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ABSTRACT

There has been much debate on the mechanism of regula-
tion of mitochondrial ATP synthesis to balance ATP con-
sumption during changing cardiac workloads. A key role of
creatine kinase (CK) isoenzymes in this regulation of oxida-
tive phosphorylation and in intracellular energy transport
had been proposed, but has in the mean time been disputed
for many years. It was hypothesized that high-energy phos-
phoryl groups are obligatorily transferred via CK; this is
termed the phosphocreatine shuttle. The other important
role ascribed to the CK system is its ability to buffer ADP
concentration in cytosol near sites of ATP hydrolysis.

Almost all of the experiments to determine the role of CK
had been done in the steady state, but recently the dynamic
response of oxidative phosphorylation to quick changes in
cytosolic ATP hydrolysis has been assessed at various levels
of inhibition of CK. Steady state models of CK function
in energy transfer existed but were unable to explain the
dynamic response with CK inhibited.

The aim of this study was to explain the mode of functioning
of the CK system in heart, and in particular the role of dif-
ferent CK isoenzymes in the dynamic response to workload
steps. For this purpose we used a mathematical model of
cardiac muscle cell energy metabolism containing the kine-
tics of the key processes of energy production, consumption
and transfer pathways. The model underscores that CK
plays indeed a dual role in the cardiac cells. The buffering
role of CK system is due to the activity of myofibrillar CK
(MMCK) while the energy transfer role depends on the ac-
tivity of mitochondrial CK (MiCK). We propose that this
may lead to the differences in regulation mechanisms and
energy transfer modes in species with relatively low MiCK
activity such as rabbit in comparison with species with high
MiCK activity such as rat.

The model needed modification to explain the new type of
experimental data on the dynamic response of the mitochon-
dria. We submit that building a Virtual Muscle Cell is not
possible without continuous experimental tests to improve
the model. In close interaction with experiments we are de-
veloping a model for muscle energy metabolism and trans-
port mediated by the creatine kinase isoforms which now
already can explain many different types of experiments.
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1. INTRODUCTION

ATP, a major carrier of readily available energy in cells, is
synthesized in the mitochondria and its major use in mus-
cle is for myofibrillar contraction and ion pumping. Phos-
phocreatine (PCr) is known to be another abundant energy
carrier in normal muscle cells. The transport of energy from
mitochondria to myofibrils is a process involving interme-
diate energy carriers, several enzymatic reactions, and dif-
fusion through various structures in the cell. The major
part of the energy-carrying phosphate groups may leave the
mitochondria in the form of PCr and not as ATP. This is
possible because of the creatine kinase (CK) reaction

ATP + Cr «—— ADP + PCr,

where Cr is creatine. The mitochondrial CK isoform (MiCK)
produces usually PCr while the major myofibrillar isoform
(MMCK) converts it back to ATP. Such transfer of energy
has been termed the phosphocreatine shuttle [2]. The PCr
shuttle facilitates energy transfer by providing a parallel
pathway to ATP diffusion. The CK system has also an-
other important function in muscle cells — energy buffer-
ing. In skeletal muscle the fluctuation of PCr follows closely
the force generation during a contraction cycle while ATP
remains constant [4]. Such strong buffering is essential to
keep intracellular ATP high and ADP low.

During the last decade, a technique to measure the response
time, tmito, of mitochondrial oxygen consumption to rapid
workload steps in perfused hearts has been developed (see
[23] for a review). Recently, the technique was used to as-
sess tmito Of rabbit hearts after a graded inhibition of the
CK [10]. It turned out that the inhibition of CK led to
shortening of ¢,,ito meaning faster signal transduction. This
effect might be ascribed to the impaired buffering capac-
ity of the CK system. Also, this result indicates that the
functioning of the PCr shuttle is not obligatory to regulate
the energy production and sustain the energy transfer at
low or moderate workloads. Under stress conditions, how-
ever, the impaired CK activity prevents the perfused hearts
to express the full dynamic range of myocardial contractile
performance [9]. Apparently, the mode of functioning of CK
isoenzymes and their role in energy transfer and buffering
depends on the working conditions.

The aim of this study was to determine the mode of func-
tioning of the CK system in heart. We developed a simple
mathematical model of an energy production, transfer, and
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Figure 1: Schematic representation of the model.
The model consists of two compartments: the cy-
tosol and the intermembrane space (IMS). The
compartments are separated by a partly perme-
able diffusion barrier; the vertical arrows cross-
ing the barrier show the diffusional fluxes. The
metabolites involved in the model are ATP, ADP,
PCr (phosphocreatine), Cr (creatine), and Pi (inor-
ganic phosphate). The reactions: ATP production
(OxPhos), ATP consumption (ATPase), mitochon-
drial and myofibrillar creatine kinases (MiCK and
MMCK, resp.).

consumption and analyzed the roles of different CK isoen-
zymes in the dynamic response to workload transitions.

