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Wu F, Jeneson JA, Beard DA. Oxidative ATP synthesis in
skeletal muscle is controlled by substrate feedback. Am J Physiol Cell
Physiol 292: C115-C124, 2007. First published July 12, 2006;
doi:10.1152/ajpcell.00237.2006.—Data from >'P-nuclear magnetic
resonance spectroscopy of human forearm flexor muscle were ana-
lyzed based on a previously developed model of mitochondrial oxi-
dative phosphorylation (PLoS Comp Bio 1: €36, 2005) to test the
hypothesis that substrate level (concentrations of ADP and inorganic
phosphate) represents the primary signal governing the rate of mito-
chondrial ATP synthesis and maintaining the cellular ATP hydrolysis
potential in skeletal muscle. Model-based predictions of cytoplasmic
concentrations of phosphate metabolites (ATP, ADP, and P;) matched
data obtained from 20 healthy volunteers and indicated that as work
rate is varied from rest to submaximal exercise commensurate in-
creases in the rate of mitochondrial ATP synthesis are effected by
changes in concentrations of available ADP and P;. Additional data
from patients with a defect of complex I of the respiratory chain and
a patient with a deficiency in the mitochondrial adenine nucleotide
translocase were also predicted the by the model by making the
appropriate adjustments to the activities of the affected proteins
associates with the defects, providing both further validation of the
biophysical model of the control of oxidative phosphorylation and
insight into the impact of these diseases on the ability of the cell to
maintain its energetic state.

computational model; mitochondria; cellular energetics; oxidative
phosphorylation; *'P-NMR spectroscopy

MITOCHONDRIAL OXIDATIVE ADP phosphorylation is the primary
source of ATP in skeletal muscle during aerobic exercise.
Thus, to maintain the free energy state of the cytoplasmic
phosphoenergetic compounds ATP, ADP, and P;, oxidative
phosphorylation is modulated to match the rate of ATP utili-
zation during exercise. It has recently been shown through
computational model-based analysis of data obtained from
3IP_NMR spectroscopy of working in vivo dog hearts that the
primary control mechanism operating in cardiomyocytes is
feedback of substrate concentrations for ATP synthesis (5). In
other words, changes in the concentrations of the products
generated by the utilization of ATP in the cell, ADP and P;,
effect changes in the rate at which mitochondria utilize those
products to resynthesize ATP (5).

Here the question of whether this same mechanism can
explain the observed data on the control of oxidative metabo-
lism in skeletal muscle is investigated. Previous analyses of
3IP-NMR spectroscopy (*'P-MRS) data on energy balance in
exercising skeletal muscle have mainly focused on testing ADP

feedback control of mitochondrial ATP synthesis using black
box descriptions of the mitochondrial ATP synthetic pathway
(8, 14-16, 28), P; acceptor control (7), and thermodynamic
control involving quasi-linear relations between cytoplasmic
Gibbs free energy of ATP hydrolysis and mitochondrial ATP
synthesis flux (13, 18, 31). Yet, to date, these *'P-MRS data
have not been adequately explained based on a detailed mech-
anistic model of oxidative phosphorylation and cellular ener-
getics.

To analyze and interpret data from skeletal muscle, our
previously published model of oxidative ATP synthesis and
metabolism in cardiomyocytes (5) is adapted to skeletal muscle
by setting intracellular concentration pools of creatine and
phosphate to appropriate values (based on measured data) and
appropriately adjusting the cellular mitochondrial content to
match the available morphometric data. Data on cytoplasmic
ADP and P; concentrations as a function of work rate in human
forearm flexor muscle from 20 untrained healthy subjects (13),
6 subjects with complex I deficiency in skeletal muscle (11,
22), and a single patient with deficiency in adenine nucleotide
translocase (ANT) (2, 3) were analyzed based on the compu-
tational model.

Results of this analysis indicate that the existing computa-
tional model of the kinetics of mitochondrial oxidative phos-
phorylation accurately captures the in vivo kinetics of oxida-
tive ATP synthesis and transport of phosphate metabolites
between mitochondria and cytoplasm in skeletal muscle. The
mechanism of control of oxidative phosphorylation is through
feedback of substrates for ATP synthesis. No additional regu-
latory mechanisms, such as feed-forward control of certain
enzymes via cytosolic calcium levels (9) or functional coupling
between mitochondrial creatine kinase and ANT (23, 26, 27),
are necessary to explain the majority of the observed data. In
addition, the impact of specific protein deficiencies on the
relationship between oxidative phosphorylation and cytoplas-
mic ADP and P; is successfully explained by making the
appropriate modifications to the mitochondrial enzymes altered
in the diseases.

METHODS
Overview of Computational Model

ATP utilization, cytoplasmic phosphoenergetic buffers, and ox-
idative ATP synthesis are simulated in a model of skeletal muscle
energetics illustrated in Fig. 1. The cell is divided into cytoplasmic
and mitochondrial compartments; the variables simulated within
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Fig. 1. Illustration of components included in the compu-
tational model of oxidative phosphorylation in skeletal
muscular cells. All reactions and mass transport take place
in three compartments: cytoplasm, mitochondrial inter-
membrane space, and mitochondrial matrix. ANT, adenine
nucleotide translocase; AW, mitochondrial membrane po-
tential; CK, creatine (Cr) kinase; AK, adenylate kinase;
AH, (please define).
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the compartments are listed in Table 1, with a brief description of
the variables and units associated with each variable. The compu-
tational model for cellular energetics and oxidative phosphoryla-
tion is derived from recently published computational models
developed for cardiac mitochondria (4) and cardiomyocytes (5). A
complete description of the computational model is provided in the
APPENDIX.

