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ABSTRACT Although a high ATP diffusion rate implies homogeneous distribution of the principal energetic currency in the
cytosol, local diffusion barriers represented by macromolecular structures can render ATP concentrations to be inhomoge-
neous. A method is presented here that provides apparent diffusion coefficient values in local intracellular regions and allows
the estimation of spatial metabolite distribution. The apparent local diffusion coefficient for ATP in cardiac myofibrils was
determined from the analysis of diffusion-dependent rightward shift of the substrate dependence for actomyosin ATPase activity
using the reaction-diffusion model, which accounted for the properties of phosphotransfer reactions. This functional analysis,
which took into account the local diffusional ATP delivery to the active sites, provided an apparent value that was three orders of
magnitude lower than that defined by direct methods for the cytosol. The low value of the diffusion coefficient was shown to
define unusual properties of the intracellular space in working heart, where small reductions in ATP levels in the surrounding
cytosol result in a large drop in [ATP] inside myofibrils. This drop is critical for vital cellular functions, and the analysis presented
here defines its physical basis. The diffusion barriers thus defined explain the coexistence of pathological energy deficit with
almost normal average ATP levels.

INTRODUCTION

Current progress in biological sciences in a great part could

be characterized by a switch from biochemical analysis of

separated reactions in vitro to the in situ analysis of whole

biosystems. It requires implementation of novel experimen-

tal techniques and bioinformatic tools for analysis, which can

tackle the complexity of systems biology. An example could

be stable isotope tracer data analysis, where the noninvasive

methods of tracing the in situ bioprocesses are supplemented

by complex analytical software, which automatically con-

structs and solves thousands of equations for all isotopic

isomers. Until recently, this kind of analysis was only avail-

able for steady-state conditions (1); now it allows for the

evaluation of the parameters of system regulation and meta-

bolic fluxes using nonsteady-state data (2–4). The correct

description of spatial metabolite distribution, which is de-

fined by local structures such as ‘‘fuzzy spaces’’ (5) would

advance the understanding of cell operations one more step.

Fuzzy spaces could create huge metabolite gradients by

hampering diffusion, so that it appears to be much slower

than expected based on the general cytosolic diffusion

coefficient. Currently, the analysis of intracellular processes

in situ, even those not restricted by steady state, in general

does not take into account spatial metabolite distribution,

thus averaging their distribution in the intracellular space.

Averaging the metabolite concentrations could essentially

misrepresent the real picture of metabolic regulation and thus

restrict the understanding of life processes, as shown in the

example presented below. This article is an attempt to over-

come this restriction in the specific case of cardiac cells by

evaluating the local diffusion restrictions and related ATP

distribution in myofibrils.

Cardiac cells are high consumers of ATP energy, and

imbalance between ATP requirement, production, and deliv-

ery is an indicator of a number of diseases such as dilated

cardiomyopathy or cardiac allograft vasculopathy (6,7). The

high value of ATP diffusion coefficient, as determined using

the nuclear magnetic resonance technique (8), implies that

ATP is distributed homogeneously. In this case, its concen-

tration remains sufficient to maintain the maximal activation

of all possible energy-consuming processes in any part of,

and under any conditions in, living cells. In this case, when

average [ATP] remains high, the existence of energy deficit

seems paradoxical (9). However, strong energy deficit can

coexist with high ATP levels; in the absence of phosphocre-

atine (PCr), an 18% reduction of ATP is incompatible with

life (10). According to the biochemical properties of practi-

cally all ATP-sensitive processes, changes in [ATP] must be

more profound to affect them; therefore, the coexistence of

energy-deficient states with high average ATP levels seems

incomprehensible. A possible explanation could be that ATP

is distributed inhomogeneously, so that a large decrease in

local areas could be manifested as a small decline at average

levels. This explanation is in line with the well-known fact

that if ATP diffusion is facilitated by parallel diffusion of PCr

and active creatine kinase, which catalyzes phosphotransfer

or high-energy phosphate exchange, the range of viable ATP

concentrations could be higher (11). Several experimental
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studies in vitro have very elegantly demonstrated restricted

diffusion of ATP in myofibrils (12,13).

Various functional tests could be used for diffusion coef-

ficient determination. An extremely low diffusion coefficient,

as a physical basis for inhomogeneous ATP distribution, was

defined in the subsarcolemmal compartment based on the

analysis of ATP-sensitive K1 (KATP) channel activity, which

can sense the local [ATP] set by adjacent ATPases at levels

different from the average value (14,15). Slow diffusion and

high ATP consumption set local [ATP] in the high-sensitivity

range of the channel, so that minor changes in its primary

structure, insignificant for permeability, could contribute to

heart disease (16). A similarly low diffusion coefficient in

the submembrane microcompartment, was obtained earlier

for cyclic AMP diffusion (17,18). Nonequivalence of differ-

ent ATP sources for supply of the energy-consuming pro-

cesses (19–21) assumes that the ATP pool is not well-mixed.

The different pools of pyruvate found in neurons and astro-

cytes (22–24) also support the hypothesis that nonmembrane-

separated compartments with highly different metabolite

concentrations can exist. The physical basis for such compart-

mentalization is the low value of the diffusion coefficient, the

estimation of which would provide an understanding of the

spatial and temporal organization of intracellular processes.

The anomalously slow diffusion, estimated for some com-

partments where macromolecular obstacles can dramatically

restrict diffusion (25,26), does not conflict with the high aver-

age value of the diffusion coefficient for ATP in the cytosol

(27). Although the latter value characterizes displacement in

the cytosol, the functional estimation of the diffusion coef-

ficient accounts for local diffusion barriers as they appear in

a particular process.