2. THE MODEL
2.1 Construction of the model

To analyze the mitochondrial response time we constructed
a very simple mathematical model of a cardiac cell energy
metabolism containing only the kinetics of CK isoenzymes
in mitochondrial and cytosolic compartments (MiCK and

MMCK, respectively), Michaelis-Menten-type kinetics of ATP

synthesis and ATP hydrolysis rate as input parameters (see
Figure 1). The model equations are given in Appendix. This
model is a simplified version of the much more extensive
model that we have developed previously [24]. Next we give
a brief description of the original model, the steps taken to
simplify it and a discussion of the influence of each simplifi-
cation.

In the original model, the compartmentalized energy trans-
fer from a mitochondrion to a myofibril was simulated by
a spatially inhomogeneous (distributed) reaction-diffusion
processes. The model considered the reactions of three main
compartments: the myofibril together with the myoplasm,
the mitochondrial intermembrane space (IMS), and the mi-
tochondrial matrix space. The metabolites described by the

model in the myofibrils and IMS were ATP, ADP, AMP,
phosphocreatine (PCr), creatine (Cr), and inorganic phos-
phate (Pi). All these metabolites could diffuse between
the cytosolic and IMS compartments, where the metabo-
lites were involved in the CK and adenylate kinase (AK)
reactions. The ATP was hydrolyzed in the myofibrils. In
the IMS, the mitochondrial CK (MiCK) reaction was inte-
grated with the adenine nucleotide translocase (ANT) reac-
tion via strong coupling between these enzymes. The model
described also the kinetics of respiratory complexes (pro-
ducing protonmotive force), membrane leak of protons, mi-
tochondrial phosphate carrier and ATP synthase.

We simplified the above model by the following steps. First,
we dropped the coupling between the MiCK and ANT. This
was probably the most critical simplification. However, it
is justified because the coupling effect is minimal at high
ATP values for rabbit heart mitochondria [7] and removing
the coupling did not affect the simulation results consid-
erably. Second, since mitochondria respond to changes of
ADP and Pi in their immediate environment very rapidly,
we did not need such a detailed description of the mito-
chondrial processes. As ADP and Pi, but not ATP, are
changed considerably in our simulations, sufficient similar-
ity with the behavior of the original model was obtained
using the Michaelis-Menten-type kinetics of ATP synthesis
as a function of ADP; and Pi; (IMS concentrations of ADP
and Pi, respectively). Third, we lumped all the diffusion
resistances together between the cytosol and the IMS, in-
cluding the mitochondrial outer membrane resistance, the
latter being substantial according to Saks.et.al [18]. Fourth,
we dropped the AK kinetics and AMP from the model. It
turned out that the last two steps had virtually no influence
on the results. However, it is relevant to keep the full kinetics
for both MMCK and MiCK isoforms in the model, because
our simulations involved conditions where reactions of one
or both of these isoforms were strongly out of equilibrium.

The simplified model has inherited from the original model
the following properties. First, for low and moderate work-
loads, the ATP and PCr levels remain practically constant.
Second, energy transfer occurs mostly via the PCr shuttle.
Third, at moderate workloads, the PCr level drops when CK
is inhibited. For more thorough discussion on these prop-
erties see [24]. Thus, the simplified model reproduced the
behavior of the extensive model on these points.

2.2 Numerical procedures

Figure 2 shows a schematic representation of the response
of ATP production to a step of workload for both steady
and oscillating workloads. For steady workload, tmito Was
calculated in our model as follows. After stepwise increase
of workload from Vi to V2 at time ¢ = 0, the system was
integrated until the transients vanished (¢ = T'). Then the
area between the solid and dashed line was computed for the
range 0 < ¢t < T and divided by the step size Vo — Vi yielding
tmito- This procedure corresponds to determining the first
statistical central moment of the impulse response function
of a linear system, and would yield the time constant in
cases where the response is monoexponential [15].