Model Parameter Values

Model parameter descriptions and assigned values are listed in
Table 2. With the exception of the total pool of exchangeable
phosphate (TPP) in the cell, all parameter values in the model are
fixed at values justified by previous studies. The total exchangeable
phosphate pool is computed from the equation

TPP = [chlowc(z[ATP]c + [ADP]«. + [Pi]c + [CI‘P]C)
+ VuioWi(2[ATP]; + [ADP], + [P;];)
+ Vi WL([ATPL + [PL)] (1)

where Veyio and Vi are the volume densities of cytoplasm and
mitochondria in the myocyte model (in units of volume cytoplasm or
mitochondria per cell volume); W, and W; are the matrix and
intermembrane space water volumes (in units of volume of water per
volume of mitochondria), respectively; and W. is the water fraction of
the cytoplasmic space. By comparing simulation predictions with
experimental data (see RESULTS), values of TPP of 36.8, 36.3, and 30.3
mM are chosen as the values most consistent with the experimental
observations for healthy subjects, complex I-deficient subjects, and
ANT-deficient subjects. To adjust the TPP value, the value of [P;]c
used as an initial condition in model simulations is adjusted to obtain
optimal model fits to the observed data.

The parameter values listed in Table 3 are organized structure/
volume parameters, physicochemical parameters, mitochondrial
model parameters, fixed concentrations and concentration pools, and
binding constants.

All values for concentrations of pooled metabolites are set accord-
ing to values reported in previous studies, with the exception of TPP,
which is estimated below. Binding constants are obtained from the
literature; enzyme activities for reactions maintained near equilibrium
are set to arbitrarily high values.

3TP-NMR spectroscopic measurements of phosphate metabolites in
the ulnar finger flexor muscle in the human forearm were acquired at
1.5 T at rest and during voluntary ramp exercise using 'H imaging-
guided localization in all subjects and analyzed according to the
methods described in detail elsewhere (12).

RESULTS
Analysis of Data from Healthy Subjects

Model predictions of steady-state concentrations of cyto-
plasmic ADP and P; as functions of the work rate (rate of
cellular ATP consumption) are compared with experimental
measures obtained from healthy subjects in Fig. 2. The model
predicts that ADP concentration increases from ~17 pM at
rest to ~110 wM at the maximum observed work rate and that
P; concentration increases from 0.3 mM at rest to ~18 mM at
the maximum observed work rate.

The experimental data plotted in Fig. 2 are obtained from the
previous study of Jeneson et al. (13). Data were collected
during steady-state exercise, during which the contribution to
ATP synthesis from anaerobic glycolysis was negligible (13).
Cellular pH stayed within 0.1 pH units of 7.0 in all subjects.
Jeneson et al. (13) reported measured phosphate metabolite
levels as a function of the work rate measured as a fraction of
the maximal exercise rate. These fractional work rates were
translated to absolute ATP synthesis fluxes based on the
observations that the average rates of ATP hydrolysis in human
forearm flexor muscle at rest and 65% of maximal exercise are
0.008 mmol (liter cell water)”!'-s~! (6) and 0.22 mmol (liter
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Units

Variables Description
[H*]x Concentration of H" ion in mito matrix
[K*]x Concentration of K* ion in mito matrix
[Mg>*1« Concentration of Mg?* ion in mito matrix
[NADH]x Concentration of NADH in mito matrix
[NAD]x Concentration of NAD in mito matrix
[QHz] Concentration of reduced ubiquinol in mito matrix
[Q] Concentration of oxidized ubiquinol in mito matrix
[ATP]x Concentration of total ATP in mito matrix
[ADP]« Concentration of total ADP in mito matrix
[mATP]x Concentration of Mg?*-bound ATP in mito matrix
[mATP]x Concentration of Mg?*-bound ADP in mito matrix
[Pilx Concentration of inorganic phosphate in mito matrix
[cytoC(red)> " T; Concentration of reduced cytochrome ¢ in IM space
[cytoC(ox)**]; Concentration of oxidized cytochrome ¢ in IM space
[ATPJ; Concentration of total ATP in IM space
[ADP]; Concentration of total ADP in IM space
[AMP]; Concentration of total AMP in IM space
[mATP]; Concentration of Mg?*-bound ATP in IM space
[mADP]; Concentration of Mg?*-bound ADP in IM space
[Pili Concentration of inorganic phosphate in IM space
[Mg2*]; Concentration of Mg?* ion in IM space
[ATP]. Concentration of total ATP in myocyte
[ADP]. Concentration of total ADP in myocyte
[AMP]. Concentration of total ADP in myocyte
[MATP]. Concentration of Mg?*-bound ATP in myocyte
[mADP]. Concentration of Mg?*-bound ADP in myocyte
[Mg>*]e Concentration of free Mg? " ion in myocyte
[Pile Concentration of inorganic phosphate in myocyte
[CrP]e Concentration of creatine phosphate in cytoplasm
[Cr]e Concentration of creatine in cytoplasm
AV Mitochondrial membrane potential

mol (1 matrix water) !
mol (1 matrix water) '
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 matrix water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 IM water) !
mol (1 cell water) ™!
mol (1 cell water)™!
mol (1 cell water) ™!
mol (1 cell water)!
mol (1 cell water)™!
mol (1 cell water)™!
mol (1 cell water) ™!
mol (1 cell water)™!
mol (1 cell water) ™!
mV

