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We present a mathematical model for the functioning of proton-pumping cytochrome c oxidase, consisting of
cyclic conversions between 26 enzyme states. The model is based on the mechanism of oxygen reduction and
linked proton translocation postulated by Wikstrom and Verkhovsky (2007). It enables the calculation of the
steady-state turnover rates and enzyme-state populations as functions of the cytochrome c reduction state,
oxygen concentration, membrane potential, and pH on either side of the inner mitochondrial membrane. We
use the model to explain the enigmatic decrease in oxygen affinity of the enzyme that has been observed in
mitochondria when the proton-motive force is increased. The importance of the 26 transitions in the
mechanism of cytochrome oxidase for the functional properties of cytochrome oxidase is compared through
Metabolic Control Analysis. The control of the Ky value is distributed mainly between the steps in the
mechanism that involve electrogenic proton movements, with both positive and negative contributions.
Positive contributions derive from the same steps that control enzyme turnover rate in the model. Limitations
and possible further applications of the model are discussed.
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1. Introduction

The terminal enzyme of the mitochondrial respiratory chain, cyto-
chrome c oxidase (EC 1.3.3.1), catalyses the reaction:

4oyt & 4 8Hyy + 0,— 4oyt 7 4+ 4HY + 2H,0

In addition to the redox part of the reaction (oxidation of
cytochrome ¢ by molecular oxygen) protons are transported from
the mitochondrial matrix (M) to the intermembrane space (C).

The enzyme is characterised by an apparent high affinity for its
substrate oxygen. Early studies [1-3] have shown that the enzyme as
studied in mitochondria has a Ky, value for molecular oxygen well below
1 uM in uncoupled mitochondria. The apparent high affinity is not due to
tight binding to the active site; on the contrary, the dissociation constant
is high, about 0.28 mM [4]. Instead, the low Michaelis constant is due to
fast trapping of the already bound O, [5,6]. Intriguingly, under
conditions where energy back-pressure (proton motive force) is high
and the redox potential difference across the respiratory chain is
small, the apparent affinity for oxygen decreases, and Ky, values in the

Abbreviations: pHy, pH at matrix side of the membrane; pHc, pH at cytoplasmic side
of the membrane; Ay, membrane potential difference (C minus M); Auy-, electro-
chemical potential difference for protons (C minus M)
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1-10 uM range are observed [2,3]. This apparent change in affinity is
difficult to understand without a more or less complete description of
the kinetics of cytochrome c oxidase. Unfortunately, kinetic models for
this enzyme that incorporate all features of Gibbs energy transduction
are scarce and in various system-biology models that include mito-
chondrial respiration the cytochrome c oxidase reaction has been rather
sketchily represented [7-17].

Here we try to improve on this situation, not by producing a model
that explains all known cytochrome c oxidase kinetics, but by a model
that is consistent with recent advances in knowledge about the
mechanism and that reproduces the Ky; change upon energisation.’

2. The model
2.1. State description of the model
The reaction cycle is derived from the ideas expressed by

Wikstrém and Verkhovsky [18], neglecting side paths and shortcuts
[18,19]. Accordingly, the cycle is divided into 6 parts as:

1. Rgp + 0, Agg

2. Ago—Poo

! The model is available as Excel file at http://www.bio.vu.nl/microb/personnel/
htm/oxidase_KKM_2011.xls.
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3. Pyy + 7 + 2Hy;—Fgg + ' + HE (+2 charges)
4. Foo + a4+ 2H]\+A—>OOO +T 4 HE (42 charges)
5. Ogg + <t 2Hy—Eg + Tt H¢ + H,0(+2 charges)

6. Ego + " + 2Hy;—Rgg + " + HE + H,0 (+2 charges)

The total reaction is:

4c®* + 0, + 8Hy—4c’" + 2H,0 + 4H{  (+ 8 charges)

The number of charges transported across the inner mitochondrial
membrane is given in parentheses. In this description, the states of
the enzyme are indicated by the usual letters (R, A, P, F, O and E), but
added to this is a two-digit index number. Division of reaction 5,
the O to E transition, into 6 steps to describe the proton pumping
mechanism [18] clarifies our use of this index number:

