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Abstract

In order to characterize ADP-ATP and creatine-creatine phosphate (Cr-CrP) shuttles a minimal mathematical model with two
compartments and cyclic turnover of matter was designed. The 'mitochondrial' compartment contained 'ATP-synthase' and 'mitochondrial ereatine kinase' (mitCK). The 'cytoplasmic' compartment consisted of 'ATPase', 'cytoplasmic creatine kinase' (cytCK) and an
'ADP-binding structure'. The exchange of metabolites between these compartments was limited. Different levels of cytCK and mitCK
expression as welt as different exchange rate constants between the compartments were assigned to obtain several different modes. Every
steady state obtained in the presence of low ATPase activity ('resting' conditions) was then disturbed by a steep activation of ATPase
('muscle performance') and afterwards the transition to a new steady state was followed in time. The ATP-buffering capacity of the
system initially acquired by cytCK expression significantly increased after additional mitCK supplement. Nevertheless, even the complete
Cr-CrP shuttle failed to maintain a high [ATP]/[ADP] ratio during long term 'muscle performance' due to the rate limiting
CK-transphosphorylation in the mitochondria. The facilitated diffusion of Cr and CrP was not critical, and the model worked with the
same efficiency even at equal permeabilities for nucleotides and guanidines. Under 'resting conditions' the main flux of matter went
through the Cr-CrP shuttle, resulting in 'pumping' of CrP. This ensured a 40 s delay in the [ATP] decrease at 'work'. The partial systems
without mitCK were not as effective, and this delay was 0-10 s. However, the ADP-ATP shuttle was of more importance at the steady
state achieved under ' working' conditions.
Keywords: Creatine; Modeling; NMR; Enzyme kinetics

1. Introduction

Creatine kinase (CK) is a key enzyme for high energy
phosphate metabolism. It catalyzes the reversible transfer
of a phosphoryl group from creatine phosphate (CrP) to
ADP to form ATP. The abundance of CrP and cytoplasmic
CK activity ensure the effective buffering of the ATP pool.
The second important function of CK is energy transmission from mitochondria to the places of its utilization
[1-3]. The spatially separated isoenzymes of CK catalyze
the reaction CrP + ADP * Cr + ATP in the mitochondrial
and cytoplasmic compartments. Cr and CrP circulate between these compartments due to higher diffusion permeability of guanidines relative to that of adenine nucleotides

Abbreviations: CK, creatine kinase; CrP, creatine phosphate; Cr,
creatine; NMR, nuclear magnetic resonance; GPA, /3-guanidinopropionic
acid.
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[3,4]. This is a, albeit brief, description of the generally
accepted physiological role of CK.
It is difficult to define, however, the rank of the CKsystem among the other ATP-synthesizing systems according to their importance. Recent nuclear magnetic resonance
(NMR) studies of CrP-ATP interconversion in vivo gave
contradictory results [5-10]. The most surprising was that
reported by Shoubridge and Radda [6,7]. Using a special
diet for rats (6-10 weeks) they substituted Cr with its
analog fl-guanidinopropionic acid (GPA) which was
slowly converted by CK. The purpose was to suppress the
fast ATP ~ CrP transphosphorylation and break the Cr-CrP
shuttle, leaving the muscle with only the ADP-ATP shuttle. No significant difference was observed in muscle
twitch force and in the [ATP] time-course between the
control and GPA-fed animals during muscle contraction
for 60 min. The authors concluded, therefore, that CrP and
CKs are not important for ATP buffering at aerobic
metabolism [7]. In similar experiments performed by Meyer