IM, inter membrane.

cell water)”'-s™!, respectively (14), and the assumption that
power output and rate of ATP hydrolysis are linearly propor-
tional (21).

The agreement between the model simulations and the
observed data is striking considering that a single adjustable
parameter (TPP) was varied to match model simulations to the
data. In fact, the model-predicted [ADP]. values are not sen-
sitive to the value of TPP. A 10% increase in the value of this
parameter results no significant change in the model predicted
[ADP]. and a >100% increase in the mean-squared difference
between model predictions of [P;]. and the observed data. Thus
the nature of the relationship between work rate and [ADP].
does not depend on the value of TPP. The predicted [ADP].
and [P;]. as a functions of workload at the value of TPP = 40.5
mM (10% greater than the optimal value) is plotted as a dashed
lines in Fig. 2. It is apparent that the higher value of TPP results
in an improvement in the model fit to the [P;]. data at low work
rates, but an overall agreement between the model predictions
and experimental data that is worse than for the optimal value.

To investigate the factors controlling this relationship, we
analyzed the sensitivity of the model predictions of Fig. 2A to
the parameter values used in the kinetic model for the ANT
flux of Eq. AI0. This expression invokes three parameters,
XanT, 0, and K, app (assumed values for these parameters are
listed in Table 2). To quantify the impact of variation in these
parameters on the work-ADP relationship, we fit the predicted
data to the function V = V,.x«([ADP]. — x,)/([ADP]. — x, +
Kmn), where V represents the ATPase flux and Viax, Xo, and K,
are fitting parameters. The predictions plotted in Fig. 2A are

well represented by this function for Vi,x = 0.44 mmols ™' (1
cel)™!, x, = 16.5 uM, and K,, = 0.11 mM. Sensitivity
analysis reveals that the apparent K,, is highly sensitive to the
value of 0 (sensitivity coefficient |9 In K,/dln 6| ~5), and less
sensitive to Xant (sensitivity coefficient |9 In K, /0 In Xant | =~
0.5). The Viax is most sensitive to the value of Xant (sensi-
tivity coefficient |3 In Vinax /0 In Xant|=~ 0.6) and less sensitive
to O (sensitivity coefficient |9 In Via/d In 0] ~ 0.3). Neither
K nor Vi is sensitive to the value of Ky, app. Thus, in terms
of the ANT transporter model, the apparent K, for the rela-
tionship between ADP and work is primarily controlled by the
parameter 0.

Analysis of Data from Patients with Complex I Deficiency

Model predictions and experimental data from six patients
(three of which were first- and second-degree relatives) who
were diagnosed with mitochondrial complex I deficiency at the
isolated mitochondria level are plotted in Fig. 3. These data
were collected under the same protocol as for the healthy
subjects; data were first published in Ref. 11. The experimental
data show steeper relationships between [ADP]. (or [P;i]c) and
ATP hydrolysis rate than are observed in healthy subjects,
resulting from an impaired capacity of the mitochondria to
synthesize ATP and transport it to the cytoplasm as levels of
ADP and P; increase.

To match the observed data on complex I-deficient pa-
tients, the mitochondrial model was modified in two ways.
First, based on observations that whole-body resting oxygen
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Table 2. Parameter values

