
Citrate 270 238
MBP (magnesium 710 221

binding pool)

The reduction levels of both cytochromes were ob-
tained as follows:
Eneye™ Emeytc
[e*"1/[c*"] =e( RT/F )
Epn 1.a] _Em ct.al
o 1/ ] = =257 (28)
The following values of mid-point redox potentials
were used: E y,p= —320 mV, E =250 mV
and E, ., ;=556 mV (the last value reflects, in
fact, the mid-point redox potential for the cyt.a,~Cup
centre of cytochrome oxidase).

Concentrations of reduced and oxidized forms of
cytochrome c¢ and a; were calculated from their
overall concentrations, [c, ] = 0.8 uM and [a,]= 0.4
1M, respectively (these concentrations were deter-
mined in suspension, assuming amount of mito-
chondria equal to 3 mg of protein per ml).

In the model for isolated mitochondria incubated
with succinate, only two proton pumps were taken
into account and ubiquinone appeared instead of
NAD in the above equations. A mid-point redox
potential for ubiquinon equal to 85 mV was used.

(27)

2.4. Initial conditions

The initial (starting) point for all simulations per-
formed using the model for cells (hepatocytes) repre-
sented the normal, physiological state. In the version
of the model describing isolated mitochondria this
initial point corresponded to ‘‘physiological’’ state
3.5, intermediate between state 4 and state 3 (about
50% of the respiration rate in state 3). The values of
variables and parameters in the initial state were
either fixed or calculated. In these calculations the
criterion of thermodynamic requirements (a proper
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direction and displacement from equilibrium of par-
ticular reactions) was taken into account. The initial
state represented, of course, a steady-state (no
changes in concentrations and fluxes).

The simulations performed in the present paper
consisted in transition to another steady-state caused
by a change in one of the parameter values. When
the new steady-state was reached, the values of
chosen variables were recorded. These values (for
example, values of fluxes and thermodynamic forces)
obtained in different steady-states were plotted one
against another. In this way, dependence of one
variable on another variable could be obtained.

Two kinds of transitions were studied. In aerobio-
sis — anaerobiosis transition different oxygen con-
centrations were fixed. At the initial point (both in
cells and mitochondria) this concentration was equal
to 240 M. To obtain subsequent steady-states, lower
and lower oxygen concentrations were imposed in
subsequent simulations. As oxygen concentration en-
ters the rate expression of cytochrome oxidase, the
flux through this enzyme decreased, which was fol-
lowed by changes in the entire system of oxidative
phosphorylation. Particularly, A p decreased and the
reduction level of cytochrome c increased in order to
compensate the resultant decrease in the oxygen
consumption and ATP synthesis fluxes.

In simulations concerning state 4 — state 3 transi-
tion in isolated mitochondria the rate constant of
ATP utilization was changed. This procedure corre-
sponded to addition of different amounts of hexoki-
nase in the presence of glucose (a frequently used
artificial ADP-regenerating system) in order to fix
different levels of energy demand under experimen-
tal conditions. When the value of this constant (or,
which is equivalent, concentration of hexokinase)
was reduced to zero, state 4 was reached, with no
ATP synthesis and oxygen consumption correspond-
ing exclusively to proton leak. A 6-fold increase in
the rate constant of ATP consumption, in relation to
the initial point, caused transition to state 3 (further
increase in the value of this constant caused essen-
tially no increase in oxygen consumption). All the
remaining intermediate states were obtained by more
moderate decrease or increase in the rate constant
(concentration) of hexokinase.

In both versions of the model (for cells and for
mitochondria) it was assumed that the *‘concentra-

Table 2
Initial values of the respiration rate and components of the
proton-motive force in the model for cells and for mitochondria

Variable Cells Mitochondria
Respiration rate 1.0 1.7

(uM O, s™")

Ap (mV) 182 175

ApH (mV) 27 25

A¥Y (mV) 155 150

tion’” of mitochondrial proteins was equal to 3 mg
per ml. A ratio of cell volume to mitochondrial
volume (R_,) equal to 10 was accepted. The ratio of
suspension volume to cell volume (R ) was calcu-
lated as follows:
[cm]

R, =—— 29

* [CI]RCm ( )
where [c,,]=2700 uM is the concentration of cy-
tochrome ¢ determined in matrix (calculated for ma-
trix volume equal to 1 wl per mg protein) and
[c‘] = 0.8 uM is the concentration of cytochrome ¢
determined in suspension (for 3 mg of mitochondrial
protein per ml). The obtained value of R was equal
to about 340. In the model for isolated mitochondria
the ratio of external volume to matrix volume was
equal to R R,

The values of the respiration rate and components
of Ap at the initial point for mitochondria and cells
are shown in Table 2. The initial rates of particular
reactions were calculated as follows: v, (oxygen
consumption) was established (see Table 2); v,
was calculated using Eq. 8; vpy =20, vy =
(nebey = v1)/Mp5 Vyr = Vp = Upx = Ugy. A more
detailed description of initial parameter and variable
values is given in previous publications [10—13].