For oscillating workload, the average level of workload was
stepwize increased from Vi to V2 at t = 0. After the tran-
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Figure 2: Schematic representation of the response
of ATP synthesis to step of workload for steady (up-
per panel) and oscillating (lower panel) workloads.
For both types of workloads, the area between the
dashed and solid lines was computed in the range
from ¢ = 0 (workload step applied) till the transients
were vanished. Normalizing this area with the step
size V2 — V1 yielded the response time t,,;:,. See text
for details.

sients vanished, the last period of Vyy, in (n—1)Ts < ¢t < nT5
was repeatedly projected back as depicted by the dashed
curve in the lower panel. Then the area between the solid
and dashed lines was computed for the range 0 < t < nT»
and divided by the step size Vo — Vi yielding tmito. Note
that this procedure is suitable for computing the response
times when the oscillation periods before and after the step
differ, i.e., Ty # Tx.

The model equations were solved by a backward differenti-
ation formula that is able to treat stiff equations, using the
DVODE package. To fit experimental data, the model pa-
rameters were optimized by modified Levenberg-Marquardt
algoritm, using the LMDIF least squares solver. To find the
areas needed for tmito calculations (see previous paragraph),
Simpson’ rule was used.

3. RESULTS

In our simulations we varied the activity of the CK system.
The results are presented with respect to the relative ac-
tivity of creatine kinase, Vo, where Vox = 1 corresponds
to normal MiCK and MMCK activities in rabbit heart, 1.0
and 5.7 IU/mgdw, respectively [12, 16] at T = 25°C. We
simulate the processes at T = 37°C. We present most of
our results for Vox = 0 — 3 to include the range of MiCK
activities relevant for other species such as rat which has
higher mitochondrial CK activity than rabbit. The baseline
workload was set to 500uM/s of ATP consumption (0.101
IU/mgdw). All the fluxes given in uM/s are calculated with
respect to the total cell volume to make the fluxes in differ-
ent compartments comparable.

3.1 Metabolite concentrations and fluxes

Figure 3 shows the concentrations of some cytosolic metabo-
lites before and after the workload step from baseline to 40%

above the baseline. We have not shown the concentrations
of Cr and ATP, because they can be determined from the
creatine and adenine nucleotide moieties conservation, re-
spectively. The diffusion barrier between the cytosolic and
intermembrane space (IMS) compartments leads to large rel-
ative differences between the cytosolic and IMS values only
for ADP (denoted as ADP; in IMS). Note that ADP; de-
creases in response to workload step for Vox > 1.

Figure 4 shows the relative fluxes of high energy phosphates
from mitochondria. The sum of these fluxes equals the base-
line ATP consumption. The fluxes are equal to each other
at Vox = 0.37. This figure demostrates the activation of the
PCr shuttle if the CK system is activated. The activation is
further illustrated in Figure 5 which shows the net and for-
ward (PCr production) fluxes through the MiCK. Because
the MMCK activity is about 6 times higher than that of
MiCK, it reaches its equilibrium at much lower Vo values.
This demonstrates the different modes of functioning of the
MM versus the mitochondrial CK isoenzymes in the PCr
shuttle. In addition, this shows that the activity of the PCr
shuttle is controlled by the activity of MiCK.

3.2 Mitochondrial response times

The mitochondrial response time, ¢,,it0, depends on the cho-
sen workload step and the baseline. According to simula-
tions, the higher the baseline and the larger the step, the
longer the response time (not shown). Our baseline was
chosen to be one ninth of the maximal mitochondrial ATP
synthesis capacity. As the response time is nearly constant
for small workload steps, we used here a step with an ampli-
tude of 1/1000 of the baseline. The results for steps as large
as 1/4 of the baseline were very close to those presented
here.

Figure 6 demonstrates the unimodal dependence of tmito as
a function of Vo in our model. This property is robust:
the height and exact location of the peak depend on a set of
chosen parameters, but the initial increase and a decrease
thereafter are persistent properties. The peak coincides with
the activation of the backward flux through MiCK. The peak
occurs at Vox = 0.33. At that point, the ratio of backward
and forward fluxes through the MiCK is 0.09.

To analyze the influence of the different CK isoenzymes on
tmito, we fixed the activity of one isoenzyme and computed
tmito VS. the activity of the other. Figures 7 and 8 demon-
strate that the MMCK is able to affect tmito only if the
MMCK activity falls below 0.15.