ATP SYNTHESIS IN SKELETAL MUSCLE

Parameter Description Value Units Reference
Physicochemical Parameters
RT Gas constant times temperature 2.5775 kJ mol !
F Faraday’s constant 0.096484 kJ mol~! mV~!
AGo.c1 Standard free energy, complex I —69.37 kJ mol ! 1#
AGoc3 Standard free energy, complex III —32.53 kJ mol ! 1#
AGoca Standard free energy, complex IV —122.94 kJ mol ! 1#
AGoatp Standard free energy, ATPase 36.03 kJ mol ! 1@
Structure/Volume Parameters
Veyto Cytoplasm volume 0.894 (1 cytoplasm) (1 cell)™!
Vmito Mitochondrial volume 0.056 (1 mito) (1 cell)™! 30
Wy Matrix water space fraction 0.6514 (1 water) (1 mito) ™! 4,29
Wi IM space water fraction 0.0724 (1 water) (1 mito) ™! 4,29
We Cytoplasm water fraction 0.8425 (1 water) (1 cytoplasm) ! 29
v Outer membrane area per mito volume  5.99 pm! 20
Mitochondrial Models
r Dehydrogenase model parameter 4.559 unitless 5¢
kpi,1 Dehydrogenase model parameter 0.1553 mM 5¢
kpi2 Dehydrogenase model parameter 0.8222 mM 5¢
Xpu Dehydrogenase activity 0.0866 mol s7! M~! (1 mito)™! 5¢
Xci Complex I activity 4.405 X 10° mol s~! M~2 (1 mito) ! 5be
Xc3 Complex III activity 4.887 mol s~! M2 (1 mito) ! 5¢
Xca Complex IV activity 6.766 X 1073 mol s~! M~! (1 mito) ™! 5¢
Xr1 F, Fo-ATPase activity 1,000 mol s~ M~! (1 mito)™! 5¢
XANT ANT activity 8.123 X 1073 mol s~ (1 mito)~! 5be
Xpint H*/P;~ co-transport activity 3.850 X 10° mol s™! M™! (1 mito) ™! 5¢
kpit H*/P;~ co-transport parameter 0.2542 mM 5¢
Xk K*/H™ antiporter activity 5.651 X 107 mol s~! M2 (1 mito) ! 5¢
Xnte Proton leak activity 200.00 mol s~ ' M~ ! mV~! (1 mito)~! 5¢
kpi3 Complex III/P; parameter 0.3601 mM 5¢
kpia Complex III/P; parameter 5.924 mM 5¢
na H™ stoich. coef. for FiFo-ATPase 3 unitless 24
Pri Mitochondrial membrane permeability 327 pm/s 26
to inorganic phosphate
Pa Mitochondrial outer membrane 85.0 pm/s 17
permeability to nucleotides
km.ADP ANT Michaelis-Menten constant 3.5 X 10° M 26¢
0 ANT parameter 0.35 unitless 26°¢
ko2 Kinetic constant for complex IV 1.2 X104 M 26°
B Matrix buffering capacity 0.01 M 26°¢
Cim Capacitance of inner membrane 6.75 X 107° mol (I mito)"! mV~! 4,10
Fixed Concentrations and Concentration Pools
NAD:ot Total matrix NAD(H) concentration 2.97 mol (1 matrix water) ! 26°
Qrot Total matrix ubiquinol concentration 1.35 mol (1 matrix water) ! 26°¢
cytCeot Total IM cytochrome ¢ concentration 2.70 mol (1 IM water) ! 26°¢
Aot Total matrix ATP + ADP 10 mol (1 matrix water) ! 26°¢
concentration
[H*]e H* ion concentration in cytoplasm 10770 mol (1 cytoplasm water) !
[K*]e K* ion concentration in cytoplasm 150 mol (1 cytoplasm water) !
TPP Total phosphate pool 30.3-36.8 mmol (1 cell)™!
CRiot Total Cr + CrP concentration 42.7 mol (1 cytoplasm water) ! 13
[02] Oxygen concentration 348 X 1077 M
Binding Constants
Kak Adenylate kinase equilibrium constant 0.4331 unitless 1@
Kcx Creatine kinase equilibrium constant 1.66 X 10° M! 25
Kwmg-atp Mg-ATP binding constant 24 X 107° M 26
Kmg-app Mg-ADP binding constant 347 X 107° M 26
Xak Adenylate kinase activity 1 %107 Ms ' M2
Xcx Creatine kinase activity 1 X107 Ms ' M2
Xmga Mg?* binding activity 1 X107 Ms ' M2
kan H>PO4~ proton dissociate constant 1.7783 X 1077 M 1

TPP values have been adjusted to match data. *Computed from thermodynamic data tabulated in cited reference. ®Value is for control (healthy) subjects. “Value

used is taken from previous modeling studies, not direct experimental measure.

consumption is increased in the patients with complex I
deficiency compared with healthy subjects (22), it was
assumed that no protons are pumped by complex I, altering
the stoichiometry of the reaction model. Changes to the
governing equations to account for this phenomenon are

described in the AppENDIX; see Egq. Al9 for details. This
change in the proton stoichiometry results in a 47% increase
in the predicted rate of resting oxygen consumption in the
muscle compared with the normal (healthy) case. Measured
whole-body resting oxygen consumption in three patients
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Flux Description

Units

Mitochondrial Matrix Reactions

Jou Mitochondrial dehydrogenase mol s~ ! (1 mito) ™!
Jei Complex I mol s~ (1 mito)™!
Jcs Complex IIT mol s~! (1 mito)~!
Jca Complex IV mol s~ (1 mito)™!
Jr1 F1Fo ATPase reaction mol s~! (1 mito)~!
JANT Adenine nucleotide translocase mol s~ (1 mito)™!
Jeint Phosphate-hydrogen cotransporter mol s~ ! (1 mito) ™!
JHle Proton leak mol s~ (1 mito)™!
Jku Mitochondrial K*/H* exchager mol s~! (1 mito)~!
JmgaTPx Mg?*/ATP binding in matrix mol s~! (1 mito) ™!
JMeADPx Mg?*/ADP binding in matrix mol s~! (1 mito) !
Mitochondrial IM Space Reactions
Jaki Adenylate kinase flux in IM space mol s~ ! (1 mito) !
JMgATPi Mg?*/ATP binding in IM space mol s™! (1 mito)™!
JmeADPi Mg2*/ADP binding in IM space mol s~ ! (1 mito) !
Mitochondrial Transport Fluxes
Jpic Phosphate transport across outer membrane mol s~ (1 mito) ™!
JATPt ATP transport across outer membrane mol s~! (1 mito)~!
JAaDPt ADP transport across outer membrane mol s~ (1 mito)~!
JAMPt AMP transport across outer membrane mol s~! (1 mito)~!
Cytoplasmic Reactions
Jake Adenylate kinase flux in cytoplasm mol s~! (1 cytoplasm) ™!
Jeke Creatine kinase flux in cytoplasm mol s™! (1 cytoplasm)~!
JmgATPe Mg?*/ATP binding in cytoplasm mol s~! (1 cytoplasm) ™!
JmeADPe Mg?*/ADP binding in cytoplasm mol s~ ! (1 cytoplasm) ™!
Jac ATP consumption in cytoplasm mol s~! (1 cell)™!