3. Test of the model

The dynamic model of oxidative phosphorylation
used in this paper has been tested for a broad range
of conditions, both in isolated mitochondria
[10,11,13] and intact hepatocytes [10—12,14]. To in-
crease the reliability of the theoretical results ob-
tained, especially concerning thermodynamic aspects
of cytochrome oxidase working in the entire oxida-



B. Korzeniewski / Biophysical Chemistry 59 (1996) 75-86 81

109 100 resp C 20
93
084 = 80
® s 5%
- g ATP/ADP g
064 @60 o
] e k=
8 = 10 <
[l —_—
o ® @
&.04 1 g4 E
@ <3 2
< £ y5 X
024 520 oyt B
&
ool o8 — . . . 0
0 10 20 30 40 50

oxygen concentration

Fig. 1. Simulated dependencies of the respiration rate, cytochrome
¢ reduction level and external ATP /ADP ratio on oxygen concen-
tration. The respiration rate is expressed in arbitrary units (1
corresponds to the respiration rate at the saturated oxygen concen-
tration: 240 uM).

tive phosphorylation system, it seems necessary to
perform some more simulations using this model.
They should concern cytochrome oxidase and ther-
modynamic properties of oxidative phosphorylation.
The theoretical results obtained should be compared
with experimental results.

The simulated dependencies of the respiration
rate, cytochrome c reduction level and external
ATP/ADP ratio on oxygen concentration in intact
cells are shown in Fig. 1. They are very similar to
the experimental results obtained by Wilson’s group
[15,16]. Since the mentioned parameters are strictly
related (the ATP/ADP ratio through Ap) to the
regulation of cytochrome oxidase, this agreement
between simulations and experiments increases the
reliability of the model.

Fig. 2 presents simulated flux—flow relationships
for the oxidation and phosphorylation flux in isolated
mitochondria. Changes in these fluxes, as well as in
the phosphorylation potential (both in experiments
and simulations), were obtained by an increase in
ATP usage (addition of different amounts of hexoki-
nase to mitochondria in state 4). The curves are
near-linear, which mimics experimental results [1,17].
Such a linearity is broadly accepted in the frame of
non-equilibrium thermodynamics applied to oxida-
tive phosphorylation [1,3,17]. However, if we change
the thermodynamic span through the system by de-
creasing the oxygen concentration (keeping concen-
trations of respiratory substrates as well as external
ATP and ADP constant), we will obtain a non-linear
relationship as presented in Fig. 3. It must be empha-

3,57
3.0 A
2.5+
20
1.5 4
1.0+

05

respiration rate (arbitrary units)

0.0 —T T —T T )
40 45 50 56 60 65
external phosphorylation potential (kJ/mol)

127

phosphoryiation rate (arbitrary units)

0 T T T T 1
40 45 50 55 60 65
external phosphorylation potential (kJ/mol)

Fig. 2. Simulated flux—force relationships in isolated mitochondria
for the entire oxidative phosphorylation system. (A) the oxidation
flux plotted against the external phosphorylation potential; (B) the
phosphorylation flux plotted against the external phosphorylation
potential.

20+

124

physiological

respiration rate

081 range
0.4 |
I
\
0.0 T ~t T T 1
-4 -2 o} 2 4 6
In([oxygen))

Fig. 3. A simulated dependence of the oxidation flux on the
oxidation potential when this potential is changed by decrease in
oxygen concentration.
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sized that the latter property does not depend on the
validity of the model. It is a simple result of an
apparent Michaelis—Menten kinetic dependence of
cytochrome oxidase-catalyzed reaction rate on oxy-
gen concentration. The conclusion is that the flux-
force relationship depends on the way in which the
thermodynamic span through the system is changed.

Simulated titration curves of different enzymes
and processes of oxidative phosphorylation by spe-
cific inhibitors (data not shown) are also very similar
to those obtained experimentally [18,19].