5a. Ogo+ >t = 0p1+ 3+

reduction of Cu, by cytochrome c; not electrogenic
5b. Op1 =002 (+q2 charges)

transfer of e~ from Cu, to heme a; electrogenic by fraction q,
5¢. Ogz +Hp1— 003 (+q3 charges)

uptake of a vectorial proton to X (the proton-loading site) ; electro-
genic by fraction qs

5d 003 d 004

transfer of e~ from heme a to heme as; not electrogenic

Table 1

5e. Ogs+Hyi— Ogs+H>0 (+(1-q») charges)
uptake of a scalar H into the binuclear center; electrogenic by
fraction 1-q
5f. 005 — Ego+ Hér (+ (1 — qg)charges)
release of vectorial H from X; electrogenic by fraction 1-qs 6-fold
divisions of reactions 3, 4 and 6 are modelled on this, which together
with data from Wikstrom and Verkhovsky [18] yields the state
description in Table 1. We have assumed that in the P-state the
electron from heme a is passed via heme as to the tyrosine in the
binuclear center (Po3 to Pg4 to Pgs transitions); in the F- and E-states
the electron remains at heme as (creating ferric and ferrous heme as
in F and E state, respectively).

In Fig. 1 the cycle of transitions between the 26 states is organised
and characterised in a spiral reaction scheme.

2.2. Values of model parameters

Kinetic constants for the conversions R to A to P are calculated
from Refs. [20-22] as summarised in Table 2.

The equilibrium constants Ogg— Og; and Og; — Og; (both simple
electron transfers) are calculated from the redox midpoint potentials
(E,' at pH 7) of cytochrome c: 0.235V, Cua: 0.250V and heme a:
0.270 V.

Further estimates of equilibrium constants and lifetimes T are
taken from [18]. Kinetic constants for the 6-step conversions O to E are
calculated by either of two methods:

a. If the next step is faster than the step under consideration, it is
assumed that the product state of the step under consideration
immediately converts into the next state. In this case, the relation
between the apparent first order constants Keorward, and Kpackward, T
and Keq is:

1

Korwara = T

26 states in the oxidase model. In grey: the path of the 4 electrons into the binuclear center. Italic: deduced state descriptions.

state

Cup heme a X heme a; Fe ligand Cug Cu ligand tyr
Roo 2+ 3+ " 2+ - 1+ = OH
Ago 2+ 3+ 3 2+ 0, 1+ = OH
P | ' I Y 4x T T T T [ R OH ~~ 7|70 ]
Por 1+ 3+ i 4+ 0% 2+ OH" [0}
Poa 2+ 2+ B 4+ 02 2+ OH" 9]
Pos3 2+ 2+ H' 4+ 0<% 2+ OH" 9]

Poy 2+ 3+ H 3+ 0%+ 2+ OH™ 9]
D [—— 2 el LN R . (| P, — - LA L — HoH |
Foo 2+ 3+ - 4+ 02 2+ HOH o
Fo 1+ 3+ - 4+ 02 2+ HOH 0
Foa 2+ 2+ - 4+ 02 2+ HOH 0
Foz 2+ 2+ H* 4+ 02 2+ HOH 0
Foa 2+ 3+ H 3+ 0% 2+ HOH 0
Fos 2+ 3+ H 3+ OH 2+ HOH 0
0w | T Y Y R 3+ |77 R P HOH ~~~ |7 "0 ]
Op 1+ 3+ - 3+ OH" 2+ HOH [}
0oz 2+ 2+ B 3+ OH- 2+ HOH o
Oo3 2+ 2+ [T 3+ OH 2+ HOH o
Oga 2+ 3+ H* 2+ OH 2+ HOH o}

05 2+ 3+ H 3+ OH 1+ HOH OH

" "B | Y e Y R [ R R T T T T T T oRT
Eon 1+ 3+ - 3+ OH™ 1+ - OH
Egz 2+ e - 3+ OH™ 1+ - OH
Eos 2+ 2+ H* 3+ OH™ 1+ - OH
Eoq 2+ 3+ H 2+ OH 1+ - OH
Eos 2+ 3+ H 2+ HOH 1+ - OH
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Fig. 1. Transitions in the model. BNC: binuclear center.

and

1
Kpackward = K
eq

b. If the next step is slower than the step under consideration, it is
assumed that the step under consideration relaxes to equilibrium
without “leakage” of the product state into the next state. In this
case, the relation between Keorward, and Kpackward and 7, Keq is:

Korwarg = — 8
forward — — /7 T\
T (14 Ky
and
1
kbackward = 73
7 (14 Ky
Table 2

Thermodynamic and kinetic constants R to A to P conversions. Keq calculated from AG,
Korward (Roo * Aoo) calculated with [0,] =100 uM. R=8.314 J mol ! K~!, T=298.15 K.
Units kinetic constants: s~ except for value marked * which is in M~' s~ 1.