with this deficiency was 28 * 14% greater compared with
healthy subjects (22). Second, the activity of complex I was
reduced to ~1/1,000 of the normal value to match the
observed data. Thus, to obtain the model predictions illus-
trated in Fig. 3, the activity of complex I was reduced by
approximate 1,000-fold compared with the normal case.

Here the model shows excellent agreement to the ob-
served data on both [ADP]. and [P;].. As is the case for the
data from healthy subjects, the predictions of [P;]. are
sensitive to the value of TPP, whereas the predictions of
[ADP]. are not. Thus the relationship between work rate and
substrates for ATP synthesis is explained by a drastic
reduction in the activity and a loss in proton pumping of
mitochondrial complex I.

Analysis of Data from Patient with ANT Deficiency

Figure 4 shows data on [ADP]. and [P;]. measured in a
single patient characterized as having an ANT deficiency in
muscle (2, 3). The ANT transporter exchanges mitochon-
drial ATP for cytoplasmic ADP. Thus impairment in the
activity of ANT results in a reduction in the ability of the
mitochondrion to deliver ATP to the cytoplasm. Data were
collected under the protocol described for healthy and com-
plex I-deficient subjects; a subset of these data was first
published in Ref. 11.

Western blot analysis revealed that in the patient the ANT
protein was present at 25% of the concentration found in
healthy subjects (3). Thus to account for the deficiency in the
model, the activity of the ANT transporter was reduced to 25%
of the normal value for healthy subjects.

Figure 4 shows that ADP was much higher at rest and
increased more rapidly with exercise in this patient than in
healthy subjects and in the complex I-deficient patients. The
ADP concentration of 150 pM that was measured at the
modest work rate of 0.081 mmol ATP consumed per second
per liter cell was greater than any value measured in the healthy
or complex I deficient subjects. Model predictions are similar
to the measured data; the model predicts [ADP]. is 42 pM at
rest (compared with the measured value of 64 nM) and
increases sharply with work rate.

Maintenance of free energy of ATP hydrolysis. Figure 5
shows model-predicted free energy of ATP hydrolysis vs. ATP
hydrolysis rate, computed using the parameters obtained for
the healthy subjects, complex I-deficient patients, and the ANT
deficient patient. Since cellular pH values are 7.0 = 0.1 for all
the subjects, the free energy of ATP hydrolysis is computed by
the relationship

2)

[fADP][Pi].
AGarp = AGyurp + RTIn|

[fATP].

where AGarp is the standard free energy of ATP hydrolysis at
pH 7.0, R is the universal gas constant, and 7 is temperature in
degrees Kelvin (for parameter values, see Table 2). [fADP].
and [fATP]. denote magnesium unbound ADP and ATP con-
centration in the cytoplasm, respectively. For the normal sub-
jects, Jeneson et al. (9) observed quasi-linear relationship
between the free energy of ATP hydrolysis and power output;
the model predictions verify this observation except at low
work rates where the predicted values of [P;]. tend to be lower
than the observed values.
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Fig. 2. Model prediction of ADP concentration and inorganic phosphate
concentration in cytoplasm as a function of ATP hydrolysis rate in the healthy
subjects. A: plot of predicted ADP concentration in cytoplasm, [ADP]., as a
function of ATP hydrolysis rate, ATPase flux. B: plot of predicted P; concen-
tration in cytoplasm, [Pi]c, as a function of ATP hydrolysis rate, ATPase flux.
The solid and dashed lines represent model-predicted results. The circles
represent experimentally measured estimation from Jeneson et al. (9). Solid
line correspond to the optimal value of the total pool of exchangeable
phosphate (TPP) = 36.8 mM; dashed lines correspond to TPP = 40.5 mM
(10% greater than the optimal value).

DISCUSSION

This work introduces an integrated computational model for
skeletal muscle oxidative phosphorylation and fluxes of ATP,
ADP, AMP, CrP, and P; in the cytoplasm. Although the central
component of the model—mitochondrial oxidative phosphor-
ylation—is based on a mitochondrial model previously devel-
oped to match data on isolated mitochondria from rat heart, the
integrated model matches a rich set of data on in vivo phos-
phate compounds from human skeletal muscle in healthy and
complex I deficient individuals. The model also produces
reasonable predictions for the ANT deficient subject, although
the data available for comparison are sparse.