4. Results

The total thermodynamic force X,, correspond-
ing to the reaction catalyzed by cytochrome oxidase
is equal to

Xo=Xy+X. +X, (30)

where X, = —(2 + 2u)A p indicates the proton-mo-
tive force multiplied by amount of protons (and
charges) transported per two passing electrons (u =
AV /Ap), X = —2AE, indicates the redox po-
tential of cytochrome ¢ and X, =2AE, indicates
the redox potential of the O,/H,O pair. ‘Concentra-
tion of water equal to 55 M as well as mid-point
potentials of cytochrome ¢ (AE, ) and the
0,/H,0 pair (AE,_ ) equal to 250 and 820 mV,
respectively, were used in calculations. The thermo-
dynamic potentials were calculated as follows:

[c’*]
AE, =AE, + —ln 1 (31)
0,
AE, =AE, A 0] (32)
> " 4F "\ [H,0]
1
Ap= AV +ApH = ——ApH (33)
1—u
ApH=—ln (5] (34)
F o\ [H]

Simulated changes in the total thermodynamic
potential of the reaction catalyzed by cytochrome
oxidase and in its component potentials during state
4 — state 3 transition (addition of increasing amounts
of hexokinase to mitochondria in state 4 in the

20

change in thermodynamic span (mV)

0
0.5 1.0 1.5 20 25 3.0 35
respiration rate

Fig. 4. Simulated changes of the total (X,,,, @) and component
(Xy, ®; X, + and X,, X) thermodynamic potentials of the
reaction catalyzed by cytochrome oxidase, plotted against the

respiration rate during state 4 — state 3 transition. Values in state
4 are taken as reference values (0 mV change).

presence of glucose) are presented in Fig. 4. The
overall thermodynamic span of cytochrome oxidase
increases with the respiration rate. It can be seen that
this is mainly a result of the increase in X, (de-
crease in Ap). Since the oXxygen concentration is
kept constant, X, does not change. X, plays only a
minor role in changes in X,,, as the reduction level
of cytochrome ¢ ([cyt.c®*]/[cyt.c3* ] varies very
little. This suggests that the proton-motive force is
the main factor regulating the rate of the reaction
catalyzed by cytochrome oxidase during state 4 —
state 3 transition.

In Fig. 5 is shown a simulated dependence of the
total thermodynamic span on the respiration rate

300 ~
S
£
=
8 250
]
L2
€
©
c
g 200
[
s
150 T  p— T T J
0.0 0.4 08 12 16 20

respiration rate

Fig. 5. A simulated dependence of the total thermodynamic span
of the reaction catalyzed by cytochrome oxidase on the respiration
rate during aerobiosis — anaerobiosis transition.
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during aerobiosis — anaerobiosis transition (decreas-
ing oxygen concentration). Despite the highest val-
ues of the respiration rate (corresponding to saturated
oxygen concentrations), the relationship is inverse,
i.e. the thermodynamic force increases when the
respiration rate decreases.

The above changes in the total and component
thermodynamic forces can be presented more clearly
when plotted against the logarithm of oxygen con-
centration. This is shown in Fig. 6. The indicated
physiological range of oxygen concentration is equal
to about 1-100 uM [9]. 1t can be seen that the total
thermodynamic force X, changing proportionally
to oxygen concentration at its higher values, be-
comes inversely dependent on oxygen concentration
at oxygen concentrations below approximately 30
uM. Of course, X, diminishes linearly with
log([oxygen]). This is compensated by an increase in
X, and X_. Below 30 uM, this compensation is so
strong that the overall force X, begins to increase
when oxygen concentration decreases.

The influence of the component thermodynamic
potentials on the reaction rate of cytochrome oxidase
depends not only on changes in these potentials, but
also on elasticity coefficients [20] of the reaction to
the considered potentials. The calculated values of
these coefficients for X,;, X_ and X, are equal to
11.2, 18.3 and 59.1, respectively. The calculations

physiological
range

Il
I
I
+

change of thermodynamic span (mV)
o
1

]
|
!
)
|
[
|
I
¢
|
I

-120 T ) p— —T

-2 -1

[ Y EE

0 1
log({oxygen})

Fig. 6. Simulated changes of the total (X, @) and component
(Xy, ®; Xc, + and X, X) thermodynamic potentials of the
reaction catalyzed by cytochrome oxidase plotted against the
logarithm of oxygen concentration during aerobiosis —
anaerobiosis transitions. Values at saturated oxygen concentration
(240 wM) are taken as reference values (0 mV change).