Transition ~ AG (K mol™!)  Keq Kforward Kbackward
Roo—Aco  0[4] 100x10°M~1  192x10°#[20]  1.92x10%
Aw—Po  —15.07 [21] 43725 2.80x10%[20]  64.04

From the apparent kinetic constants, Kerwarda (Ogo— Oo1) was
calculated with an assumed fraction ¢ = 0.2, Kpaciward (Ooo — Oo1)
was calculated with the same assumption. Note that the use of
fractions of cytochrome c has consequences for the units in which the
kinetic constants are expressed (s~ ). Krorward (Oo2 — Oo3), Krorward
(Og4 — Ops) and Kpacieward (Oos — Ego) all were calculated with [H1] =
0.1 uM (pH = 7). The results are summarised in Table 3.

The data in Table 3 for the conversion of state O to E (reactions 5a
to 5f) were extrapolated to conversions P to F, F to O and E to R.
Reactions 3, 4 and 6 are considered to follow the same 6-stage pattern
as reaction 5. The conversions Xoo— Xo1, Xo1 — Xo2, Xo2 — Xo3 and
Xos— Yoo do not directly involve the binuclear center (which has
different configurations in the P, F, O, E states, c.f. Table 1) and are
therefore assumed to have the same kinetics as when X is the O-state
(and Y is the E-state). The remaining transitions Xgs — Xo4 and
Xoa— Xos (electronic, protonic and aqueous events that directly
involve the binuclear center) are summarised in Table 4.

Table 3
Thermodynamic and kinetic constants for Ogg to Eqg conversions. Apparent K, values at
pH 7. Units kinetic constants: s~ ' except for values marked * which are in M~! s~ %,

Transition Keq T (8) Method Korward Kbackward
00— 001 1.79 250x107° a 2x10° 1.12x10°
Op1— Op2 2.18 1.00x 107> b 6.85x10% 3.15x10%
Op2 — Op3 120 1.50x10~* a 6.67x101°# 55.6

03— 004 15 1.00x107° b 6x108 4x108
Ops—0gs 16000  8.00x10™% b 125x101°%  7.81x102
Ops — Eoo 55 2.50x1073 a 400 7.27x107%
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Table 4

Modification of equilibrium constants in reactions involving the binuclear center. The r
factors are defined as ratios of K.q in the particular state, and K, in the corresponding
O-state (precise definitions can be found in the text).

Transition  Xo3 — Xoa Factor in Keq  Xo4— Xos Factor in Keq
0—E heme a3* —  used as Cu3” - Cuh* H” to used as
heme a3* standard tyr (release of H;0) standard
P—F heme a3t —  rpos tyr—tyr- H to Cu I'poa
heme a3* ligand
F-0 heme a4* —  rpo3 no redox H™ to Fe TFo4
heme a3+ ligand
E—-R heme a3t —  rgos no redox H* to Fe TEo4
heme a3* ligand (release of H,0)

The Keq of the six reactions tabulated in the lower three rows of
Table 4 are different from Keq of the corresponding O to E transitions
(first row of Table 4) by factors ry: K2y =ry " K& (the index x refers to
the reaction by means of its initial state, e.g. Po4).

For the three Xg3 — Xg4 reactions (simple electron transfers)
the values of K& are calculated from a difference in midpoint
potential between donor (heme a, 0.270 V) and acceptor (heme as,
assumed values). For the two Xg4 — Xgs reactions that are simple
protonations (in F and E states), the values of Kz, are derived from
assumed values of pK, of the Fe ligand involved. The value of Keq
for Pos— Pos (and from it, rpos) is calculated from the Keq of the
other 25 steps in the mechanism, and the overall K4 calculated
from the cytochrome c to O, redox potential difference (detailed
balancing).