S.N. Fedosov / Biochimica et Biophysica Acta 1208 (1994) 238-246

239

Table 1
The set of rate constants used in the model, see Fig.1 and schemes of
enzymatic reactions in the Appendix

et al. [10] an advantage of the control animals above the
GPA-fed group in muscles isometric twitch force during
the first 100 s of contraction was observed. The GPA-experiments, however, did not rule out the time-dependent
adaptation, thus precluding a direct interpretation. It seems
to be difficult to separate the consequences of a disturbance in the CK-system from the other compensatory
changes in different branches of the ATP metabolism.
Another approach to the problem arose from mathematical modeling of the reaction system itself. The importance
of the CrP buffering function was confirmed by modeling
of a one-compartment system with two CK-reactions being
in equilibrium [11]. In the present study model calculations
were made, taking into account the individual properties of
the enzymes present in different compartments. The attention was focused on the following questions: (i) Does the
buffering capacity of the CK-system depend on the presence of mitochondrial CK? (ii) Is the Cr-CrP shuttle
competent to retain a high ATP level during long-term
intensive muscle performance? (iii) What is the effect of
diffusion restrictions enforced on the Cr-CrP and ADP-ATP
shuttles?

Kinetic constant

Value (s- 1)

Kinetic constant

Value (s- t)

k+l
k_ 1
k+2
k_ 2
k+3
k+4
k_ 4
k+5
k_ 5
k+6, rest
k+6, work
k+7
k_ 7
k+s
k_ 8
k+9
k_ 9
k+l 0
k_10

10000
100
100000
5
25
100
1
10000
1000
1
10
10000
200
100
1
1000
10
I00
60

k+l 1
k_ 11
k+l 2
k_ 12
k+ 13
k_ 13
k+ 14
k_ 14
k+x 5
k_ ts
k+ 16
k_ 16
k+ 17
k_17

10000
500
10000
30000
100000000
120
10000000
360
100
30
1000
10
1000
10

Value: k+i (1,2,5,7) in mM -1 s-1; k+ i (11,12,13,14) in mM -2 s-1.

2. The model

2.1. Exchange of metabolites between the 'mitochondrial'
and the 'cytoplasmic' compartments

The general scheme is shown in Fig. 1 (for more detail
see expanded schemes for the individual enzymes and the
set of differential equations in the Appendix).
The choice of rate constants is shown in Table 1. They
are based on the following considerations.

Let us begin with a simple example to clarify the
features of the two compartment system modeling. There
are two compartments: mitochondrial and cytoplasmic
which exchange metabolites but not protein. Their volumes
are 0.01v and v, respectively. If 101 metabolite molecules
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Fig. 1. General scheme of the ADP-ATP and Cr-CrP shuttles. El, ATP synthase; E2, ATPase; E3, ADP binding subcellular structure; E4, cytoplasmic CK;
E5, mitochondrial CK. For more detail see extended schemes of the enzymatic reactions in the Appendix.
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are added to the cytoplasmic pool, the equilibrium distribution of the metabolite will be: 1 molecule in the mitochondrial compartment and 100 molecules in the cytoplasmic
one, whereas the concentrations (100 metabolite molecules
per volume v) are the same in both pools.
The equation for the proposed exchange process is at
equilibrium:
Nmitk°ut = Ncytkin

Nmit ~n Ncyt

t

where N i is the number of moles in corresponding compartment and the rate constants kout, ki. have the ratio
(ko,,t/ki,) = 100. This equation could be also written using
concentrations C i and volumes v:
CmitO.Olvkou t

=

Ccytvkin

Then, after assignment Cmi t -0.01Cmit,
final equation:
:¢
fruit kout = Ccy t kin

we have the

where the apparent concentration in the mitochondrial
compartment fro*it is 1/100 of the real concentration Cmit.
This procedure then requires a corresponding reduction
(1:100) of all metabolite dissociation constants for mitochondrial proteins.
The metabolite transition from one compartment to
another is assumed to be the limiting step in the diffusion.
The strict description requires several additional parameters; e.g., comparison of the diffusion itself with the
permeability through the membrane. Such data are now
rather incomplete and therefore the metabolite transition
was described as a one-step process controlled by the
'exchange' (or 'diffusion') rate constants.
The absolute values of the exchange constants were
arrived at by trial and error, such that the model simulates
the behavior of a muscle cell reasonably well. The Cr, CrP
and Pi permeabilities were assigned as relatively 'facilitated', being 10-times higher than those for ATP and ADP.
These arbitrary values were then subject to variation in
order to reveal the effects of diffusion on the system.
2.2. Kinetic characteristics of the mitochondrial enzymes