The analysis predicts that the rate of oxidative phosphory-
lation is primarily regulated through concentrations of the
substrates for ATP synthesis (ADP and P;), since no additional
control mechanisms, such as feed-forward control of certain
enzymes via cytosolic calcium levels (9) and functional cou-
pling between mitochondrial creatine kinase and ANT (23, 26,
27) that have been proposed to operate in the heart, were
incorporated into the model. The current analysis does not rule

ATP SYNTHESIS IN SKELETAL MUSCLE

out the possibility that ancillary control mechanisms are active
in skeletal muscle (16, 28); however, it shows that major
contributions of such mechanisms to the overall regulation of
the mitochondrial ATP synthetic pathway are not necessary to
explain the thrust of the observed data.

Although the model predicts cytoplasmic ADP, P;, and ATP
(not shown) concentrations that agree well with observed data,
the present model systematically underpredicts P; concentra-
tion in the resting state. As illustrated in Fig. 2B, *'P MRS
measurements indicate that inorganic phosphate concentrations
are ~3 mM at rest, whereas the model predicts resting [Pi]. to
be only 0.3 mM. This may be due to in part to the fact that the
mitochondrial model was constructed to match data obtained
from mitochondria isolated from cardiomyocytes. Inorganic
phosphate concentrations in heart are significantly lower than
in mixed fiber type skeletal muscle such as human skeletal
muscle (19) if not undetectable at low work rates (32).

We used the empirical fitting function V = V. ([ADP]. —
Xo)/([ADP]. — xo + Ky,) to capture key trends in the model
prediction for the control case and to characterize the sensitiv-
ity of the model predictions to key model parameters in terms
of sensitivity coefficients for the fitting parameters. Sensitivity
analysis revealed that the parameter 6 for ANT flux in the

0.2

0.15

[ADP]_ (mM)
o

[Pi] . (mM)

0 0.05 0.1 0.15 0.2 0.25
ATPase Flux (mmol sec! (I ceII)_1)

Fig. 3. Model prediction of ADP concentration and inorganic phosphate
concentration in cytoplasm as a function of ATP hydrolysis rate in the complex
I-deficient subjects. A: plot of predicted ADP concentration in cytoplasm as a
function of ATP hydrolysis rate, ATPase flux. B: plot of predicted P; concen-
tration in cytoplasm as a function of ATP hydrolysis rate, ATPase flux. The
solid line represents model-predicted results. The circle points represent
experimentally measured estimation from Jeneson et al. (8).
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model has a significant impact on the apparent affinity for ADP
in the relationship between cytoplasmic ADP concentration
and rate of oxidative metabolism. Future studies including a
full-scale sensitivity and metabolic control analysis of the
current model as well as next-generation models incorporating
ancillary biochemical detail will be necessary to further im-
prove agreement of predicted data with empirical knowledge.

The control of oxidative phosphorylation by substrate con-
centrations allows the mitochondria to maintain a free energy
of ATP hydrolysis of less than —55 kJ/mol over the observed
range of work rates in human forearm muscle of healthy
subjects. However, as shown in Fig. 5, the magnitude of
AGtp drops more quickly with increasing work in the ANT-
deficient patients than in normal subjects, and the predicted
magnitude of AGarp in the complex I-deficient patients at rest
is significantly lower than that of the other two sets of subjects.
These abnormalities in the complex I- and ANT-deficient
subjects result in reduced capacity to do work.

Data on complex I-deficient patients are fit by reducing the
activity of complex I compared with the normal case, and
assuming that complex I pumps no protons in the complex I
deficient patients. However, while the closest fit to the ob-

0.2
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Fig. 4. Model prediction of ADP concentration and inorganic phosphate
concentration in cytoplasm as a function of ATP hydrolysis rate in the
ANT-deficient subjects. A: plot of predicted ADP concentration in cytoplasm
as a function of ATP hydrolysis rate, ATPase flux. B: plot of predicted
inorganic phosphate concentration in cytoplasm as a function of ATP hydro-
lysis rate, ATPase flux. The solid line represents model-predicted results. The
circles represent experimentally measured estimation from Bakker et al. (3).
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Fig. 5. Model-generated curves of free energy of ATP hydrolysis against ATP
hydrolysis rate for the healthy subjects, the complex I-deficient subjects, and
the ANT-deficient subjects. The free energy of ATP hydrolysis, AGatp, is
computed based on model-predicted concentrations of metabolites in cyto-
plasm. The dashed line corresponds to a AGarp value of —55 kJ/mol.

served data on ADP and P; is obtained by reducing the complex
I activity by a factor of ~1/1,000 compared with the normal
case, it is necessary to be cautious in interpreting the scaling
factor of ~1/1,000. Since the complex I activity for the normal
case was not identified with significant sensitivity (4), the ratio
between activities in normal and complex I deficient patients
also cannot be determined sensitively. Yet, regardless of the
sensitivity of the estimate, it was clear from oxygen polaro-
graphic studies on isolated mitochondria from patient leg
muscle biopsies (H. R. Scholte, unpublished observations) that
the activity of complex I is significantly diminished in the
complex I deficient patients.