The above differences in K.q between related reactions ulti-
mately derive from differences in kgorwara and Kpackwara between
these transitions. To account for different possibilities, for each of
these 6 reactions a bias factor ¢, (—1<@x<1) is introduced. For
©x =1, the difference in K.q is caused by a difference in korward, for
©x= —1, the difference is caused by a difference in kpackward, and
for =0 (the default value), the difference is caused by changes
in both kinetic constants that are equal in size, but opposite in
direction.

ox—1

ot 1
2

X {0] _ 2 el _ 1,0
Keq - rx'Keq lef‘orward =Tx kforward lel;ackward =TIx kbackward

Table 5 lists the parameter values and the thermodynamic and
kinetic constants obtained from these operations. A complete list of
these parameter values for all 26 reactions can be found in Table A1 in
the Appendix.

Table 5

Arbitrary parameter values, thermodynamic and kinetic constants for conversions
involving the binuclear center. Bias factors ¢y (see text) all set to 0. Units kinetic
constants: s~ ! except for values marked # which are in M~ ! s~

Transition ~ Assumption or condition  Keq Korward Kpackward
Po3— Pos Em(heme a3)=0.25V 0.46 3.32x 108 7.23x108
Posa—Pos  detailed balancing 130x10""  1.13x10'# 8.66x102
Fos—Fos  Em(heme a3)=035V 22,5 2.32x10° 1.03x108
Fos—Fos  pKa(Fe ligand)=7 1.0x107 9.88x107*  9.88
Eos—Eos Emn(heme a3)=0.65V 2.65x 108 7.98x 10" 3.01x10°
Eos—Eos  pK,(Fe ligand) =6 1.0x106  312x107* 312

2.3. Variables in the model

Redox variables in the cytochrome ¢ oxidase model are reduced
cytochrome ¢, oxidised cytochrome c, and O,. The former two are
incorporated as fractions (cyt c>* and cyt ™), essentially introducing
a conserved moiety as their sum equals 1.

Variables related to energisation are free proton concentrations
at the C-side and M-side, respectively, and the transmembrane
electric potential difference (C-side minus M-side). The latter is
incorporated as a simultaneous modifier of keorwara and Kpackward
[22], with the extra assumption that the membrane potential
dependence of both kinetic constants is equal but opposite [10].
For a given fraction q of electrogenicity, the values of the kinetic
constants then become:

0 %
Ktorward = Kforward“€

and

0 s
kbackward :kbackward €

in which kg;wara and kfaciwara are the rate constants at Ay = 0 (values
in the tables).

Based on the structural information that heme a, heme as; and Cug
are ca. one third of the membrane thickness removed from the C-side
[23], electrogenicity has been distributed as follows:

— transfer of e from Cua to heme a (reactions Xo; — Xo2) electro-
genic by fraction g, =0.33

— binding of vectorial H™ from M-side to X (reactions Xg, — Xo3)
electrogenic by fraction g3 =0.67

— uptake of scalar H* from M-side into binuclear center (reactions
Xo4— Xos) electrogenic by fraction 1— g, =0.67

— release of vectorial H from X to C-side (reactions Xos— Yoo)
electrogenic by fraction 1—g3=0.33

2.4. Calculation of steady state

The model amounts to a cyclic scheme of 26 enzyme states
(Table 1 and Fig. 1). Steady states of this model are calculated for a
given set of values for the variable set {fraction cyt c*™, [02], pHc, pHwm,
Ay} by the method of King and Altman [24]. The procedure is
implemented in an Excel document where the 676 (= 262) terms are
calculated as terms of a 26 x 26 matrix. From these terms, the steady-
state fractions of the 26 states of oxidase and the cycle flux are
calculated.

2.5. Calculation of the Ky for O,

Of the 26 conversions between the 26 enzyme states, only the
forward rate of the transition Rogo— Ago is dependent on (in fact,
proportional to) [O,]. This leads to a relation between [O,] and the
steady-state rate v of the cycle (actually, the cycle flux) of the form:

Lo [0
V[0,] + 5
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Fig. 2. States (fractions) at high and low energy state. Fraction cyt c>* = 0.04, [0,] =10~ *M, pH¢, pHy and Ay as indicated. Ey,(heme as) = 0.25 V (in the P state), 0.35 V (in the F
state) and 0.65 V (in the E state), pK,(Fe ligand) = 7 (in the F state) and 6 (in the E state). g, = 0.33, g3 = 0.67, all bias factors 0 (no bias). In the low energy state Auy- = 11.6 kj mol~ !,

in the three high energy states Auy+ = ca. 17.3 k] mol ™ .