Two enzymes ATP-synthase (E 1) and mitochondrial
CK (E s) were present in the mitochondrial compartment.
The whole ATP-producing system was denoted as a single
enzyme E r Therefore, the corresponding rate constants are
apparent, being functions of the oxidative phosphorylation
process.
The constant values were chosen on the basis of the
literature [2,3,12-20]. Relatively fast substrate binding and
release (E + S ~ ES) were assumed, compared to the rate
of catalysis. A possible interpretation of some of the rate
constants is as follows: k _ l / k + l ---0.01Km(Pi) and (k_ 2
+ k+3)/k+2 = 0.01Km(ADP) for El; k_13/k+l 3 =
K s ( A D P ) K m ( C r P ) • 1 0 - 4 and k_ 1 4 / k + 14 = Ks

(ATP)Km(Cr)" 10 -4 for E 5. All apparent K S and K m
values for the mitochondrial enzymes in the model were
reduced by a factor of 100 to compensate for the difference in the compartment volumes.
2.3. The features of the cytoplasmic enzymes

Three proteins are present in the cytoplasmic compartment in the scheme: ATPase (E2), ADP-binding structure
(E 3) and cytoplasmic CK (E4). The values of the constants
were chosen on the basis of the literature [2-4,19-26]. An
interpretation of some of the rate constants is the following: k _ J k + 5 =Km(ATP) for E2; k _ 7 / k + 7 . ~ K s ( A D P )
for E3; k_ 11/k+ 11 = Ks(ADP)Km(CrP) and k_ 12//k+ 12 =
Ks(ATP)Km(Cr) for E 4.
2.4. Protein concentrations

Concentrations of substrate binding sites in the proteins
were assigned to be: [E 1] = 0.1 mM (ATP-synthase), [E 2 ]
= 0.1 mM (ATPase), [E 3] ---0.2 mM (ADP-binding subcellular structure), [E4] = 0.1 mM (cytoplasmic CK), [E 5]
= 0.02 mM (mitochondrial CK). The values of [E4] and
[E 5] were varied in the calculations to compare the behavior of the system at different levels of CK activity.
All concentrations in the model were calculated per liter
of the cytoplasmic compartment volume (v), which is
approximately equal to the total volume of the system
(1.01 v).
2.5. Free energy of ATP hydrolysis

The values were calculated according to the equation:
[ATP]
AG = AG ° - RTln

[ADP][Pi]

where R = 8.31 • 10 -3 k J / m o l K , T = 310 K, AG° =
- 3 0 . 5 kJ/mol. The value of AG cannot be strictly interpreted as free energy at transition from one steady state to
another (see below Fig. 4). Nevertheless, it could be useful
for the [ATP]/[ADP] [Pi] ratio estimates.
2.6. Calculations

Calculations were done using a system of differential
equations (see the Appendix) and the algorithm of
Runge-Kutta in Feldberg's modification. The program
(S.N. Fedosov, unpublished) was installed on an IBM PC
AT computer.

3. Results
The analysis of the scheme was performed through
several steps (modes), going from a partial scheme to the
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most complex one. These steps (modes 1 - 5 ) reflected the
sequence of protein expression in the embryonic and evolutionary development. In the simplest mode 1, only three
proteins were present: E 1 (ATP-synthase), E 2 (ATPase)
and E 3 (ATP-binding structure). Further development of
the system was achieved in modes 2 and 3 step by step
through a gain of E 4 (cytoplasmic CK). The network was
completed in modes 4 and 5 after E 5 (mitochondrial CK)
expression. Steady state concentrations of the metabolites
were calculated for the system at 'rest' at low E 2 activity
(ATPase). Steep activation of the ATPase disturbed the
'resting system' and the transition to a new steady state for
ATP, CrP and the other metabolites was followed in time.
Comparison of the results from modes 1 - 5 revealed the
role of the different components in the model to maintain a
high ATP concentration in the cytoplasmic compartment.
Low and high exchange rates between the compartments
showed the possible effect of diffusion on ATP turnover.