In this study, we developed a method to estimate the

apparent ATP diffusion coefficient in isolated myofibrils,

using a specific computational method applied to the analysis

of their ATPase activity (28). In the absence of phosphocre-

atine, the myofibrillar ATPase expressed as a function of

[ATP] in the medium seemed to be less active than in the

presence of phosphocreatine. Restrictions in diffusional de-

livery of ATP as it was consumed internally resulted in lower

[ATP] in the myofibrils than in the medium. The decreased

activity, which in fact corresponds to low internal [ATP], is

attributed to the external ATP levels, and this appears as a

rightward shift of the ATPase activity. Therefore, the change

of concentration dependence in the dense structure and its

restoration after diffusion facilitation is an indicator of dif-

fusion limitations, and the value of respective shift can be

used to define the diffusion coefficient, as described below in

the first part of the Results section.

The diffusion coefficient, revealed from experimental data

analysis, and the known spatial distribution and phospho-

transfer enzyme properties were used to calculate the spatio-

temporal ATP distribution in working myofibrils in situ. This

calculation, described in the second part of the Results

section, revealed that in the working heart, a small decrease

in average [ATP] is coupled with a greater local drop in the

ATP-consuming compartments, which could explain the

coexistence of pathological energy deficit with high average

ATP levels.

METHODS

One-dimensional diffusion along the radius in
isolated myofibrils

The model, schematized in Fig. 1 a, considers myosin ATPase, which

creates the ATP gradient, diffusion of external ATP, and produced ADP.

Actomyosin ATPase activity (JATP) was described by the following equation

(29):

JATP ¼ Vm½ATP�=ðKmð1 1 ½ADP�=KiÞ1 ½ATP�Þ; (1)

where Vm was taken to be 0.22 mM/s observed in the experiment analyzed

(28), Km was 10 mM, and Ki was 200 mM (29).

Adenylate kinase (AK) activity was not inhibited under the experimental

conditions. JAK was described by the following equation:

JAK ¼
v1 3 ATP 3 AMP

Kia 3 Kb

� v01 3 ADP 3 ADP

Kid 3 Kd

� ��
den;

(2)

where den ¼ 11 ðAMP=KibÞ1 ðADP=KidÞ1 ATP 3 ð1=Kia1AMP=ðKia3

KbÞÞ1 ADP 3 ð1=Kic 1 ADP=ðKd 3 Kic 1 AMP=ðKic 3 K1bÞÞ, v1 ¼ 300.,

v01¼ 300, Kia¼ 0.1, Kib¼ 0.1, Kb¼ 0.1, Kd¼ 0.1, K1b¼ 34.9, Kid¼ 0.1, and

Kic¼ 0.1.

ADP concentration was determined according to the mass conservation

equation:

ADP½r; t� ¼ ANT� ATP½r; t� � AMP½r; t�;
where ANT is the total adenine nucleotide concentration equal to the exter-

nal ATP added into the suspension.

With the given parameters, Eq. 2 describes the known properties of the

AK reaction: equilibrium constant (ATP 3 AMP/ADP2) is ;1 (30–32), and

the Km for the substrates (0.25 mM for ATP, 0.01 mM for ADP, and 0.06

mM for AMP (33–35)).

Distribution of ATP and ATPase activity along the radius of a cylindrical

myofibril was obtained as a steady-state solution of the following system of

partial differential equations:

@ATP½r; t�
@t

¼ D
@

2
ATP½r; t�
@r

2 1
@ATP½r; t�

r@r

� �
� JATP � JAK

@AMP½r; t�
@t

¼ D
@

2
AMP½r; t�
@r

2 1
@AMP½r; t�

r@r

� �
� JAK; (3)

with boundary conditions ATP[R,t]¼ANT, ATP[�R,t]¼ANT, AMP[R,t]¼
0, and AMP[�R,t] ¼ 0.

Mean ATPase activity

The particular curves were obtained by assigning the diffusion coefficient D

to the values shown in Fig. 1. External [ATP] ¼ ANT was 0.3 mM, the

maximal value used in the experiment analyzed. ATPase activity shown in

Fig. 1 c was reconstructed according to the known nucleotide concentrations

shown in Fig. 1 b.

To compare the computed values with experimental ATPase activity of

myofibrils, the calculated nonhomogenous in-space ATPase activity (in fact,

distributed along the radius, as shown in Fig. 1 c) has to be presented as an
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average value. For such a comparison, the average in-space activity was

calculated for each external ATP concentration used in the experiment:

VATP ¼
R r¼1

0
JATPðrÞ3 2 3 r 3 dx

R
2 : (4)

Spatial distribution of enzyme activities
used in the model of two-dimensional
diffusion in myofibrils

According to the electron microscopic data (36), peaks in creatine kinase

(CK) or AK density correspond to M- and Z-lines, where ATPase activity is

minimal. Maxima of ATPase activity correspond to the center of actin and

myosin overlapping the A-zone. This distribution of enzyme activity along

the z axis of a myofibril was described as follows:

J9ATP ¼ J
0

ATP 3 ðsinð10zÞÞ2

JAK ¼ J
0

AK 3 ðcosð10zÞÞ12

JCK ¼ J
0

CK 3 ðcosð10zÞÞ12
; (5)