We give the description of the processes that lead to the
unimodal behavior of ¢t in our model, presented in Fig-
ure 6. Since the model has a diffusion barrier between the
IMS and the cytosol, the cytosolic ADP and mitochondrial
IMS ADP; may differ considerably. For other metabolites
the barrier is not important since their concentrations are
considerably higher than those of ADP while their fluxes
are of similar order of magnitude. As the MMCK activity is
about 6 times higher than MiCK activity in our model, the
MMCK reaches its equilibrium earlier for increasing Vo
We split the whole range of Veox into three different re-
gions and describe the modes of signal propagation in each
of these.
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Figure 3: Simulated concentrations of metabolites in cytosol (PCr, Pi, ADP) and in mitochondrial intermem-
brane space (ADP;) at baseline (solid lines) and at 40% increased (dashed lines) workloads. Baseline ATP
consumption was chosen 500¢M/s. ATP concentration remained virtually constant for all Vox (not shown).
Relative Vox means that the activities of both MiCK and MMCK are modified proportionally. Vox = 1
corresponds to normal rabbit activities of these isoenzymes.
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Figure 4: Redistribution of the diffusional flux Ju;f
of ATP (dashed line) and PCr (solid line) from mito-
chondria depending on CK system activity. Such re-
distribution demonstrates the activation of the PCr
shuttle. This result is for basal workload.
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Figure 5: Forward (dashed line) and net (solid line)
reaction rates of MiCK isoform. Note that at low
Vek, the flux through MiCK is strongly unidirec-
tional, determining the maximal possible activation
of PCr shuttle. As MMCK activity is about 6 times
higher than that of MiCK, the MMCK reaction is
at Vox = 1 near equilibrium (not shown). Forward
reaction means PCr production. The difference be-
tween the dashed and solid lines is the backward
flux.
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Figure 6: Response times of the mitochondrial res-
piration after a step change in cytosolic ATP con-
sumption. Note that the peak of tmito at Vox =
0.33 (dotted line) coinsides well with the notable
appearance of the backward flux through MiCK in
Figure 5.
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Figure 7: Response times depend on MMCK activ-
ity only if also MiCK activity is low. The dashed
line shows ¢y, vs. MiCK activity (Vamick) for the
MMCK activity fixed, Viyamrcx = 1. The curve of
response times from Figure 6 (solid line) is given
for a comparison, dotted line shows its peak at
Vvick = 0.33. Note that the considerable differ-
ence between these curves can be observed only for
Vumicr < 0.33.
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Figure 8: Response times for Vi/;,cx equal to 0, 1, or
3 (solid, dashed, or dashed-dotted lines, resp.) vs.
MMCK activity. This is a further demonstration
that MMCK can control t¢,,;:, only at very low Vo
values.

e Low CK (Vex < 0.03) In this range of Vox, the signal
propagates very fast (tmito < 1s). This result is obvi-
ous, because the step in workload leads to the rapid
increase in ADP which is not buffered by CK and prop-
agates therefore rapidly to the IMS and activates mi-
tochondrial ATP synthesis.

e MiCK low, MMCK high (0.03 < Vex < 0.33) By grad-
ually activating CK, the signal propagation becomes
slower. This slowing occurs in parallel with MMCK
approaching its equilibrium and being able to buffer
cytosolic ADP. At the same time, the MiCK works vir-
tually unidirectionally controlling the flux through the
PCr shuttle. As the shuttle is only partly activated
(see Figure 4), most of the energy transfer goes via
ADP/ATP. Due to the diffusion barrier, this leads to
relatively high cytosolic ADP concentrations inducing,
via CK equilibrium, low PCr/Cr ratio and therefore
high Pi, which regulates the respiration. As Pi is well
above its K,,, for mitochondria (800uM in the model),
the sensitivity of the ATP synthesis to the changes in
Pi is low.

e High CK (Vox > 0.33). In this mode, the signal prop-
agation becomes faster in parallel with the MiCK ap-
proaching its equilibrium. Further activation of MMCK
does not affect tmizo (Figure 8). As the PCr, Cr, and
ATP levels in cytosol do not differ much from their IMS
levels, the active MiCK reduces also the difference be-
tween ADP and ADP; by increasing ADP;. The closer
the MiCK to equilibrium, the smaller the difference be-
tween ADP and ADP; and therefore the higher the flux
that goes through the PCr shuttle. Increase in ADP;
translates to the decrease in Pi via incorporation of
phosphate into PCr to keep the ATP synthesis con-
stant for different Vox values. As Pi becomes lower,
the ATP synthesis becomes more sensitive to it result-
ing in shorter ¢pmito. Interestingly, in this mode ADP;
has negative control over respiration (see Figure 3).