3.1. 'Resting system': steady-state concentrations of
metabolites
To obtain the steady state concentrations for all intermediates ( X 1..... X18) in modes 1 - 5 the starting values of
the variables were set to zero except X 6 ( A T P ) = 5 m M ,
Xl0(Pi ) = 2 mM and X ] l ( C r P ) + X 1 2 ( C r ) = 4 0 mM. The
ratio Xll/X12 varied from mode 1 to mode 5 to bring the
steady state Pi concentration to --- 2 mM which is k n o w n
for the resting muscle [3,4,6,7]. The steady state concentrations of cytoplasmic metabolites at 'rest' were obtained
after several iterations, going from initial X~ ..... X18 values, and are presented in Table 2.
The metabolite ratio [M]mit//[M]cyt for Cr, CrP, Pi and
ATP in the mitochondrial and cytoplasmic compartments
were approximately equal to the ratio of the exchange rate
constants kin//kout = 0.01 in all modes because of the fast
exchange between the two pools. The concentration of
mitochondrial A D P was everywhere = 2- 10 -5 mM which
corresponds to 2 . 1 0 -3 m M inside the real mitochondrial
compartment. The total circulating flux of the matter in the
network was = 0.098 mM s - 1.

Table 2
Cytoplasmic metabolites steady state concentrations in the 'resting system'
Free
Concentration (mM)
cytoplasmic
Mode 1,
Mode 2,
metabolite
E4 = 0,
E4 = 25%,
E5 = 0
E5 = 0
ATP
4.58
4.56
ADP
0.0997
0.0998
Pi
2.18
1.94
CrP
12.4
Cr
27.2
Flux J, mM/s
0.0979
0.0979
AG, ATP, kJ/mol
-56
-56

5.0

/
[
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Fig. 2. Changes in the cytoplasmic ATP concentration traced after the
ATPase (E 2) activation.

3.2. 'Working system': Time dependence of metabolite
concentrations
Imitation of the muscle performance in the model was
achieved by a steep activation of ATPase (E2, k+6 = 10
s - l ) . Steady states obtained for the modes 1 - 5 in the
previous section were disturbed in this way and the changes
in metabolite concentrations were followed in time.
The time dependence for free cytoplasmic ATP, CrP
concentrations and AG are presented in Figs. 2 - 4 . The
new steady state concentrations of the cytoplasmic metabolites are shown in Table 3. Cr, CrP and Pi were again in
relatively fast exchange between the compartments according to the ratio [M]mit//[M]cyt ~. 0.01. The concentration of
mitochondrial ADP in all modes was = 2 • 10 -4 mM (i.e.,
2 . 1 0 -2 m M in the real system). The total circulating flux
of the matter in the network was -- 0.97 raMs -1.
It should be emphasized that the CK reaction in the
cytoplasm was almost in equilibrium both in the 'resting'
and in the 'working' systems: K~qPP=[CrP][ADP]/
[Cr] [ATP] = 0.01 at neutral pH [20]. This is definitely not
the case for the mitochondrial CK according to the substrate ratios in mitochondrial compartment.

Mode 3,
E 4 = 100%,
E5 = 0
4.49
0.0997

1.92

12.3
27.2
0.0978

- 56

Mode 4,
100%,
E5 =50%
4.69
0.00639
1.92
34.9
4.60
0.0979
E 4 =

- 63

Mode 5,
E4 = 100%,
E5 = 100%
4.71
0.00317
1.92
37.1
2.41
0.0979
- 65
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Fig. 3. Changes in the cytoplasmic CrP concentration traced after the
ATPase (E 2) activation.

Fig. 4. Changes in AG traced after the ATPase (E 2) activation.