in which « is the product of the rate constants of all forward
reactions, 3 the product of the rate constants of all reverse reactions,
and vy and 6 are sums of King and Altman terms (¢, 3, 'y and 6 not
including [O,], but including the values of the other variables).
Because B<<a-[0,], this can be approximated by

Ve Vmax' [02]
[0,] + Ky

so that Vihax and Ky, for O, are calculated from the King and Altmann
terms as

Ky =

Vimax = =

A
5
4|

\—A 3

@

>
2
1| |
0 : W —
5 0 5 10 15 20

A, (kJ.mol ™)

v(sT

2.6. Control coefficients

The individual importance of the 26 transitions in the cycle
for the steady-state value of system properties turnover, frac-
tions of the cycle intermediates, Ky and V,.x is quantified by
control coefficients. These are defined for system property Z as
[25]

_0Inz
0 InN

¢

where \; is the factor by which both forward and backward rate
constant of step i are changed simultaneously (c.f. [26] for a slightly
different view). The advantage of this definition is that this modu-
lation does not alter the AG® of the reaction and is hence possible
through changes of catalytic/enzyme properties. Changing only

0.30
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0.15 |
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0.05

0.00  —
0.001 0.01

0.1

. 2
fraction cyt ¢

Fig. 3. Dependence of the turnover on transmembrane electrochemical potential difference for protons and cytochrome c reduction. A. Effect of Apy,+ for different fixed pH values. Apy+
is varied by changing Ays; the fraction cyt ¢>* = 0.04. B. Variation of fraction cyt ¢**, at Ay~ = ca. 17.3 k] mol~ ! for different fixed pH values. [0,] = 10~ M, E,,(heme a3) = 0.25 V
(in the P state), 0.35V (in the F state) and 0.65 V (in the E state), pK,(Fe ligand) =7 (in the F state) and 6 (in the E state). g, =0.33, g3 =0.67, all bias factors 0 (no bias). Note

logarithmic scale for fraction cyt ¢>* in B.
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the forward or the reverse rate constant violates the second law
of thermodynamics, or supposes an additional interaction with an
external species. Change can be interpreted as a change in activation
barrier, without effect on the AG of the reaction.

3. Results and discussion
3.1. Rate and enzyme states as a function of the energy state of the membrane

Fig. 2 shows the steady state distribution over the enzyme states
at high and low energy state (the transmembrane electrochemical

A
10 !
‘ .
6 L 4 DHM=7pHC=T i :/’
107} —_l-pHM=8pHC=7""‘"""""'”_'f'
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2 107 :
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—k—pH =7pH_ =6
S 31 i
)
3
S5 2l |
1]
0 |
-5 20

A, (kJ.mol™)
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potential difference for protons, Apy+) of the inner mitochondrial
membrane. Cytochrome c is 96 % oxidised, and the difference is by
an increased Ay or pHy, or by a decreased pHc. At “low energy,”
only states Fyq, Fo4 and especially Eq4 are more than 5 % populated.
Raising the energy state by increasing Ay from 0.12V to 0.18 V
(an increase by 5.7 k].mol™!) additionally increases states Py, Pos,
and Fy; to this level. This is a result which is hard to understand
intuitively, as increasing Ays slows down 16 out of the 26 steps
in the cycle, and the resulting changes in state populations are hard
to predict without a kinetic model. Increasing Apy+by raising
pHy from 7 to 8 has a similar effect on the distribution of states;