Next we demonstrate the influence of removing the diffusion
barrier to tmito. By removing the barrier we mean here its
reduction by 10 times for all metabolites diffusing between
the IMS and the cytosol. It turns out that this influence is
very strong (see Figure 9). The peak of the tmito curve is
completely removed. The reason for this is that ADP and
ADP; cannot differ much from each other any more which
keeps ADP; much higher than if the barrier were present.
This in turn translates into lower Pi concentrations that con-
trol the signal transduction. For Vox — 0 we observed Pi
— 800uM (results not shown) which is an order of magni-
tude lower than with the diffusion barrier present (see Fig-
ure 3). The removal of the barrier results also in much more
stable PCr levels at low Vog and the lack of considerable
activation of the PCr shuttle. Only about 20% of the flux of
high energy phosphates was carried by the shuttle at Vo
=3.

3.3 Comparison with the experiment

Figure 10 shows the effect of graded CK inhibition in iso-
lated perfused rabbit hearts on the mitochondrial oxygen
consumption as a response to workload step [10], and the
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Figure 9: Reduction of the diffusion barrier be-
tween the cytosolic and mitochondrial intermem-
brane space compartments by 10 times reduces
strongly t,..:.o removing the peak. See Figure 6 for
comparison.

model fit to these experiments. To replicate the experi-
ments, we had to modify some of the model parameters
compared to those used in the previous simulations. The
modified parameters were: the maximal ATP synthesis rate
Veynmaz = 1610uM /s instead of 4600uM/s; total phosphate
in the system Pitor = 34mM instead of 32mM; the restriction
on outer membrane was 9 times lower than used for most
of the simulations above. Also, we used the maximal MiCK
and MMCK activities measured by Harrison.et.al [10] for
the tmito experiments 0.35 IU/mgdw and 7.35 IU/mgdw at
T = 25°C, respectively. Interestingly, the maximal MiCK
activity was about 3 times lower than found by other groups
[12] and used in our other simulations. Therefore, the rel-
ative Vox = 100% in Figure 10 is comparable to the Vox
= 0.33 in Figure 6. Although the model is not able to fit
the experiment without modification of some of the model
parameters, the model is able to reproduce qualitatively the
most important observation made in this experiment — the
decrease of tmito as the CK is inhibited.

3.4 Comparison with the results from the ex-
tended models

Repeating the simulations shown in this section on a more
extensive cardiac cell metabolism model developed previ-
ously [24] did not reveal qualitatively different results. Also
we repeated the simulations replacing steady ATP hydroly-
sis rate with pulsating ATP hydrolysis (beating heart); the
influence of the pulsation of hydrolysis to tmito Wwas minimal
regardless of the considerable oscillations of some metabo-
lites (results not shown).

4. DISCUSSION

In this work we analyzed the mitochondrial response time
tmito depending on the relative activity of the CK system
using a simple mathematical model, but revealing relatively
complex behavior. The model showed the unimodal depen-
dency of tmito on the CK activity (see Figure 6). The left
branch demonstrates the qualitative replication of the ex-
perimentally observed phenomenon: the decrease of tmito
when approaching very low CK activities (Figure 10). How-
ever, the right descending branch has not been experimen-
tally observed; this may be due to the low mitochondrial CK

tmito (S)

| |H

0 Iﬂ

3% 6% 16% 100%
Relative VCK

Figure 10: Mitochondrial response times of per-
fused rabbit hearts to workload steps corresponding
to different levels of CK activity (solid bars with
+SE) and simulation of these experiments (empty
bars). Different levels of CK activity in experiments
were obtained by infusing different amounts of an ir-
reversible CK inhibitor (iodoacetamide) before the
tmito Mmeasurements. The CK activities were deter-
mined after the experiments. Experimental data
from [10].

activity in the rabbit hearts used for the experiments and
the lack of animal models with overexpression of CK. The
response times on different branches were controlled by the
activities of different CK isoenzymes. The unimodal shape
of the tmito curve was strongly affected by the strength of the
diffusion barrier between the sites of ATP production and
consumption; the removal of the barrier removed the peak
(unimodality) by reducing the signal buffering capacity of
the CK system.

4.1 Adequacy of the model

The model possesses the following important properties that
have been experimentally observed by many different groups.
First, it is metabolically stable meaning that for low and
moderate workloads, the ATP and PCr levels remain prac-
tically constant. Second, the energy transfer occurs mostly
via the PCr shuttle. Third, at moderate workloads, the PCr
level drops when CK is inhibited.

The model was used to simulate the t,,:1, experiments with
CK inhibition shown in Figure 10. However, the fit was sen-
sitive to small changes of the parameters and it should be
taken only as a qualitative replication of the experimental
observations. It is not possible to compare the data in Fig-
ure 10 directly with the results presented in other figures,
because in this experiment the oxygen consumption (work-
load) could not be kept the same for all CK levels. Also,
the MiCK activity for the control group denoted as 100% of
relative Vo in Figure 10 was only about 1/3 of the MiCK
activity found in adult rabbit heart by other groups [12, 16]
implying the MiCK/MMCK ratio of activities 1/20 in these
hearts instead of 1/6.