3.3. Variations in diffusion constants

tions in ATP and Pi diffusion rate constants when they are
equal or higher than those for ADP.
When the system of two interacting shuttles (mode 5)
was left with only Pi having preference in the diffusion, no
significant difference in cytoplasmic metabolite concentrations was revealed. Even diffusion restrictions enforced on
Pi (equal permeabilities for all metabolites) did not disturb
the concentration time-courses in the cytoplasmic compartment. Thus, the same conclusion was reached: the relative
variations in exchange rate constants for the metabolites
are not crucial for the behavior of the system when they do
not cross the low limit determined by the ADP exchange
rate constants. In all modes, significant differences were
observed only in the intramitochondrial metabolite concentrations necessary to counterbalance the changes in rate
constants, and to ensure appropriate input and output fluxes.
The second factor under consideration was the diffusion
distance for metabolites. The exchange between the two
compartments was previously assigned as 'moderate'. The
lowest exchange rate constants were those for ADP: 100
s-1 and 1 s-1. All the others were related to the ADP rate
constants. Here all diffusion c o n s t a n t s ( k d i f f ) in modes 1
and 5 were changed in parallel and their values were

For the previous calculations the exchange rate constants for Cr, CrP and Pi were assumed to be relatively
high. They were one order of magnitude higher than those
for ATP and ADP which are supposed to be limited in
diffusion [11] and especially in mitochondrial membrane
permeability [4]. In the following simulations the sensitivity of the model to the variations in the exchange rate
constants was investigated. The ADP constants were taken
as minimal as this metabolite is believed to be the most
diffusion restricted species in the ADP-ATP and Cr-CrP
shuttles [3,4]. The constants for the other metabolites were
assigned equal or 10 times higher than those for ADP,
keeping the ratio kin//kout = 0.01 constant. The question to
be addressed includes the correlation between the changes
in diffusion constants and the concentrations of ATP and
CrP in the cytoplasmic pool.
'Facilitation' of ATP diffusion in mode 1 with only the
ADP-ATP shuttle did not change cytoplasmic metabolites
concentrations (not shown). Neither did the equal permeability enforced on ATP, ADP and Pi. All these facts
pointed to the low sensitivity of the system to the variaTable 3
Cytoplasmic metabolites steady state concentrations in the ' w o r k i n g system'
Free

Concentration (raM)

cytoplasmic
metabolite

Mode 1,
E 4 = 0,

Mode 2,
E 4 = 25%,

E5 = 0

E5 = 0

Mode 3,
E 4 = 100%,
E5 = 0

3.62
1.00
3.12
0.973
- 48

3.60
0.993
13.9
1.39
38.2
0.973
- 45

3.53
0.993
13.8
1.36
38.1
0.972
-45

ATP
ADP
Pi
CrP
Cr
Flux J, m M / s
AG, ATP, k J / m o l

Mode 4,
E 4 = 100%,
E s = 50%
3.66
0.852
36.1
1.70
37.8
0.973
-42

Mode 5,
E 4 = 100%,
E 5 = 100%
3.79
0.715
37.7
2.17
37.3
0.974
-43
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Fig. 5. Time dependence of the cytoplasmic ATP concentration traced for
the system in mode 1 (ADP-ATP shuttle) after the ATPase (E 2) activation. Different exchange rates between the compartments were enforced
by multiplying the corresponding constants (kin and kout) by a factor of
100, 10, 0.5, and 0.1, respectively.

Fig. 7. Time dependence of the cytoplasmic CrP concentration traced for
the system in mode 5 (ADP-ATP and Cr-CrP shuttles) after the ATPase
(E 2) activation. Different exchange rates between the compartments were
enforced by multiplying the corresponding constants (kin and kour) by a
factor of 100, 10, 0.5, and 0.1, respectively.