B
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10° !
s
= 10° .
=
X
10'7 | ¢ pHM=7PHC=7 7
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Fig. 4. Dependence of Ky for O, and V.« on energy state and cytochrome c reduction. A, C: Effect of Ay~ for different fixed pH values. Apy+ is varied by changing Ays; the fraction cyt
¢** = 0.04. B, D: Variation of fraction cyt ¢**, at Auy+ = ca. 17.3 k] mol ™~ ! for different pH values. See further legend to Fig. 3. Note logarithmic scales for Ky (A, B) and fraction cyt ¢™
(B, D). E: Simulation of oxygraph trace at high and low Ay. Conditions: fraction cyt ¢+ = 0.04, pHy = pHc =7, A as indicated. Ey,(heme as) = 0.25 V (in the P state), 0.35 V (in the
F state) and 0.65 V (in the E state), pK,(Fe ligand) = 7 (in the F state) and 6 (in the E state). g, = 0.33, g3 = 0.67, all bias factors 0 (no bias). Trace calculated by integration of the

kinetic expressions.
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increasing Apy+by decreasing pHc from 7 to 6 has much less effect
(probably due to the additional effect of the scalar protons not
being released at the C-side). A very similar pattern (increases in
Poo, Po1, Foo, Fo1 and Fg; at the cost of Fy4 and Eg4, especially when
A or pHy are increased) emerges when cytochrome c is in a more
reduced state (not shown).

Fig. 2 suggests that (especially under low energy conditions)
state Eg4 accumulates. This would lead to the prediction of a steady
state in which heme as is ca. 72 % reduced, which is in contrast to

experimental findings. However, the overall heme a; redox state
under these conditions is easily modified (e.g. to heme a3") by
variation of the arbitrary parameters for heme as reduction.
Changing E,,,(heme a3) in the F state from 0.35 V to 0.25 V generates
a low energy state (under conditions of Fig. 2) in which there is 76%
heme a3 ™ (not shown).

The dependence of the cycle turnover rate on the different
components of Apy+is shown in Fig. 3A. It is clear that the
turnover rate decreases at higher energy state, but that the effects

A 0.8 ——————
] reference
06| B Ap=0.18V
g . pHM =8
g ~ 04 H D pHC = 6 : =
[3) : i
02}
0.0 ol yﬁh I )
172 3 45 6 7 8 91011121314 1516 17 18 1920 21 22 23 24 25 26
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B
08 1 1 1
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Fig. 5. Control distributions for turnover (A), Vimax (B) and Ky (C) at high and low energy state. Steps are numbered starting from the transition of Rgo to Ao (step 1). Fraction cyt ¢>* =
0.04,[0,]=10"*M, pHc=7, pHy = 7 and Ays = 0.12 V, unless otherwise indicated (see the panel in A). E;,(heme a3) = 0.25 V (in the P state), 0.35 V (in the F state) and 0.65 V (in the
E state), pK,(Fe ligand) = 7 (in the F state) and 6 (in the E state). g, = 0.33, g3 = 0.67, all bias factors 0 (no bias). In the low energy state Auy+ = 11.6 k] mol ', in the three high energy

states Auy+ = ca. 17.3 k] mol ™.


image of Fig.�5

K. Krab et al. / Biochimica et Biophysica Acta 1807 (2011) 348-358 355

control value

control value

-0.8 3 ;
-5 0 5 10 15 20

A+ (kJ.mol™)

0.8

control value

-5 0 5 10 15 20
-1
Ap - (kd.mol™")
Fig. 6. Control distribution for Ky as a function of Apyy+. A. pHc =7, pHy=7; B. pHc =7,

pHu=38; C. pHc=6, pHu=7 Ay varied to generate the range of Auy+. Further
conditions as in Fig. 5.

of membrane potential and pH at opposite sides of the membrane
are quite different and cannot be summarised in terms of an effect by
Apy+as such. Fig. 3A shows that at the same value of Apy+, with
cytochrome ¢ redox state and oxygen concentration at identical
values, the rate of the cytochrome oxidase-catalysed reaction can be
quite different. The data in Fig. 3A have been calculated for a very
oxidised level of cytochrome c; Fig. 3B shows that at higher
reduction levels the enzyme exhibits similar behavior.

3.2. Energy state and Ky for O,

The model predicts a value of the Ky for oxygen that is highly
sensitive to the energy state. As with the enzyme states and the
turnover, effects of Ay, pHy; and pHc are different.

Fig. 4A, B shows that Ky values that are less than 1 uM at lower
values of Auy+increase into the micromolar range when Apy-+is
increased. Also, a lower reduction level of cytochrome c brings
about an increase in Ky. These effects have also been found
experimentally [3]. When the arbitrary parameters for heme as
reduction are varied to produce heme a3* at low energy conditions
(e.g., setting E,, (heme a3) in the F state to 0.25V) the energy-
dependent Ky change persists (not shown). At lower Aply+ Vinax 1S
higher (Fig. 4C, D). Such an effect on V|1« is hard to determine from
experimental data; if present, the experimental change in Vp.x
(obtained by fitting Michaelis-Menten kinetics) seems smaller
than the ones predicted by the model. Fig. 4E shows a simulation of
the experimentally obtained changes in oxygen uptake kinetics
in response to an increase in membrane energisation (c.f. Fig. 1 in
Ref. [3]).