Here, J0
ATP is described according to Eq. 1, J0

AK is in accord with Eq. 2, and

J0
CK is described by the similar equation

J
0CK ¼ v1 3 ATP½r; z; t�3 Cr

Kic 3 Kb

�

�v01 3 ADP 3 CrP½r; z; t�
Kic 3 Kd

��
den; (6)

where

den ¼ 1 1
Cr

Kib

1
CrP

Kid

1 ATP½r; z; t�3 1

Kia

1
Cr

Kia3Kb

� �

1 ADP3
1

Kic

1
CrP½r; z; t�

Kd3Kic

1
Cr

Kic3K1b

� �

Equation 6, with the parameters, v1 ¼ 6.886, v01 ¼ 29.333, Kia ¼ 0.9,

Kib¼ 34.9, Kb¼ 15.5, Kd¼ 4.73, K1b¼ 34.9, Kid¼ 4.73, and Kic¼ 0.2224

taken from Lawson and Veech (37), describe the known equilibrium and Km

for all the substrates (38).

Oscillatory behavior of ATPase activity in time, with maximum at systole

and minimum at diastole, is described using the function JATP ¼ J9ATP 3

(cos(3t)18, which assumes the duration of systole to be ;0.2 of the total

cardiac cycle. J9ATP is described by Eq. 5.

The reaction-diffusion model describing two-dimensional diffusion was

expressed by the system of partial differential equations

FIGURE 1 Estimation of the ATP diffusion

coefficient from the diffusion-dependent rightward

shift of actomyosin ATPase activity. (a) Schema-

tized model considers myosin ATPase, which

creates an ATP gradient, and its diffusion from

the external medium and reverse diffusion of ADP.

(b and c) Distribution of, respectively, ATP and

ATPase activity along the radius of a cylindrical

myofibril computed as a steady-state solution of the

system of partial differential equations, which

accounts for ATP diffusion, its consumption by

actomyosin complex, and adenylate kinase activity

(described in the text). (d) Average ATPase activity

of myofibrils as a function of external ATP con-

centration, showing experimental data obtained in

the absence of phosphocreatine (solid circles); with

the respective model simulation (solid line), which

describes the experimental data at diffusion coef-

ficient D ¼ 0.1 mm2/s and AK reaction under the

steady-state conditions. ATPase activity measured

in the presence of phosphocreatine (12 mM, open

circles) is also shown with its respective model

simulation (dotted line).

@ATP½r; z; t�
@t

¼ D
@

2
ATP½r; z; t�
@r

2 1
@ATP½r; z; t�

r@r
1
@

2
ATP½r; z; t�
@z

2

� �
� JATP � JAK � JCK

@AMP½r; z; t�
@t

¼ D
@

2
AMP½r; z; t�
@r

2 1
@AMP½r; z; t�

r@r
1
@

2
AMP½r; z; t�
@z

2

� �
� JAK

@CrP½r; z; t�
@t

¼ D
@

2
CrP½r; z; t�
@r

2 1
@CrP½r; z; t�

r@r
1
@

2
CrP½r; z; t�
@z

2

� �
� JCK: (7)
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Here, r is a direction along the radius of a cylindrical myofibril, which

varies from –R to R ¼ 1.0 mm, and z (from �L to L ¼ 1.0 mm) is a direction

along the longitude of the myofibril. The distance between the Z- and

M-lines was taken to be ;0.3 mm. D was determined according to the

estimation for an isolated myofibril with a radius of 1.0 mm performed in the

previous step of the analysis.

For the boundary conditions of CK and AK, equilibrium was assumed in

external cytosol. In this case, for the total nucleotide concentration [ANP]¼
7 mM, total creatine [CrT] ¼ 40 mM, and given that ATP[R,z,t] ¼
ATP[�R,z,t] ¼ ATP[r,0,t] ¼ ATP[r,L,t] ¼ t0, where t0 is [ATP] in cytosol.

The boundary concentrations of other variables were described as follows:

AMP½R; z; t� ¼ AMP½�R; z; t� ¼ AMP½r; 0; t�
¼ AMP½r; L; t� ¼ ½ANP� � t0 � d0;

where d0 is [ADP] in cytosol, and

d0 ¼
�t0 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t
2

0 1 4 3 ½ANP�3 t0 3 KAK � 4 3 t
2

0 3 KAK

q
2 3 KAK

;

(8)

as follows from AK equilibrium in surrounding cytosol; and

CrP½R; z; t� ¼ CrP½�R; z; t� ¼ CrP½r; 0; t� ¼ CrP½r; L; t�

¼ ½CrT�3 t0

d0 3 KCK 1 t0

; (9)

as follows from CK equilibrium in surrounding cytosol.

Initial concentrations of all the variables inside a myofibril were taken as

equal to their boundary values.

The systems of partial differential equations corresponding to one- and

two-dimensional reaction-diffusion models were solved using ‘‘Mathema-

tica’’ software (Wolfram Research, Champaign, IL). The models are

described in more detail in Supplementary Materials.

RESULTS

Fig. 1 illustrates the ATP diffusion coefficient determination

based on the analysis of ATPase activity in isolated myo-

fibrils, specifically the rightward shift of reaction-rate

substrate dependence, which was reversed by the phospho-

creatine-facilitated diffusion (28), i.e., parallel diffusion of

ATP and phosphocreatine and exchange of high-energy

phosphate in creatine kinase reaction. The experimental data

used for the analysis are as follows.