To analyze data from the patient with a deficiency of ANT,
it was not necessary to introduce an arbitrary scaling factor to
fit the measured data. Since the level of ANT expressed in
mitochondria of the patient was directly assayed and found to
be 25% of that in healthy subjects, it was possible to incorpo-
rate this measurement directly in the model by scaling the
healthy ANT activity by 0.25. The fact that differences ob-
served in cytoplasmic phosphoenergetic compounds between
healthy subjects and this patient are explained based on this
single adjustment to the model provides independent validation
of the mitochondrial model and the conclusions drawn from its
behavior.

APPENDIX
Computational Model

The computational model for skeletal muscle energetics and oxi-
dative phosphorylation is derived from a previously published model
applied to cardiac tissue (5). For the current application, the cardiac
model has been modified in two ways to adapt the model to analyze
data from human skeletal muscle. First, the oxygen transport compo-
nent of the previous model has been removed. It is assumed that the
skeletal muscle remains normoxic during the experiments and the
cellular oxygen concentration, [O»], which is a variable in the model
of Beard (5), appears as a fixed parameter in the current model.
Second, the mitochondrial volume of the muscle cell, which is ~30%
of cell volume in cardiomyocytes (29), is set to Vinito = 0.056 (I mito)
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(1 cell) ~1, a value measured from biopsies of human vastus lateralis
muscle (30).

The model is expressed in terms of the following set of differential
equations:

d[H"]/dt = B"[H*]X(JrjDH —5Jc) = 20y — Ay + (ny — 1)Jg
+2Jpien — Jxu + )/ Wy
d[K 1 /dt = (+Jx)!W,
d[Mg* 1 /dt = (—Jygapex — Jugate)/ W
d[NADH ] /dt = (+Jpyg — Jc1)/W,
d[QH,]Jdr = (+]c; — Jes) Wy
d[cth(red)“]i/dt = (+2J¢5 — 2Jc)IW;
d[ATP]/dr = (+Jp, = Jane)/ W,
d[mATP]/dt = (+Tveate)/ Wy
d[mADP],/dt = (T ygapp)/ Wy
d[P]J/dt = (= I, + Jp)/W,
d[ATP/dt = (FJpqp + Jant + Jaxi)/W;
d[ADP]/dt = (+Japp. — Jant — 2Jaxi)/W;
A[AMP]/dt = (+ ] aup + Jaxi)/WV,
d[mATP]/dt = (FHTveare)/ Wi
d[mADP]/dt = (+Tveanr)/ Wi
d[Pil/dt = (+Tpi, — Join)/W;
d[Mg**V/dt = (= Jugavri = Jgare)W;
d[ATPL/dt = [~ (Vi Veyoate = Iac/ Veyo + Jake T Jexe/We
d[ADPL/dt = [~ (Vi VeyMapm T Inc/Veyo = 2ake — Jexel/We
d[AMP/dt = [~ (V i/ VegioW astee + Jaxel/We
d[MgATP]/dt = (+Tygatec)/We
d[MgADP] /dt = (+J1\,IgADPC)/WC
d[Pddt = [=(V i/ Vegol e T Jac! Veyiol We
d[Mg*"1ddt = (= Jygavpe — Jngatec)/We
d[CrP]/dt = (—Jcx)/W.
dAY/dt = (+4T¢; + 203 + 4y — npde — Jant — Je)/Cim

(A1)

9 <9
s

In the above set of equations, the subscripts “x”, “i”, and “c”,
denote mitochondrial matrix, intermembrane space, and cytoplasm,
respectively. All of the variables in this set of equations are defined in
Table 1.

In addition to the state variables treated in Eq. (Al), the concen-
trations of several species are computed

NAD, = NAD,,, — [NADH],
[Q] = Qu — [QH,]
[eytC(ox)*™]; = cytCy — [cytC(red)™];
[ADP], = A, — [ATP],
[Cr]. = CR, — [CrP].

(A2)

where NADor, Qtor, €ytCiot, and Ao, are the total concentrations of
NAD(H), ubiquinol, cytochrome ¢, and adenine nucleotide in the
matrix, respectively, and CR is the total creatine plus creatine
phosphate concentration in the cytoplasm.

ATP SYNTHESIS IN SKELETAL MUSCLE

Parameters that appear in the above equations are described in
detail below. The fluxes that appear on the right-hand side of the
governing equations are tabulated in Table 2. For mitochondrial
species, the governing equations follow from Ref. 4. For cytoplasmic
species, the reactions modeled are ATP consumption, creatine kinase
reaction, adenylate kinase reaction, and transport between the cyto-
plasm and the mitochondrial intermembrane space.

Mathematical Expressions for Mitochondrial Fluxes

The expressions for the mitochondrial fluxes in the model are
described in detail in Ref. 4, and are listed here without detailed
explanations. Definitions of the variables and parameters that appear
in the following expressions are listed in Tables 2 and 3.