Because [O;] is so much in excess of the Ky;-values, the pattern for
turnover (Fig. 3) is the same as that for V.« (Fig. 4C, D).

3.3. Control of cycle flux and kinetic properties by individual steps in the
mechanism

The extents to which the various steps in the reaction mechanism
determine the function of cytochrome oxidase are also different
in the four energy states we considered above, as quantified by the
corresponding control coefficients. This is illustrated in Fig. 5 for
control of cycle turnover, maximal cycle turnover (Viax) and Ky, for
oxygen. Fig. 5A clearly shows there is no individual step limiting
turnover. Also, the control distribution is dependent on the energy

Table 6

Main contributions to control of turnover and Ky-value. Steps dominating control of
turnover are indicated by v; steps dominating control of Ky are indicated by —
(negative contribution), 4+ (positive contribution) or var (sign dependent on energy
state, but positive at low Apiy+).

Step Transition Event (Curnover Clm
1 Roo— Aoo binding of O, to the reduced state —
2 Aogo— Poo breaking of dioxygen bond —
5 Poz — Po3 input vectorial proton —
7 Pos— Pos input scalar proton into BNC -
13 Fo4— Fos input scalar proton into BNC N var
14 Fos — Ogo release vectorial proton N var
17 Ogz — Op3 input vectorial proton N

19 Op4— Ogps input scalar proton into BNC N var
25 Eos— Eos input scalar proton into BNC N +
26 Eos — Roo release vectorial proton N +
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state: compare e.g. the effect of increasing Ays or pHy, on control by
step 19 vs. step 25 (both steps wherein a proton is taken up from the
M-side). The same pattern is observed as with the state populations
(Fig. 2): increasing Auy-by increasing Ay or pHy yields similar
control distributions. However, when pHc is decreased the distribu-
tion resembles the one at low energy state (but see Fig. 6). Control
patterns for turnover and V. are very similar (O, concentration is
nearly saturating).

It is clear that the same steps (13, 14,17, 19, 25 and 26) contribute
significantly to control of all three of these entities, with the inter-
esting exception that at the low energy state (and the high energy
state with pHc=6) a number of early steps in the cycle (1, 2, 5 and 7)
join in the control of Ky.

The three panels of Fig. 6 show the 8 main contributions (control
values with |C]>0.05) to control of Ky as a function of energy state
(Apg+). A similar pattern is obtained irrespective of how Apy-+is
increased, although in Fig. 6C the pattern is shifted towards higher
Apy+. This shift is responsible for the apparent “low energy”
behaviour of this state in Figs. 2 and 6.

In Table 6 the main contributions to control of turnover and
Ky value are listed. Steps that have a large effect on turnover
tend to increase the Ky for oxygen, and as such may be re-
sponsible for the lower affinity for oxygen (higher Ky;) observed
at high Apy-+.

Apart from the Rgg— Agp and Agy— Pgp transitions, all these
steps are electrogenic proton movements. Steps that involve electron
transfer from cytochrome c to Cu, or heme a to heme as; (both non-
electrogenic) or from Cu, to heme a (electrogenic) do not contribute
very much to control of either Ky, or turnover. Interestingly, control
of the Ky, value by similar steps (e.g. input of the scalar proton into
BNC) can be either negative (in the P state, step 7) or positive
(in the E state, step 25). It is precisely this effect that makes it so
difficult to analyse e.g. Ky changes without the help of a model
such as this.

3.4. Sensitivity of Ky, increase to arbitrarily chosen parameters

The main prediction of our model is the increase of Ky, for oxygen
upon energisation, i.e. upon an increase of the proton motive force. A
number of parameters in the model (midpoint potentials of heme as
in the P, F, E states, pK, of protonation of the Fe-ligand in the F, E states
and 6 bias factors) have arbitrarily assigned values. Therefore, we
explored how dependent the Ky, change predicted by the model is
on the values of these parameters, and on the charge separation
parameters q, and qs. We did this for each parameter by variation of
its value (midpoint potentials 4-0.06 V, pK values 4 0.6, g; & 0.12, bias
factors +0.5) and calculated the Ky at high and low energy. We found
that these small variations of the parameter values did not abolish
the Ky, difference (Fig. A1 in the appendix).