The substrate concentration, which corresponds to a half-

maximal reaction rate (Km), for actomyosin complex was

reported to be 10 mM (29). In isolated myofibrils, where the

native structure and diffusion barriers, respectively, are pre-

served, Km shifted to ;80 mM (28). The diffusion facilita-

tion by addition of phosphocreatine restored the normal Km

value of 10 mM, thus validating that the rightward shift was

induced by diffusion limitations. To analyze this experi-

mental observation to define the diffusion coefficient for

ATP as it appears locally in myofibrils, the reaction-diffusion

model described above was used.

The reaction-diffusion model used for the analysis of myosin

ATPase activity considered a myofibril to be a homogenous

cylinder with a radius R ¼ 1 mm (Fig. 1 a), in accord with

Smith and White (39), who measured the dimensions of

isolated myofibrils using phase contrast microscopy. The

model accounted for the measured ATPase activity (JATP)

and adenylate kinase activity (JAK), maintaining equilibrium

concentrations of ATP, ADP, and AMP, and assumed that

the substrate and product diffusion proceeded according to

Fick’s law. Thus, the distribution of adenine nucleotides

along the radius of a cylindrical myofibril was obtained as a

steady-state solution of the system of partial differential

equations (Eq. 3).

The steady-state distribution of ATP along the radius

(Fig. 1 b) was calculated at the different values of diffusion

coefficient D. For a low value of D, the [ATP] inside a myo-

fibril is much less than the external concentration. Accord-

ingly, D also defines the reaction rate at each point of the

cylinder cross-section along the radius JATP(r) (Fig. 1 c). The

value corresponding to the experimental data is the average

ATPase activity calculated from JATP(r). A decrease of D
markedly affects local ATPase activity inside the myofibril

(Fig. 1 c), which results in an apparent rightward shift of the

average ATPase activity.

The dotted curve in Fig. 1 d shows the ATP dependence

of actomyosin ATPase activity in the absence of diffusion

limitations (29). Only one parameter in the model was

unknown (D), and when D ¼ 0.1 mm2/s, the rightward shift

in apparent ATPase activity coincides with the experimental

value (Fig. 1 d, thick curve). Phosphotransfer from creatine

phospate shunted the diffusion barriers, and its presence (28)

restored the normal ATP dependence of actomyosin ATPase

(Fig. 1 d, dashed curve).

The diffusion coefficient, defined above, allows comput-

ing the spatial distribution of ATP as is described next.

If the diffusion coefficient is known, the values of high-

energy phosphate concentration in cytosol, actomyosin

ATPase activity, and the spatial distribution of the ATP

consumption sites and phosphotransfer enzymes define the

energetic status at each point inside the myofibril. These

parameters are, in general, known (40,41); therefore, the

value of D defined as described above allows us to predict

the energetic state inside myofibrils in living cardiomyo-

cytes. To make such a prediction, the reaction-diffusion

model was modified, so that to account for the spatial dis-

tribution of high-energy phosphates not only along the radius

but also along the central axis of the myofibril, where the

enzyme activities were distributed inhomogenously.

Fig. 2 illustrates the spatial setting of the enzyme activities

in the model, taken according to the available structural data

(36), and the oscillations in time during cycles of cardiac

contractions. These settings, along with the diffusion coef-

ficient and the global energetic state of the cell, expressed as

surrounding ATP levels, define the spatiotemporal distribu-

tion of ATP inside myofibrils. ATPase activity, measured

experimentally as an average value for low and moderate

work states in vivo (40,41), in fact is maximal in the

A-zones, where actin and myosin filaments overlap. There-

fore, in the model, the ATPase activity, which on average
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corresponded to the measured values, was assumed to be

distributed inhomogeneously, as is shown in Fig. 2 a. Ac-

cording to the electron microscopic data, the distribution of

creatine kinase and adenylate kinase along a myofibril is also

inhomogeneous (36); the model assumed the corresponding

distribution as shown in Fig. 2 a. Total creatine, (Cr 1PCr),

40 mM (42), as well as the total adenine nucleotide amount

(ATP 1ADP 1AMP), 7 mM (43), were constant, whereas

the concentration of components varied in space and time.

Variation of the actomyosin ATPase activity over time was

simulated as shown in Fig. 2 b, which assumes that the

period of contraction accounts for 20% of the total cycle. The

details of the settings for spatial distribution of enzyme

activities could be found in the figure legend.

The reaction-diffusion model, which accounted for the

inhomogeneity along the longitude of the myofibril, in this

case was expressed by the system of two-dimensional diffu-

sion equations (Eq. 9).

Fig. 3 shows the results of simulation of spatial and tem-

poral distribution of ATP in myofibrils given the activities

shown in Fig. 2 and the diffusion coefficient determined, as

illustrated in Fig. 1. Fig. 3, a, b, d, and e, shows the spatial

distribution of ATP concentration in the moment of highest

ATP consumption (peak in Fig. 2 b) along the radius of

cross-section in the middle of the A-zone (a and d) and along

the central axis (b and e). In e, the respective distributions

of AMP are also shown, as are the temporal oscillations of

[ATP] in the central point of cross-section in the middle of

the A-zone (c and f).
The left panels (a–c) refer to normal conditions (surround-

ing ATP ¼ 6.9 mM and ADP ¼ 0.1 mM), whereas the right

panels (d–f) correspond to physiological conditions of se-

vere stress or disease (44) (surrounding ATP ¼ 6.5 mM

and ADP ¼ 0.5 mM). The only difference in the surround-

ing [ATP] results in the sharp distinctions in the local ATP

distribution.