Dehyhdrogenase flux:

1+ [Pi]x/kPi,])
(r[NAD], — [NADH],) ~ (A3)

Jon = Xop| ———5—
. D”(l + [P /kei

Complex I flux
Jor = Xefe AGcrt bR IRINADH][Q] — [NAD][QH,]}

(A4)
Where AGy = FAV + RT In([H*]/[H"]y).
Complex III flux
Jeom Cz(l + [Pi]x/kPi,3>.(e—(AGOVC3+4AGH—2FA\I/)/2RT
1+ [Pi]/kpig (AS5)
X [eytC(ox)*" ][QH,]" — [cytC(red)**1[Q]")
Complex IV flux
oy [ [0 \leyCled]
“ 0] + ko) eytCiy
X {ef[AG(,A@+ZGH72RTA[n([H+1‘10*7)]/2RT (A6)

X [eytC(red)**1[0,]" — e ™" [eytC(ox)* T,

where [O,] is the O, concentration in the cell, which is set at the fixed
constant of 3.48 X 107> M.
F,Fo-ATPase flux

Kug.
Jr, = XF,{e*‘AGWP*"A“H)’”M [mADP][P,], <1M>[mATP]X}
Me-ATP
(A7)
Magnesium binding fluxes
Jygatex = XMgA([fATP]x[Mg2+]X - KMg-ATP[mATP]x)
Jyigappx = XMgA([fADP]x[Mg2+]x - KMg—ADP[mADp]x) (A8)

J, MgATPi — XMgA([fATP]i[Mg2+]i - KMg—ATP[mATP]i)
Jygapri = XMgA([fADP]i[Mg2+]i - KMg-ADP[mADP]i)

where [fATP]x, [fADP]x, [fATP];, and [fADP]; denote magnesium

unbound ATP in the matrix, ADP in the matrix, ATP in the inter-

membrane space, and ADP in the intermembrane space, respectively.
Substrate transport fluxes

Jarec = YPA(ATP]. — [ATP])

Jaore = YPA([ADP], — [ADP];)

Jawre = YPA(AMP]. — [AMP])
Tpic = YPp([Pi]. — [Pil)

Adenine nucleotide translocase (ANT) flux

(A9)
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Jo—x [fADP];
ANT = AANT [fADP]l + [fATP]iefﬂFA‘l’/RT
(A10)
[fADP], ) ( 1 )
[fADP], + [fATP],e """ OFAYRT [\ 1 + k., ape/[fADP];
where 0 is an empirical parameter with value set to 0.35.
The phosphate-hydrogen cotransporter flux
H,PO;, |[H*]. — [H,PO, J,[H"],
JPiI-h:XPth([ PO ]7 [H,PO; [ ]) ALD)
[HZPO4 ]i + kPiHl
where
[H,PO, ], = [HTJ[PJ/([H"]; + k) and (A12)
[HZPOZ]X = [H+]x[Pi]x/([H+]x + de)
Mitochondrial adenylate kinase flux
Jaki = Xax(Ka[ADPJ[ADP]; — [AMP][ATP])  (A13)
Proton leak flux
[H+] e+FA\I//RT _ [H+]
e = XHleA\I,( o TFAVRT _ | > (Al4)
Potassium-hydrogen ion exchange
JKH = XKH([K+]C|:H+]X - [K+]x[H+]c) (A]5)

Mathematical expressions for cytoplasmic reaction fluxes

Four biochemical processes are modeled in the cytoplasm-the
adenylate kinase reaction, the creatine kinase reaction, ATP hydroly-
sis, and binding of magnesium ions to ADP and ATP.

The binding of magnesium to ATP and ADP in the cytoplasm takes
the same form as the binding fluxes in the mitochondria

JIygatee = XMgA([fATP]c[Mg2+]c - KMg-ATP[mATP]c)

Al6
Jngappe = XMgA([fADP]c[Mg2+]C - KMg-ADP[mADP]c) ( )

where [fATP]. and [fADP]. denote magnesium unbound ATP and
ADP in the cytoplasm. Similarly, the cytoplasmic adenylate kinase is
analogous to the mitochondrial reaction

Jake = Xax(KaADPL[ADP]. — [AMP][ATP])  (A17)

In Eq. AI8, Kax is the equilibrium constant for the reaction
2ADP =ATP + AMP, and Xaxk is the enzyme activity, which is
set to a large enough value so that the reaction is effectively
maintained in equilibrium.

The creatine kinase flux is modeled using the expression

JCKC = XCK(KCK[ADP]C[CrP]c[HJr]c - [ATP]C[Cr]L) (A]S)

where the activity Xck is set to a large enough value so that the
equilibrium Kcx = ([ATP]c[Cr]o/[ADP][CrP]c[H" |¢)eq is main-
tained during simulations. The value of the apparent equilibrium
constant assumed here (see Table 2) is calculated to account for the
intracellular ionic strength and magnesium ion concentration (25).

The flux Jac is defined as the flux through the reaction ATP —
ADP + P;. Mathematical models for the ATP consumption flux are
considered in the Results section.

Modification of the Model for Patients with Complex
I Deficiency

Equation Al assumes that 4 protons are pumped from the matrix to
the intermembrane space for each pair of electrons transferred via the
reaction at complex I. For patients with complex I deficiency, it is
assumed that no protons are pumped at complex I, and the equations
for [H"]x and AW are modified as follows

C123

d[H"]Jdr = B~ '[H" (+Jpu = Jer = 2Jcs
— 4Jcy + (ny — DIy + 2pie — Jxn + T/ W
dAV/dt = (2Jc; + 4y — naJrr — Jane — Jine)/Cim

(A19)
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