multiplied by the factor 100, 10, 0.5, 0.1. Increase or
decrease in kdiff could be interpreted as reflecting short or
long diffusion distances (as well as facilitated or retarded
permeabilities through the membrane) for the metabolite,
respectively. The time dependence for [ATP] (Figs. 5 and
6) and CrP (Fig. 7) in the model undergoing transition
from 'resting' to 'working' steady state were obtained.
A constant high ATP level was observed even in the
absence of CKs when the diffusion distances were short
(100kdiff and 10kdiff). For instance, the cytoplasmic steady
state concentrations of ATP and ADP provided by the
ADP-ATP shuttle at 100kdiff were: 4.8 m M and 3 /xM

under 'resting' conditions and 4.6 m M and 20 ~ M under
'working' conditions, respectively. Addition of the Cr-CrP
shuttle evoked only = 25% decrease in [ADP] in comparison with the sole ADP-ATP shuttle.
A long diffusion distance (0.1kdiff) resulted in a significant difference between modes 1 and 5. In the absence of
CKs, high [ATP] during 'muscle performance' was no
longer retained, and the total flux was 0.46 m M s -1 instead of the former 0.97 m M s -1. The system with both
CKs under the same conditions held the initial ATP level
for 40 s at the expense of previously stored CrP. Then the
ATP concentration decreased abruptly (Fig. 6.), and the
total flux decreased from 0.97 mM s-1 to 0.72 m M s -1. A
strong limitation in the exchange between the compartments seems unlikely because of the very low (unphysiological) ATP level finally achieved in the 'working' system.
An attempt to strongly facilitate the exchange between
the pools by acceleration of Cr-CrP diffusion did not
evoke any significant response in the network, as compared with the former results. It means that the Cr and CrP
permeabilities were not of great importance because these
metabolites were present in high concentrations.
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Fig. 6. Time dependence of the cytoplasmic ATP concentration traced for
the system in mode 5 (ADP-ATP and Cr-CrP shuttles) after the ATPase
(E2) activation. Different exchange rates between the compartments were
enforced by multiplying the corresponding constants (kin and kout) by a
factor of 100, 10, 0.5, and 0.1, respectively.

The scheme considered is relatively simple with the
minimal set of the parameters. Several effectors like
adenylate kinase or acidification developing at muscle
performance which could interfere with the calculations
were omitted. However, these and other species would
influence all the modes in the same way and they would
thus not interfere with the comparison between modes.
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There is now a wealth of information relating the
changes in concentrations of ATP, ADP, CrP and Pi to the
time-course during skeletal muscle performance. Thus, the
usual concentrations of these metabolites in resting muscle
are as follows: [CrP] = 20-35 mM, [Cr] = 5-10 raM, [Pi]
= 1-2 mM, [ATP] = 5 - 8 mM, free [ADP] = 1-20 /zM,
total [ADP] = 0.1-0.4 mM (including ADP bound to a
subcellular structures) [3,4,6,7,22]. The first 30-40 s of
muscle performance are accompanied by an approximately
linear decrease in [CrP], its relative rate being 2.4% per
second [27]. [ATP] is retained constant during this time
interval, and then decreases [10,27]. Finally, after 3 - 4 min
of muscle performance only 1 / 2 of [ATP] and 1 / 1 0 of
[CrP] are left [6,7,10]. Those levels are constant for the
next 10-15 min and then they slowly increase [6,7]. The
animals with suppressed Cr-CrP shuttle lacked burst muscle activity for = 1 min but afterwards showed a relatively
increased muscle endurance [7,8,11,28]. It is clear that the
kinetic behavior of the designed model satisfactory represents the experimental data and testifies to the validity of
the model (at least for the 2 minutes of simulations).
In an attempt to elucidate the role of the mitochondrial
CK (the latest evolutionary participant in the Cr-CrP circuit) the energy buffering modes 1-3 and 4-5 under
'resting' conditions were compared. Attention should be
called to the fact that insertion of mitochondrial CK (E 5)
to the network resulted in a decrease of cytoplasmic [ADP]
from 0.1 mM (modes 1-3) to 3 - 6 /xM (modes 4,5) but
did not change significantly the intramitochondrial [ADP].
Why is it so and how does mitochondrial CK affect the
ADP concentration in another compartment?
Under steady state conditions, the ATP utilization flux
(0.1 mM s - l ) demands a corresponding ATP synthesis.
Therefore, it put requirements on the intramitochondrial
[ADP] to ensure the demanded saturation of ATP-synthase.
In the absence of mitochondrial CK (modes 1-3), the
intramitochondrial ADP concentration is maintained by the
ADP-ATP shuttle, where the influx ADP~y~---,ADPmi~ is
given by k_aX 8 - k s X 3. The higher the [mDPcyt] (or the
exchange rate constants), the higher is the flux and vice
versa. Mitochondrial CK adds to the ADP supply through
CK

the flux Crcy t =*' Crmit ~

m D e m i t.