Even at 6.9 mM surrounding [ATP], in the center of a

myofibril in the middle of the A-zone, [ATP] declines to 5

mM at high workload. The difference disappears in the

regions of Z- and M-lines where ATPase activity is insignif-

icant and ATP delivery through the external surface facil-

itated by creatine kinase is sufficient to shunt the ATP

gradients. However, the gradients exist in the A-zone, where

ATPase activity reaches its maximum and phosphotransfer

activities are low. The time course shows that [ATP], de-

creased during systole, returns to the surrounding value by

the end of diastole.

When the ATP levels in the surrounding cytosol drop from

6.9 to 6.5 mM (Fig. 3, d–f) during systole, ATP in the A-zone

declines to 2 mM and does not recover during diastole. ATP

concentration remains low not only in the A-zone but also

in the M-line. Thus, a decrease in surrounding [ATP] from

6.9 to 6.5 mM under the diffusion restriction is translated

into a sharp local drop, which could limit the function of

myofibrils.

DISCUSSION

Currently, the generally accepted concept, based on a high

ATP diffusion coefficient, which was defined using the

NMR method, cannot explain numerous observations com-

ing from studies of various cellular functions, e.g., showing

ATP compartmentalization in myofibrils (12,13), which

could result in paradoxical energy deficits in cardiac cells

under conditions of high average [ATP]. Therefore, we

defined diffusion coefficients independently, from a func-

tional study: ATPase activity of actomyosin in myofibrils,

which was different in the presence and absence of PCr.

Assuming that the difference depended on the diffusion

restrictions, we defined the diffusion coefficient, which al-

lowed us to describe the experimental situation. This analyt-

ical approach revealed anomalously slow diffusion, which,

due to the barriers represented by macromolecular obstacles,

appeared to be three orders less than that defined using

nuclear magnetic resonance (8). Then, using the diffusion

FIGURE 2 Enzyme spatial distribution, as set for the two-dimensional

reaction-diffusion model of ATP consumption in myofibrils. Distribution of

ATPase, CK, and AK activity along a myofibril (a) and time course of

ATPase activity (b) during cardiac contraction cycles, as assumed in the

model.
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coefficient thereby defined, we described the spatial and

temporal metabolite distribution that could be expected in a

working myofibril in situ and found that it could affect the

energy delivery to working myofibrils even under conditions

of high levels of ATP in the surrounding cytosol. Fig. 3

shows that even under a moderate workload, the ATP

concentration can drop from 6.5 mM in surrounding cytosol

to 2 mM in the regions of cross-section of central myofibril

axis with the A-zone of actomyosin overlapping. The models

allowed us to calculate the average expected ATP concen-

tration under this condition. Cardiac cells consist mainly of

myofibrils and mitochondria, so that there is practically no

‘‘free’’ cytosol. Integrating the ATP concentration through-

out the volume of myofibril, we found that the average

concentration was 5 mM. If the mitochondrial compartments

were taken into account, the average ATP would have been

even higher, so that the difference between average and

minimal local ATP concentration in the described situation

surpasses 3 mM. If, under the same conditions of 6.5 mM

extramyofibrillar ATP, the workload increases from 3.4 (see

Fig.3) to 5.2 mM/s (not shown), which is still within the

physiological range, the ATP level drops in the center of the

A-zone to 0.1 mM, which can create an energy-deficient

state, whereas the average intramyofibrillar ATP is 4.3 mM.

This value (or an even higher one, if one also considers the

mitochondrial compartment) would represent the minimal

possible ATP levels; further drops in ATP would result in

damage to cardiac cells.

The method of indirect determination of the diffusion

constant based on cell function studies provides a value that

allows an explanation of cell physiology data, but at first

glance it seems to be inconsistent with the direct measure-

ment of diffusion coefficient, e.g., that provided by the NMR

method (8). Also, diffusion constants of molecules in the

FIGURE 3 Expected intramyofibrillar

ATP levels computed for diffusion coeffi-

cient D¼ 0.1 mm2/s, defined as illustrated in

Fig. 1 d. The calculations were made for two

different ATPase activity levels: 1.4 mM/s

(thin lines), which corresponded to rest, and

3.4 mM/s (thick lines), which corresponded

to moderate workloads. The reaction-diffusion

model accounted for inhomogenous distri-

bution of the enzyme activity in space and

time, as is shown in Fig. 2. (a, b, d, and e)

Spatial distribution of ATP concentration in

the moment of highest ATP consumption

(peaks in Fig. 2 b) along the radius of cross-

section in the middle of the A-zone (a and d)

and along the central axis (b and e); and also

the temporal oscillations of [ATP] in the

central point of cross-section in the middle

of the A-zone (c and f). For a–c, the sur-

rounding [ATP] was set to 6.9 mM, and for

d–f, it was 6.5 mM. (e) Dotted line shows the

respective spatial distribution of AMP.
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filament lattice have been experimentally determined by the

photobleaching recovery technique (45). Both the radial and

longitudinal diffusion constants of myoglobin, a molecule

with molecular mass 17 kDa that is much larger than ATP,

has been found to be 1.1–1.3 mm2 s�1 in skeletal muscle

cells as well as in cardiomyocytes. In general, direct methods

show that diffusion is fast, whereas indirect cell physiology

data indicate that diffusion is slow. Probably the existence of

physical barriers created by macromolecular crowding in

some areas of the cytosol could impede diffusion, so that the

metabolites diffuse quickly in the absence, but apparently

slowly in the presence, of such barriers. Therefore the use of

a directly defined diffusion constant without consideration of

diffusional barriers could result in extremely incorrect

conclusions.