The lack of glycolysis is perhaps the biggest shortcoming
of our model concerning the simulation of mitochondrial re-
sponse time experiments. Most of these experiments are
performed using glucose as a substrate. The workload steps
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may induce a short burst of lactate production implying the
temporary activation of glycolysis which may delay the sig-
nal transduction [23]. If pyruvate was used as a substrate
instead of glucose then 1-3s shorter response times were ob-
served [23]. On the other hand, glycolysis seems to cause
only a short delay and our simulation results with the cur-
rent model should be adequate to analyze the effects of CK
inhibition qualitatively. We plan to include glycolysis in our
model as a next step.

Another property missing in our model is the functional
coupling between the MiCK and oxidative phosphorylation.
However, this coupling seems to be relevant only at low total
adenine nucleotide concentrations. FErickson-Viitanen.et.al
[7] have shown that the strength of the coupling was in-
versely proportional to the ATP level; for ATP=0.7mM, the
coupling caused only 3% deviation from the radioactive la-
bel incorporation into PCr predicted for reactions without
coupling. As in our simulations the ATP levels are above
9mM, the absence of coupling is justified.

In the future it may be necessary to include also the partial
parallel activation of mitochondria by calcium to our model
to simulate the possible influence of the increased average
calcium at higher heart rate after a workload step. Calcium
can activate respiration very rapidly: Territo.et.al [22] ob-
served as short response times of isolated mitochondria to
calcium addition as 0.27s. Similar mechanism may exist in
the intact heart. Such activation may be stronger if there is
a calcium overload or an impaired calcium handling. If mi-
tochondria are really activated during a workload step then
we expect shorter response times than predicted by our cur-
rent model. Note that the shortening of t,,ito by calcium
activation may be twofold: in addition to producing more
ATP at given ADP and Pi levels, mitochondria become also
more sensitive to these metabolites. However, experimental
evidence for the rabbit heart model indicates that calcium
activation does not play a big role [23] and the model is
therefore probably adequate to explain the effects of crea-
tine kinase inhibition.

4.2 How CK isoenzymes determine,,,;;,

Our results show that ¢mit, can be strongly influenced by
the activity of the CK system. Without the CK activity
present, very short t,.t, values can be observed, because
ADP in the model is not buffered. The MMCK isoform
is able to increase tmito by buffering ADP, while its signal
buffering capacity can be strongly increased by the diffusion
barrier between the sites of ATP production and consump-
tion. In contrast, the MiCK isoform is able to speed up
the signal transduction and overcome the influence of the
diffusion barrier. The latter occurs via MiCK reaching the
equilibrium, which results in relatively low Pi and, therefore,
in increased sensitivity of respiration to small Pi changes.

The peak in tmito is completely removed by reducing the
diffusion barrier (see Figure 9). The removal of the barrier
mimics the situation where the MiCK would reach its equi-
librium in parallel with the MMCK (MMCK will establish
the equilibrium in the IMS). Our simulations showed that
for any Vek, the cytosolic Pi would remain below 1mM if
there is no diffusion barrier.

4.3 Diffusion barrier between the energy pro-

duction and consumption sites

In the model we used a diffusion barrier that induced ADP
concentration differences between the cytosol and the IMS
of up to 60uM at 1/4 of the maximal ATP synthesis rate.
The model lost some important properties when the diffu-
sion barrier between the IMS and cytosolic compartments
was 10 times reduced. In the latter case, most of the energy
left the mitochondria in the form of ATP and the PCr shut-
tle worked only at very low rate. The inhibition of the CK
system caused about an order of magnitude smaller changes
of PCr and Pi levels than with the barrier present. Such
behavior of the model would be in contradiction with exper-
iments. Dos Santos [6] inhibited the CK system in perfused
rabbit hearts to 14% of its original activity and observed an
increase of Pi from 1 to 5mM and a drop of PCr from 22
to 14mM which are comparable to those exhibited by our
model (see Figure 3). This indicates that the presence of
some diffusion barrier between the sites of energy produc-
tion and consumption may be necessary.