Table 3

Contributions of changes in the discussed thermodynamic poten-
tials to changes in the respiration rate during state 4 — state 3 and
aerobiosis — anaerobiosis transitions

Change in State 4 — state  Aerobiosis — anaerobiosis
respiration rate 3 transition transition

Avy, 0.83 4.0

Av, 0.17 53

Avg 0 ~103

Av

tot 1 =1

Avy, Av,, and Auvg indicate changes in the respiration rate caused
by changes in Xy, X. and X, respectively. Their values are
standardized for the resultant change Av,,,, being the sum of these
changes, equal to 1 or — 1.

were made for the **physiological’” state 3, ,, (about
50% of the respiration rate in state 3) and median
physiological oxygen concentration in mammalian
tissues (about 30 wM [9]). The contributions of the
three distinguished thermodynamic potentials to
changes in the respiration rate during both state
4 — state 3 transition and aerobiosis — anaerobiosis
transition are presented in Table 3. The values are
standardized for the resultant change in the respira-
tion rate equal to 1 (or — 1). These results show that
a decrease in A p is responsible for more than 80%
of the increase in the respiration rate during state
4 — state 3 transition, while the contribution of the
cytochrome ¢ reduction level is less than 20%. Dur-
ing aerobiosis — anaerobiosis transition changes in
Xy and X compensate over 90% of the decrease in
the respiration rate caused by decreasing oxygen
concentration (without this compensation the respira-
tion rate would decrease by 10.3 instead of by 1, in
arbitrary units). Their action is quantitatively compa-
rable. The reduction level of cytochrome ¢ has an
even slightly stronger influence than the proton-mo-
tive force, unlike during state 4 — state 3 transition.

5. Discussion

Of course the main condition of reliability of the
theoretical results obtained is validity of the model
used for calculations. A reasonable criterion for this
validity seems to be the number of different condi-
tions and experiments the model has been tested for.
This model simulated successfully the following pa-
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rameters and properties of oxidative phosphoryla-

tion:

+ changes in different parameter values (respiration
rate, A p, reduction level of cytochrome c, inter-
nal and external ATP/ADP ratio and others)
during state 4 — state 3 transition in isolated
mitochondria [13],

- time courses of these parameters after addition of
a small amount of ADP to mitochondria in state 4
(state 4 — state 3 — state 4 transition) [13],

- flux control coefficients for different components
of oxidative phosphorylation with respect to the
respiration flux at different respiration rates be-
tween state 4 and state 3 [13], obtained in the
frame of metabolic control analysis (MCA) [21],

+ flux control coefficients for the oxidation, phos-
phorylation and proton leak subsystems over the
oxidation (respiration), phosphorylation and pro-
ton leak fluxes at different respiration rates be-
tween state 4 and state 3 [13], obtained in the
frame of the ‘‘top-down approach’” to MCA [22],

- time courses of different parameter values during
consumption of oxygen by suspension of cells (or
mitochondria) in a closed chamber (aerobiosis —
anaerobiosis transition) [10,12],

- kinetic responses of oxidation, phosphorylation
and proton leak subsystems to A p in hepatocytes
incubated with different respiratory substrates
[12],

- values of the respiration rate, cytochrome ¢ reduc-
tion level and external ATP /ADP ratio at differ-
ent oxygen concentrations (this paper),

- linear flux-force relationships, similar to those
obtained for oxidative phosphorylation in the
frame of non-equilibrium thermodynamics (NET)
(this paper),

- inhibitor titration curves for cytochrome oxidase,
ATP/ADP carrier and other components of ox-
idative phosphorylation, obtained experimentally
in the frame of MCA (this paper, not shown).
The agreement between simulations and experi-

ments was at least semi-quantitative and in many

cases very good. Therefore, it can be assumed that
the model is able to produce, at least qualitatively

(and probably semi-quantitatively), correct predic-

tions in the range of conditions it has been tested for.
Additionally, some theoretical results presented in

this paper do not depend on the validity of the

model. Changes of thermodynamic potentials (X,
X. and X,) during aerobiosis — anaerobiosis transi-
tion can be extracted from experimental data mim-
icked in Fig. 1 (see, for example, Fig. 2 in [15]). In
this case, the model only helps to obtain the desired
parameter values easily and conveniently.

In the present study the dependence of cy-
tochrome oxidase on whole Ap is considered, al-
though influence of its components, namely ApH
and AV, has been shown to be different [8]. How-
ever, it was demonstrated, at least under steady state
conditions, that a linear dependence between ApH
and AV¥ takes place [23].

The obtained agreement between simulations and
experiments suggests that no additional mechanisms
(for example allosteric regulation proposed in [6])
are necessary to explain the observed kinetic proper-
ties of cytochrome oxidase.