This study uses the indirectly defined diffusional constant

as a homogeneous characteristic of diffusion throughout

myofibrils, and this may represent another extreme and evi-

dently is a great simplification taken in the model. If direct

methods characterize the fastest diffusion in the ‘‘highways’’

of the myofibrillar compartment, the method presented here

gives the average value for the diffusion from periphery to the

catalytic sites of actomyosin complexes. Presumably, the

A-zone could be characterized by slower diffusion than other

regions, for which direct methods give correct values. The

average value could be composed of fast components, mea-

sured by direct methods, and also extremely slow compo-

nents present possibly in restricted areas. In fact, the value

present here is much higher than that found in another studies.

An example of slow apparent diffusion coefficient could be

the value for cyclo-AMP diffusion coefficient of 10�5 mm2

s�1 found in Rich et al. (18) in the subsarcolemmal layer.

Since this study considers average diffusion characteris-

tics inside myofibrils, we admit that real metabolite distri-

bution could differ from the presented picture. However, it

shows that apparent diffusion could be slow in some regions,

and the real differences in ATP levels therefore could be

extremely high. Therefore, although it is a simplification, this

study makes a step forward from the basically homogeneous

characterization currently prevalent to a real heterogeneous

description of spatiotemporal organization of intracellular

metabolites. It should stimulate more detailed studies of the

geometrical structure of diffusion barriers, which will allow a

better description of local metabolite distribution.

Fig. 3 shows that the difference between surrounding and

intramyofibrillar levels depends not only on diffusion coef-

ficient, but also on ATP consumption. The slower the con-

sumption rate, the less the ATP gradient. This could be a

reason why another study performed on isolated myofibrils

did not reveal the difference between outside and intra-

myofibrillar concentration. In fast skeletal myofibrils the Km

for ATP of myofibrillar ATPase measured at 4�C in the

absence of creatine phosphate was found to be 6 mM (46).

The ATP gradient depends also on the surrounding ATP

levels. As our calculations show, the difference between

local and surrounding [ATP] increases when the surrounding

[ATP] decreases. This translation of small changes in sur-

rounding ATP levels into a large local ATP drop is based on

the properties of creatine kinase reaction, which transfers the

high-energy phosphate between ATP and creatine. Accord-

ing to the equilibrium constant of this reaction, when

surrounding [ATP] is 6.9 mM (out of 7.0 mM total adenine

nucleotides), the phosphocreatine level is 12 mM (out of

40 mM total creatine) and its diffusion is sufficient to main-

tain high local ATP levels. A decrease of ATP to 6.5 mM

leads to a fivefold increase of [ADP] (from 0.1 to 0.5 mM),

and as creatine kinase equilibrium is still maintained, this

shift results in a drop of phosphocreatine to 3 mM. Thus,

when [ATP] is 6.9 mM the total phosphocreatine and ATP

levels (18.9 mM) are sufficient to provide normal diffusional

delivery of this energetic currency. When [ATP] drops to 6.5

mM, the total phosphocreatine and ATP levels drop

drastically (to 9.5 mM) and this impairs local energy supply.

Thus, the highly limited diffusion creatine kinase reaction

translates small reductions of surrounding ATP into high

ATP declines in the local ATP-consuming regions with high

diffusion restrictions. This is an example of an unusual

property of the intracellular space created by highly re-

stricted diffusion. Thus, diffusion limitations could define

new functionality for the well-known components, such that

the creatine kinase functions as an amplifier of cytosolic ATP

oscillations (15).

Also, some data interpreted in terms of channeling may be

better explained in terms of slow diffusion. Diffusion limi-

tations slow down the exchange between distinct metabolite

pools, an effect that could be erroneously interpreted as

channeling. The existence of such distinct pools with slow

exchange has been documented, for instance, for glycolytic

metabolites (23).

Diffusion restrictions, which define unexpected properties

of the intracellular space, are a fascinating subject for future

study, which may improve our understanding of intracellular

spatiotemporal organization. With many of the necessary

tools at hand, the time is right to expand our focus beyond

the bounds of one- or even zero-dimensional mixed cytosol

to three-dimensional structures organized in time.
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Foundation Marató TV3-042010; the Bioinformatic grant program of

the Foundation Banco Bilbao Vizcaya Argentaria, and the Comission

d’Universitats i Recerca de la Generalitat de Catalunya.

REFERENCES

1. Wiechert, W., M. Mollney, N. Isermann, M. Wurzel, and A. A. de
Graaf. 1999. Bidirectional reaction steps in metabolic networks: III.
Explicit solution and analysis of isotopomer labeling systems. Bio-
technol. Bioeng. 66:69–85.

3498 Selivanov et al.

Biophysical Journal 92(10) 3492–3500



2. Selivanov, V. A., J. Puigjaner, A. Sillero, J. J. Centelles, A. Ramos,
P. W. N. Lee, and M. Cascante. 2004. An optimized algorithm for
flux estimation from isotopomer distribution in glucose metabolites.
Bioinformatics. 20:3387–3397.

3. Selivanov, V. A., L. E. Meshalkina, O. N. Solovjeva, P. W. Kuchel, A.
Ramos-Montoya, G. A. Kochetov, P. W. N. Lee, and M. Cascante.
2005. Rapid simulation and analysis of isotopomer distributions us-
ing constraints based on enzyme mechanisms: an example from HT29
cancer cells. Bioinformatics. 21:3558–3564.

4. Selivanov, V. A., S. Marin, P. W. N. Lee, and M. Cascante. 2006.
Software for dynamic analysis of tracer-based metabolomic data:
estimation of metabolic fluxes and their statistical analysis. Bioinfor-
matics. 22:2806–2812.