One possible source of the barrier may be the existence of
the microcompartment between the MiCK and ANT which
is diffusionally separated from the IMS compartment. In-
terestingly, the strength of this barrier seems to depend in-
versely on the ATP level [7]. Several groups have proposed
that the heart mitochondrial outer membrane permeability
is low (see [18] for a review). However, our recent unpub-
lished results show that this barrier, if it exists, can gener-
ate ADP concentration differences only up to 20uM at half-
maximal workloads. It is thought that diffusion through my-
ofibrils cannot cause high diffusion gradients. Many groups
have measured the diffusion coefficients of small metabolites
in different muscle types [5, 11] and arrived at the conclusion
that their diffusion is about 2—3 times slower than in water.
This means that at least 1/3 of the cell volume must be free
for diffusion. As mitochondria, SR, nuclei and T-tubules oc-
cupy about 30% of the heart cell volume, cytosol about 13%
and the rest is filled with myofibrils [8], also at least 1/3 of
the myofibrillar volume must be free for metabolite diffusion.
With such diffusion-free space, only the concentration differ-
ences of few uM can be generated over distances of 1-2um.
This conclusion is in accord with the results of the numerical
simulation of intracellular ADP gradients in working heart
by Vendelin.et.al [24]. The 3D electron microscopic (EM) to-
mographic reconstructions of the mitochondria of rat liver
cells demonstrate that the mitochondria are partly wrapped
by endoplasmic reticulum [13]. Using the EM, Sharma.et.al
[19] have shown the close proximity of the mitochondria and
sarcoplasmic reticulum (SR) in rat heart cells. It is not clear
whether the proximity of the SR causes the diffusion limi-
tation. While it may limit the diffusion of metabolites to
myofibrils, it contains active ATP consuming sites juxta-
posed with mitochondria. In summary, it is not clear how
much these factors contribute to the diffusion barrier.

An alternative hypothesis is that glycolytic enzymes and
perhaps MMCK interact with the phosphate metabolites be-
ing transported between myosin ATPases and ion pumps on
the one hand and the mitochondria on the other. Active
enzymes may hinder diffusion to and from ATP consum-
ing sites, and may be positioned in such a way that they
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do not hinder bulk diffusion. This hypothesis would agree
with the idea that glycolytic enzymes and creatine kinase
buffer ADP, ATP and Pi and interact intensively with the
metabolic signal between sites of ATP consumption and pro-
duction (review: [23]).

We did our simulations using the CK activities of the rabbit.
About 15% of the total CK activity of adult rabbit heart is
in the mitochondria [16]. In contrast, adult rat heart can
have up to 40% of the CK activity in mitochondria while the
total CK activity is comparable to that of rabbit [25]. This
may lead to the differences in regulation mechanisms and
energy transfer modes in these species. Based on modeling
we propose that measuring ¢,,,¢, in perfused rat hearts after
a graded inhibition of CK and using pyruvate as a substrate
to eliminate the possible interference of glycolysis may let
one "probe” the diffusion barrier. If the control rat hearts
will show shorter response times than hearts with partly
inhibited CK system then the considerable barrier is present
and it may be possible to quantitate it.

5. CONCLUSIONS

In this work we analyzed the mitochondrial response time
depending on the relative activity of the CK system using a
simple mathematical model. We conclude that the buffering
role of the CK system is determined by the activity of the
myofibrillar CK (MMCK) while the energy transfer role is
controlled by the activity of the mitochondrial CK (MiCK).
The diffusion barrier between the energy production and
consumption sites can strongly increase the signal buffering
capacity of CK system. We propose that there may ex-
ist differences in regulation mechanisms and energy transfer
modes in species with relatively low MiCK activity such as
rabbit compared to species with high MiCK activity such
as rat. This study demonstrates that developing a model of
muscle energy metabolism, let alone a Virtual Muscle Cell,
requires extensive testing of the model against experimental
data.
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APPENDIX

Here we describe the model used for our simulations. The
model consists of two compartments, the cytosol and the
intermembrane space (IMS). In both compartments the fol-
lowing metabolites are considered: ATP, ADP, PCr, Cr, and
Pi. The compartments are separated by a partly permeable

diffusion barrier. In the IMS compartment the ATP syn-
thesis and MiCK reactions are considered, in the cytosolic
compartment the MMCK reaction and ATP hydrolysis oc-
cur. The parameters used in modeling are given in Table 1.

The rate equations for all metabolites are as follows. The
subscript ¢ denotes the IMS concentrations, the cytosolic
ones are without subscript.