Increasing the bias factor in the protonation of the Fe-ligand in
state E (step 25) decreased the V. difference between the two
energy states (see Fig. A1 in the appendix).

The charge separation parameters g, and g3 are included in this
analysis because their value is based on the assumptions that the
position of group “X” involved in passing the vectorial proton is
indeed close to the binuclear centre (BNC), and that the structural
position of the BNC in the enzyme is reflected in its position with
respect to the electrical gradient across the inner mitochondrial
membrane.

3.5. Utility of the model

The unique feature of the model is that the dependence of
the electron transport rate through cytochrome oxidase on
membrane energisation is modelled realistically and explicitly.

The model allows analysis and prediction of the separate effects
of membrane potential, matrix pH and intermembrane space pH
on the rate and properties of the enzyme-catalysed reaction.
The model can be extended easily to include e.g. competitive
inhibition of cytochrome oxidase by nitric oxide [27].

We are aware of the fact that possible subtleties of catalytic
function (slip of coupling between electron transfer and proton
pumping [28,29], possible function of the enzyme as a dimer,
regulation of activity by the multitude of protein subunits in
mammalian enzyme) are not included in the model. However,
we think that the present model, which is easy to apply to
different modelling environments, will be a definite improve-
ment when the terminal reaction of respiratory electron
transfer has to be incorporated in models of mitochondrial
function.

It can be added that it is possible to use this model to calculate
transient kinetics of the enzyme, which opens roads for further testing
and improvement of the model.
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Appendix

Table A1

lists all thermodynamic and kinetic constant values used.

Step Reaction Transition Keq Korward Kpackward
1 1 Roo — Ago 1.00x 10* 1.92x10%* 1.92x10%
2 2 Ago — Poo 43725 2.80x10* 64.04
3 3a Poo — Po1 1.79 2x10° 1.12x10°
4 3b Po1 — Poz 218 6.85x10% 3.15x10*
5 3c Pz — Pos 120 6.67x10'%* 55.6
6 3d Pos — Pos 0.46 3.32x10° 7.23x108
7 3e Pos — Pos 1.30x 10* 1.13x10'%* 8.66x 102
8 3f Pos — Foo 55 ** 400 727x107*
9 4a Foo — Fo1 1.79 2x10° 1.12x10°
10 4b Fo1 — Foz 2.18 6.85x10% 3.15x10%
11 4¢ Foz — Fos 120 * 6.67x10'%* 55.6
12 4d Fos — Foa 22.5 232x10° 1.03x 108
13 4e Fos — Fos 1* 9.88x107# 9.88
14 4f Fos — Ooo 55" 400 7.27x107*
15 5a 0o — Oo1 1.79 2x10° 1.12x10°
16 5b 001 — Oo2 218 6.85x10* 3.15x10*
17 5¢ 002 — Op3 120* 6.67x10'%* 55.6
18 5d 003 — Oo4 1.5 6x10° 4x108
19 5e 0Oos4 — Ops 16000 * 1.25x10'%# 7.81x1072
20 5f 005 — Ego 55" 400 727x107*
21 6a Ego — Eo1 1.79 2x10° 1.12x10°
22 6b Eo1 — Eoo 218 6.85x10* 3.15x10%
23 6c Eo2 — Eo3 120* 6.67x10'0# 55.6
24 6d Eos — Eos 2.65x10° 7.98x 10" 3.01x10°
25 6e Eos — Eos 0.1* 3.12x107* 31.25
26 6f Eos — Roo 55** 400 7.27x107*

Table A1 Thermodynamic and kinetic constants for the 26 reactions of the model. Units
thermodynamic constants: dimensionless, except for values marked * which are in M~"
and values marked ** which are in M. Values marked * or **: apparent values at pH 7.
Units kinetic constants: s~ except for values marked * which are in M~' s~

Figure A1, shows the influence of parameter choice and bias on the
increase of Ky for O, upon energisation.
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