5. Lederer, W. J., E. Niggli, and R. W. Hadley. 1990. Sodium-calcium
exchange in excitable cells: fuzzy space. Science. 248:283.

6. Liao, R., L. Nascimben, J. Friedrich, J. K. Gwathmey, and J. S.
Ingwall. 1996. Decreased energy reserve in an animal model of dilated
cardiomyopathy. Relationship to contractile performance. Circ. Res.
78:893–902.

7. Caus, T., F. Kober, P. Marin, A. Mouly-Bandini, J. Quilici, D. Metras,
P. J. Cozzone, and M. Bernard. 2006. Non-invasive diagnostic of
cardiac allograft vasculopathy by 31P magnetic resonance chemical
shift imaging. Eur. J. Cardiothorac. Surg. 29:45–49.

8. Hubley, M. J., R. C. Rosanske, and T. S. Moerland. 1995. Diffusion
coefficients of ATP and phosphocreatine in isolated muscle: pulsed
gradient 31P NMR of small biological samples. NMR Biomed. 8:
72–78.

9. Cabrera, M. E., L. Zhou, W. C. Stanley, and G. M. Saidel. 2005. Regu-
lation of cardiac energetics: role of redox state and cellular compartmen-
tation during ischemia. Ann. N. Y. Acad. Sci. 1047:259–270.

10. Horn, M., H. Remkes, H. Stromer, C. Dienesch, and S. Neubauer.
2001. Chronic phosphocreatine depletion by the creatine analogue
b-guanidinopropionate is associated with increased mortality and loss
of ATP in rats after myocardial infarction. Circulation. 104:1844–1849.

11. Neely, J. R., and L. W. Grotyohann. 1984. Role of glycolytic products
in damage to ischemic myocardium. Dissociation of adenosine tri-
phosphate levels and recovery of function of reperfused ischemic
hearts. Circ. Res. 55:816–824.

12. McLellan, G., A. Weisberg, and S. Winegrad. 1983. Energy transport
from mitochondria to myofibril by a creatine phosphate shuttle in
cardiac cells. Am. J. Physiol. 254:C423–C427.

13. Bricknell, O. L., and L. H. Opie. 1981. A relationship between adeno-
sine triphosphate, glycolysis and ischemic contracture in the isolated rat
heart. J. Mol. Cell. Card. 13:941–945.

14. Abraham, M. R., V. A. Selivanov, D. M. Hodgson, D. Pucar, L. V.
Zingman, B. Wieringa, P. P. Dzeja, A. E. Alekseev, and A. Terzic.
2002. Coupling of cell energetics with membrane metabolic sensing.
Integrative signaling through creatine kinase phosphotransfer disrupted
by M-CK gene knockout. J. Biol. Chem. 277:24427–24432.

15. Selivanov, V. A., A. E. Alekseev, D. M. Hodgson, P. P. Dzeja, and
A. Terzic. 2004. Nucleotide-gated KATP channels integrated with
creatine and adenylate kinases: Amplification, tuning and sensing of
energetic signals in the compartmentalized cellular environment. Mol.
Cell. Biochem. 256/257:243–256.

16. Bienengraeber M., T. M. Olson, V. A. Selivanov, E. C. Kathmann, F.
O’Cochlain, F. Gao, A. B. Karger, J. D. Ballew, D. M. Hodgson., L. V.
Zingman, Y.-P. Pang, A. E. Alekseev, and A. Terzic. 2004. ABCC9
mutations identified in human dilated cardiomyopathy disrupt catalytic
KATP channel gating. Nat. Genet. 36:382–387.

17. Karpen, J. W., and T. C. Rich. 2001. The fourth dimension in cellular
signaling. Science. 293:2204–2205.

18. Rich, T. C., K. A. Fagan, H. Nakata, J. Schaack, D. M. Cooper, and
J. W. Karpen. 2000. Cyclic nucleotide-gated channels colocalize with
adenylyl cyclase in regions of restricted cAMP diffusion. J. Gen.
Physiol. 116:147–161.

19. Lynch, R. M., and R. J. Paul. 1985. Energy metabolism and transduc-
tion in smooth muscle. Experientia. 41:970–977.

20. Shulman, R. G., and D. L. Rothman. 2001. The ‘‘glycogen shunt’’ in

exercising muscle: a role for glycogen in muscle energetics and fatigue.

Proc. Natl. Acad. Sci. USA. 98:457–461.

21. Weiss, J. N., and N. Venkatesh. 1993. Metabolic regulation of cardiac

ATP-sensitive K1 channels. Cardiovasc. Drugs Ther. 7 (Suppl. 3):

499–505.

22. Zwingmann, C., C. Richter-Landsberg, and D. Leibfritz. 2001. 13C

isotopomer analysis of glucose and alanine metabolism reveals cyto-

solic pyruvate compartmentation as part of energy metabolism in astro-
cytes. Glia. 34:200–212.

23. Cruz, F., M. Villalba, M. A. Garcia-Espinosa, P. Ballesteros, E.

Bogonez, J. Satrustegui, and S. Cerdan. 2001. Intracellular com-
partmentation of pyruvate in primary cultures of cortical neurons

as detected by 13C NMR spectroscopy with multiple 13C labels.
J. Neurosci. Res. 66:771–781.

24. Sonnewald, U., A. Schousboe, H. Qu, and H. S. Waagepetersen. 2004.

Intracellular metabolic compartmentation assessed by 13C magnetic
resonance spectroscopy. Neurochem. Int. 45:305–310.