ATP = (=Viyda — Vamck + Jarp)/Veyt, (1)
ADP = (Viga + Vumcr + Japp)/Veyt, (2)
PCr = (Vmmck + Jpcr)/Veyt, 3)
Cr (=Vmmcek + Jer)/Veyt, (4)
Pi (Viya + Jpi) [ Veyt, (5)
ATP = (=Viya — Vamicx — Jarp)/Vims, (6)
ADP = (Viya + Vaick — Japp)/Vims, (7)
PCr = (Vumick — Jpce)/Vims, (8)
Cr = (=Varicx — Jeor)/Vims, (9)
Pi = (Vaya— Jpi)/Vims, (10)

where Viyn, Viya, Vumck, and Vo are the reaction
rates per volume of intracellular diffusion-free water, Jaset
are the diffusion fluxes between the compartments (Met de-
noting any of the metabolites involved), and Vims and Vey
are the fractional volumes of the cytosolic and IMS com-
partments, respectively, with respect to total diffusion-free
cell volume.

The CK reaction rate vck is described by the equation [17],

ATP - Cr ADP - PCr
Vek = (Vf KoKy, Y KicKq ) [Penes (1)
where
Cr PCr 1 Cr
Dencxk = 1+ K, + Kid +ATP <Kia + Kme)

1 PCr Cr
+ADP (Kz- YRk, KZ-CKH,) (12)

The equations (11) and (12) govern the rates of both Varicx
and Viamox when the concentrations of the corresponding
compartment and the kinetic constants for the appropriate
isoenzyme from Table 1 are plugged in.

The ATP synthesis rate is a Michaelis-Menten-type equation
depending only on ADP; and Pi; [21].

ADP; - Pi;
pi* Kapp - Densyn

‘/syn - ‘/;'ynmaz' K ) (13)

where
ADP; Pi; ADP; - Pi;

Dengyn =1+ Rl
Y Kapp Kpi Kapp:Kp;

(14)

Diffusional fluxes between the compartments are as follows.

Jarp = Rarp(ATP; — ATP), (15)
Japp = Rapp(ADP; — ADP), (16)
Jpcr = Rpcr(PCr; — PCr), (17)
Jor = Rer(Cr; —Cr), (18)
Jpi = Rpi(Pi; — Pi), (19)
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where Rpse: is the permeability for the metabolite Met. Pos-
itive direction of flux is from the IMS to cytosol.

The metabolites obey the following moieties conservations

(ATP + ADP)Veyr + (ATP; + ADP;) Vs

= AdNiot(Veyt + Vims), (20)
(PCr 4 Cr)Veyt + (PCri + Cri) Vims
= C""tot(‘/cyt + ‘/ims)7 (21)

(ATP + PCr + Pi)Vuy
= Pitot (‘/cyt + ‘/zms) (22)

Table 1: Parameters of the model. Our model
simulates reactions occuring at T = 37°C. To
convert the experimentally measured rates, de-
termined at T = 25°C, the temperature coeffi-
cient Q10 = 2 was used.

Parameter Value Reference
MiCK

V; (PCr production)  2.658-10% uM/s s
Vi (ATP production)  1.116-10* uM/s [12]°
K; 7.5:10% uM 1]
K, 5.2-10% uM ”
K; 2.048-10% uM K
K4 5.0-10% uM ”
K; 2.88-10* uM ”
K; 1.6-10° uM ”
K. KicKa/Kiq 7
Ky K; 7
MMCK

V; (PCr production)  6.966-10% uM/s [16])°

Vs (ATP production)  2.925-10* uM/s e
K; 9.0-10% uM [1]
Ky 1.55-10* uM ”
Kie 2.224-10%uM ”
K4 1.67-10° uM ”
K; 3.49-10* uM ”
K; 4.73-10° uM ”
K. KicKa/Kiq 7
Ky K; 7
ATP synthesis

Veynmaz 4.6-10° uM/s [26]¢
Kapp 8.0-10% uM [21]
Kpi 20.0 ,U,M [3]
ATP hydrolysis

Viyd 4.6-10° uM/s -
Permeabilities

Rarp 8.16 s+ -
Rapp 8.16 s+ -
Rpor 14.6 s71 -
Rer 14.6 571 -
Rp; 18.4 571 -
Fractional volumes

Vgt 3/4 [20]f
Vims 1/16 ”
Total contents

AdNiot 9.7-10° uM -
Criot 2.6-10* M -
Pitor 3.2:10* uM -

2V /Vy = 4.199, according to [1]

> 3.0 IU / mg mito prot at T = 25°C.

¢ Calculated from MiCK activity which is about 15%
of total CK activity in heart [16].

4 Corresponds to 120umol/(gdw-min) of Oz consump-
tion at T = 37°C.

¢ Ratios of the permeabilities are the same as ratios
of the diffusion coeflicients of these metabolites in
muscle [14].

f Total volume 1 corresponds to 0.615mL/gww.
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