This flux is equal to

k_15X18- klsX17 and under 'resting' conditions it satisfies 98% of the ADP needs. Therefore, the influx ADPcyt
mDPmi t is not very important (Fig. 8A). It allows
[mDPcyt] to be low.
ADP in the cytoplasmic pool is also a substrate of the
CK reaction. For the reaction in equilibrium the ratio
[ADP]. [CrP]/[ATP]. [Cr] is determined by Keapp = 0.01
for the CK reaction [20]. Therefore, a low ratio
[ADP]/[ATP] should be counterbalanced by high ratio
[CrP]/[Cr]. Hence, the consequences of mitochondrial CK
expression are low ADP and high CrP concentrations in
the cytoplasm. It ensures a potentially high ATP buffering
capacity of the complete system which should be much
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Fig. 8. Distribution of the fluxes between ADP-ATP and Cr-CrP shuttles
in mode 5 (ADP-ATP and Cr-CrP shuttles). The values are expressed in
mM s- 1. The thickness of the arrows reflects the magnitude of the fluxes
in the different steps: (A) 'resting system', steady state; and (B) 'working
system', steady state.

more pronounced than that in the presence of the sole
cytoplasmic CK (compare the ratios [CrP]/[Cr] for modes
3 and 5).
The high ATP buffering capacity of the model with
mitochondrial CK (modes 4 and 5) was proved by simulation of the 'working' system. It was able to maintain the
original ATP level during 40 s of 'muscle performance'. In
the absence of mitochondrial CK, but with the expressed
cytoplasmic CK (modes 2 and 3), high [ATP] was retained
only for 10 s. Exclusion of both CKs from the network
(mode 1) led to a fast decrease in [ATP] during the first
3 - 4 s (Fig. 2).
The Cr-CrP shuttle, however, seemed to be incapable to
maintain a high ATP concentration during long-term
'muscle performance'. Reserve CrP was exhausted during
the first 40 s, at the same time the flux through the Cr-CrP
shuttle was not sufficient to ensure the total cyclic flux of
1 mM s -1 (Fig. 8B). Hence, the main flux went through
the ADP-ATP shuttle (0.7 mM s-1) but not through the
Cr-CrP shuttle (0.3 mMs -1) (Fig. 8B). The proportion
between those flux branches could be changed in favor of
the Cr-CrP shuttle by increasing the mitochondrial CK
concentration (Es). However, at high mitochondrial CK
activity, the ADP concentration in the 'resting system'
would be far too low, when compared to a muscle cell.
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Considering the diffusion restrictions in the network it
should be emphasized that the suggested importance of a
relatively high permeability for the guanidines [3,4] was
not confirmed in the behavior of the system. Even the low
Cr and CrP permeabilities were completely compensated
by their high concentrations. On the other hand, the properties of the model were very sensitive to the rate of ADP
diffusion, due to its low concentration.
The system was also responsive to the changes in the
concentration of the mitochondrial CK. Therefore, the
individual characteristics of the mitochondrial CK, i.e.,
existence of two oligomeric forms [3,29-31], different
properties of the subunits [32], possible substrate tunneling
[3], may influence the network notably. However, the
existence of mitochondrial CK will anyway increase the
energetic capacity ([ATP]/[ADP] [Pi] ratio) of the system.
The final conclusion is that the Cr-CrP shuttle provides
a high [CrP]/[Cr] ratio at rest which is important in order
to delay the fast ATP exhaustion at muscle contraction.
The partial systems without mitochondrial CK (even those
with cytoplasmic CK) are not as effective as the complete
one. Therefore, mitochondrial CK expression provides
strong amplification of the ATP-buffering capacity.
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'Cytoplasmic'pool
E 2 - ATPase:
k+5

k6

E 2 + A T P ~ E2-ATP ~ E 2 + A D P +
(X 6) k- 5

(XT)