25. Blum, J. J., G. Lawler, M. Reed, and I. Shin. 1989. Effect of

cytoskeletal geometry on intracellular diffusion. Biophys. J. 56:
995–1005.

26. Olveczky, B. P., and A. S. Verkman. 1998. Monte Carlo analysis of

obstructed diffusion in three dimensions: application to molecular
diffusion in organelles. Biophys. J. 74:2722–2730.

27. Yoshizaki, K., H. Watari, and G. K. Radda. 1990. Role of phospho-

creatine in energy transport in skeletal muscle of bullfrog studied by
31P-NMR. Biochim. Biophys. Acta. 1051:144–150.

28. Krause, S. M., and W. E. Jacobus. 1992. Specific enhancement of the

cardiac myofibrillar ATPase by bound creatine kinase. J. Biol. Chem.
267:2480–2486.

29. Cooke, R., and E. Pate. 1985. The effects of ADP phosphate on the

contraction of muscle fibers. Biophys. J. 48:789–798.

30. Golding, E. M., W. E. Teague, and G. P. Dobson. 1995. Adjustment of

K9 to varying pH and pMg for the creatine kinase, adenylate kinase and

ATP hydrolysis equilibria permitting quantitative bioenergetic assess-
ment. J. Exp. Biol. 198:1775–1782.

31. Williams, J. P., and J. P. Headrick. 1996. Differences in nucleotide

compartmentation and energy state in isolated and in situ rat heart:
assessment by 31P-NMR spectroscopy. Biochim. Biophys. Acta. 1276:

71–79.

32. Ballard, F. J. 1970. Adenine nucleotides and the adenylate kinase
equilibrium in livers of fetal and newborn rats. Biochem. J. 117:

231–235.

33. Walker, E. J., and J. W. Dow. 1982. Location and properties of two
isoenzymes of cardiac adenylate kinase. Biochem. J. 203:361–369.

34. Rhoads, D. G., and J. M. Lowenstein. 1968. Initial velocity and

equilibrium kinetics of myokinase. J. Biol. Chem. 243:3963–3972.

35. Hampton, A., and L. A. Slotin. 1975. Inactivation of rabbit, pig,

and carp adenylate kinases by N6-o- and p-fluorobenzoyladenosine

59-triphosphates. Biochemistry. 14:5438–5444.

36. Wegmann, G., E. Zanolla, H. M. Eppenberger, and T. Wallimann.

1992. In situ compartmentation of creatine kinase in intact sarcomeric

muscle: the acto-myosin overlap zone as a molecular sieve. J. Muscle
Res. Cell Motil. 4:420–435.

37. Lawson, J. W., and R. L. Veech. 1979. Effects of pH and free Mg21

on the Keq of the creatine kinase reaction and other phosphate
hydrolyses and phosphate transfer reactions. J. Biol. Chem. 254:

6528–6537.

38. Murakami, Y., J. Zhang, M. H. Eijgelshoven, W. Chen, W. C. Carlyle,
Y. Zhang, G. Gong, and R. J. Bache. 1999. Myocardial creatine kinase

kinetics in hearts with postinfarction left ventricular remodeling. Am. J.
Physiol. 276:H892–H900.

39. Smith, S., and H. D. White. 1985. Kinetic mechanism of 1-n6-

etheno-2-aza-atp and l-N9-etheno-2-aza-adp binding to bovine ventricular
actomyosin-s1 and myofibrils. J. Biol. Chem. 260:15156–15162.

Diffusion Limitations in Myofibrils 3499

Biophysical Journal 92(10) 3492–3500



40. Joubert, F., J. L. Mazet, P. Mateo, and J. A. Hoerter. 2002. 31P NMR
detection of subcellular creatine kinase fluxes in the perfused rat heart:
contractility modifies energy transfer pathways. J. Biol. Chem. 277:
18469–18476.

41. Bittl, J. A., J. DeLayre, and J. S. Ingwall. 1987. Rate equation for
creatine kinase predicts the in vivo reaction velocity: 31P NMR surface
coil studies in brain, heart, and skeletal muscle of the living rat.
Biochemistry. 26:6083–6090.

42. Aliev, M. K., and V. A. Saks. 1997. Compartmentalized energy
transfer in cardiomyocytes: use of mathematical modeling for analysis
of in vivo regulation of respiration. Biophys. J. 73:428–445.

43. Saks, V. A., G. B. Chernousova, D. E. Gukovsky, V. N. Smirnov,
and E. I. Chazov. 1975. Studies of energy transport in heart cells.

Mitochondrial isoenzyme of creatine phosphokinase: kinetic prop-
erties and regulatory action of Mg21 ions. Eur. J. Biochem. 57:
273–290.

44. Weiss, J. N., N. Venkatesh, and S. T. Lamp. 1992. ATP-sensitive K1
channels and cellular K1 loss in hypoxic and ischaemic mammalian
ventricle. J. Physiol. 447:649–673.

45. Papadopoulos, S., V. Endeward, B. Revesz-Walker, K. D. Jurgens, and
G. Gros. 2001. Radial and longitudinal diffusion of myoglobin in
single living heart and skeletal muscle cells. Proc. Natl. Acad. Sci.
USA. 98:5904–5909.

46. Lionne, C., F. Travers, and T. Barman. 1996. Mechanochemical
coupling in muscle: attempts to measure simultaneously shortening and
ATPase rates in myofibrils. Biophys. J. 70:887–895.

3500 Selivanov et al.

Biophysical Journal 92(10) 3492–3500