The first conclusion drawn from the simulations
performed is that the flux—force relationship can
depend on the way in which the relevant thermody-
namic force is changed. For both cytochrome oxi-
dase and the whole oxidative phosphorylation system
this relationship is near-linear for state 4 — state 3
transition (or for varying respiratory substrate con-
centrations [1]) and non-linear for aerobiosis —
anaerobiosis transition. Therefore, the linear approxi-
mation used in the frame of NET seems not to be
universal.

Furthermore, the flux—force relationship can be
inverse in some situations, which contradicts intu-
itive expectations. However, such a possibility can
be explained in a simple way. Let us consider the
following reaction:

A+B > C

where A and B are converted into C at a rate v. The
thermodynamic span of this reaction is proportional
to log([A]IB]/[C)]). Let us assume that elasticities of
v to A and B are equal to 1 and 5, respectively.
Now, if [A] increases by 4% and [B] decreases by
2% ([C] is kept constant), the rate v will decrease by
6% while the [A]B]/[C] ratio (and the thermody-
namic span) will increase. It can happen because
elasticity of v to B is essentially higher then the
elasticity of v to A. A similar situation occurs for
cytochrome oxidase: the elasticity of the respiration
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rate to X, is much greater than its elasticity to X
or X..

The increase in the total thermodynamic span of
the reaction catalyzed by cytochrome oxidase when
oxygen concentration decreases can be interpreted as
a ‘“‘thermodynamic cost’” of kinetic regulation. The
purpose of this regulation is to keep the respiration
rate as constant as possible when oxygen pressure
decreases. This leads, because of kinetic properties
of cytochrome oxidase, to ‘‘overcompensation’ of
the decrease in X, by the increase in X,; and X_.
The theoretical results obtained suggest that, in the
case of decrease in oxygen concentration, it is more
important for the cell to optimize the flux through
cytochrome oxidase rather than the thermodynamic
force of the reaction catalyzed by this enzyme. Ther-
modynamic efficiency is here sacrificed in order to
maintain oxygen consumption and ATP synthesis
unchanged.

However, it is important for the cell to maintain
not only a high rate of ATP production, but also a
high concentration of this compound or, rather, a
high value of the external phosphorylation potential.
When oxygen concentration decreases below 30 uM,
cytochrome oxidase becomes more and more dis-
placed from equilibrium, partially because Ap de-
creases significantly. Since the ATP synthase is sup-
posed to work near equilibrium, the value of the
internal phosphorylation potential should follow
changes in the proton-motive force. The external
phosphorylation potential is related to the internal
phosphorylation potential mainly through the
ATP/ADP carrier. As it was shown in previous
theoretical studies [4], this carrier has a high positive
value of the thermodynamic response coefficient dur-
ing aerobiosis — anaerobiosis transition. Therefore,
its displacement from equilibrium diminishes very
quickly when oxygen concentration falls down. As
the result, the external phosphorylation potential de-
creases much slower than the internal one. Thus, the
ATP/ADP carrier acts as a ‘‘thermodynamic
buffer’’, keeping the external phosphorylation poten-
tial as constant as possible, when oxygen concentra-
tion, Ap and the internal phosphorylation potential
decrease. Generally, the concomitant action of cy-
tochrome oxidase and the ATP/ADP carrier causes
that both the rate of ATP synthesis and the external
phosphorylation potential remain relatively high even

at low (a few uM) oxygen concentrations. There-
fore, despite the fact that the thermodynamic effi-
ciency of cytochrome oxidase decreases significantly
when oxygen concentration decreases, the efficiency
of the whole system remains much more constant
due to the °‘‘thermodynamic buffering’’ by the
ATP/ADP carrier and some other steps [4].

The last suggested conclusion is that the regula-
tion of cytochrome oxidase is different under the
same conditions, when different changes are intro-
duced into the oxidative phosphorylation system.
Cytochrome oxidase is activated mainly by increase
in Xy in response to increased energy demand (state
4 — state 3 transition). On the other hand, decrease
of the rate of the reaction catalyzed by this enzyme
at lower oxygen concentrations is compensated by
increase in both X and X, to a comparable extent.
Therefore Ap seems to be an universal regulatory
factor of cytochrome oxidase, while the reduction
level of cytochrome ¢ probably plays an important
role mainly in compensation of decrease in oxygen
concentration.

6. Abbreviations

X0 total thermodynamic span of the reaction
catalyzed by cytochrome oxidase

Xy =—-2+2wWAp

XC - 2AEC)’LC

X5 =2A Eho2

u = A¥ /A'p = constant

Ap proton-motive force

AE,., . redox potential of cytochrome ¢
AEho2 redox potential of the O,/H,0 pair

e external

i internal

S external or internal
t total

f free

m magnesium complex
j monovalent
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