(Xs)

Pi
(Xlo)

E 3 - ADP-binding subcellular structure:
k+7
E 3 + ADP ~ E3-ADP
( x s) k_7
(Xg)

E 4 - cytoplasmic CK:
k+12
E 4 4- ATP + Cr ~ E 4- ATP-Cr
(X6)
(X1z) k-x2
(X14)

k-10

,-----"E 4- ADP - CrP
k+10

(Xl 3)

k-11
~- E 4 + A D P + C r P
k+xl
(X 8)
(XI1)

The set of differential equations
Calculations of free [Ei], denoted as A i, using their
total concentrations Eoi and Xj:
A 1 = Eol - X 2 - X 4 ;

A 2 = Eo2 - ) ( 7 ;

A 3 -~ Eo3 - X 9 ; A4 .= Eo4 - X13 - g14 ;
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Differential equations:
dX1
dt = - k l A 1 X 1 4- k_ 1X2 -- k 9 X 1 + k 9Xlo

dX2
dt
dt

The features of the individual enzyme kinetics

k+t

dX,

dt

E1 + Pi ?-- E I - P i + A D P ~ E1-Pi-ADP
(X3) k- 2 (X4)

-- k12A4X6X12 4- k _ 12X14

dt

~ E 5-ATP-Cr

k-15

k+l~
k-13

k+13

= - k - 4 X 6 + k4X5 - k5A2X6 ÷ k - s X 7

dX7

k+ 14

(X16)k 14

= - k 4 X 5 + k-4X6 - ka4AsXsX16
+ k_14X18 4- k 3 X 4

dt

E 5 - mitochondrial CK:

(Xs)

= - k - 2 X4 + k 2 X z X 3 - k3X4

dX6

ATP
(Xs)

Cr

+ k - 2 X 4 - ksX3 + k-8X8

dX5

k+2

(Xl) K--X (X2)

= -k2XzX3

- k13AsX3X15 + k_13Xx7
dt

' Mitochondrial' pool
E 1 - ATP-producing system:

E5 + A T P +

+ kaAaXI - k 2 X z X 3 4- k - z X 4

dX3

Appendix 1

k+3

= -k-iX2

(Xls)

= -k-sX7

4- ksA2X6 - k6X7

dX8
dt

= - k - s X8 4- k8X3 - k 7 A 3 X 8 4- k - 7X9

E 5- ADP -CrP
(X17)

- k l l A 4 X s X l l -4- k _ llX13 4- k 6 X 7

E 5 + ADP + CrP
(X3)

(X15)

dX9
dt

= -k-7X9

4- k 7 A 3 X 8
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d X10
dt

= - k _ 9 X l o -F k 9 X 1 + k 6 X 7

dXll
- -

dt

= -kllA4XsXll

"4- k_ llX13 - k_ 17Xll + k17X15

d X12
_ _

dt

-

- k 1 2 A 4 X 6 X 1 2 + k_ 12X14 - k_ 16X12 + k16X16

dX13
__
dt

= -k_llX13 + kllAaXsXll

- kloX13 + k_loX14

dXa4
k_12X14 + k 1 2 A 4 X 6 X 1 2 - k_ foX14 + kloX13

dt

dX~5
dt

= -k17X15 + k_ 17Xll - k 1 3 A s X 3 X 1 5 + k_ 13X17

dX16
_

_

dt

_- - k 1 6 X 1 6 + k_ 16X12 - k 1 4 A s X s X 1 6 + k_14X18

dX17
__
_-- - k _ 1 3 X 1 7 + k 1 3 A s X 3 X 1 5 - klsX17 + k_ 15X18
dt
dXls
__
_- - k _ 1 4 X 1 8 + k 1 4 A s X s X 1 6 - k_ 15Xls + klsX17
dt
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