Supplemental Material

Introduction

    Our model builds upon previous published models 
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 and is more of an extension of the Wu et al. model.  We clearly outline where our model is identical and where it diverges from the published models.  The supplemental material consists of three parts.
     Part S1 lists the state variables comprising the model, updated Gibbs free energy of formation values, additional and revised dissociation constants, temperature correction method, and general model parameters.  Note that the units of the solute state variables are in nmol/mg of mitochondrial protein while they are converted to M units when used in the rate expressions.  To convert to appropriate concentration units to use in the rate expressions, simply divide the state variable concentration (nmol/mg mitochondrial protein) with respective region’s water volume space (nl/mg mitochondrial protein).  We will use nmol/mg and nmol/mg mitochondrial protein synonymously herein.
     Part S2 introduces of the set of 60 non-linear ODEs, five algebraic conservation expressions (for ATP, GTP, NADH, UQH2 and c2+), five matrix cation ODEs (for H+, K+, Na+, Mg2+ and Ca2+) and the algebraic expressions for computing matrix and intermembrane space (IMS) water volumes and matrix Cl- is presented.
     Part S3 discusses the model rate equation derivations and provides all the associated parameter definitions and values.  When the rate expressions are identical to a previously published expression, we indicate the source and provide the rate equations and parameters values for completeness.  Note that some of the model parameters have changed from their originally published values.  In those cases, we give justification for our changes.
Part S1 - Model State Variables and General Parameters
S1A - Model State Variables

     The model is a 73 state system of DAEs that consists of 65 non-linear ODEs to simulate mitochondrial bioenergetics; five algebraic conservation expressions to compute matrix ATP, GTP, NADH, UQH2 and c2+; one algebraic expression to compute matrix water volume; one algebraic expression to compute IMS water volume and one algebraic expression to compute matrix Cl-.  The state variables, their definitions and units are provided in Table S1.1.
Table S1.1. Model State Variables
	State Variable
	Definition
	Units

	ΔΨ
	Mitochondrial membrane potential
	mV

	Mitochondrial Volume State Variables

	Vmtx
	Matrix water volume
	nL/mg

	Vims
	Innermembrane space water volume
	nL/mg

	Mitochondrial Matrix Solute State Variables

	[H+]mtx
	Matrix free proton content
	nmol/mg

	[K+]mtx
	Matrix free potassium content
	nmol/mg

	[Na+]mtx
	Matrix free sodium content
	nmol/mg

	[Mg2+]mtx
	Matrix free magnesium content
	nmol/mg

	[Ca2+]mtx
	Matrix free calcium content
	nmol/mg

	[Cl-]mtx
	Matrix free chloride content
	nmol/mg

	[ATP]mtx
	Total matrix ATP content
	nmol/mg

	[ADP]mtx
	Total matrix ADP content
	nmol/mg

	[GTP]mtx
	Total matrix GTP content
	nmol/mg

	[GDP]mtx
	Total matrix GDP content
	nmol/mg

	[Pi]mtx
	Total matrix Pi content
	nmol/mg

	[NADH]mtx
	Total matrix NADH content
	nmol/mg

	[NAD]mtx
	Total matrix NAD content
	nmol/mg

	[UQH2]mtx
	Total mitochondrial ubiquinol content
	nmol/mg

	[UQ]mtx
	Total mitochondrial ubiquinone content
	nmol/mg

	[PYR]mtx
	Total matrix pyruvate content
	nmol/mg

	[AcCoA]mtx
	Total matrix acetyl-CoA content
	nmol/mg

	[CIT]mtx
	Total matrix citrate content
	nmol/mg

	[ISOC]mtx
	Total matrix isocitrate content
	nmol/mg

	[αKG]mtx
	Total matrix α-ketoglutarate content
	nmol/mg

	[SCoA]mtx
	Total matrix succinyl-CoA content
	nmol/mg

	[CoASH]mtx
	Total matrix CoA content
	nmol/mg

	[SUC]mtx
	Total matrix succinate content
	nmol/mg

	[FUM]mtx
	Total matrix fumarate content
	nmol/mg

	[MAL]mtx
	Total matrix malate content
	nmol/mg

	[OAA]mtx
	Total matrix oxaloacetate content
	nmol/mg

	[GLU]mtx
	Total matrix glutamate content
	nmol/mg

	[ASP]mtx
	Total matrix aspartate content
	nmol/mg

	[CO2,tot]mtx
	Total CO2 matrix content
	nmol/mg

	[O2]mtx
	Total O2 matrix content
	nmol/mg

	Intermembrane Space (IMS) Solute State Variables

	[H+]ims
	IMS free proton content
	nmol/mg

	[K+]ims
	IMS free potassium content
	nmol/mg

	[Na+]ims
	IMS free sodium content
	nmol/mg

	[Mg2+]ims
	IMS free magnesium content
	nmol/mg

	[Ca2+]ims
	IMS free calcium content
	nmol/mg

	[ATP]ims
	Total IMS ATP content
	nmol/mg

	[ADP]ims
	Total IMS ADP content
	nmol/mg

	[AMP]ims
	Total IMS AMP content
	nmol/mg

	[Pi]ims
	Total IMS Pi content
	nmol/mg

	[c2+]ims
	Total IMS cytochrome c2+ content
	nmol/mg

	[c3+]ims
	Total IMS cytochrome c3+ content
	nmol/mg

	[PYR]ims
	Total IMS pyruvate content
	nmol/mg

	[CIT]ims
	Total IMS citrate content
	nmol/mg

	[ISOC]ims
	Total IMS isocitrate content
	nmol/mg

	[αKG]ims
	Total IMS α-ketoglutarate content
	nmol/mg

	[SUC]ims
	Total IMS succinate content
	nmol/mg

	[FUM]ims
	Total IMS fumarate content
	nmol/mg

	[MAL]ims
	Total IMS malate content
	nmol/mg

	[GLU]ims
	Total IMS glutamate content
	nmol/mg

	[ASP]ims
	Total IMS aspartate content
	nmol/mg

	Mitochondrial Buffer / Cytosolic Solute State Variables

	[H+]cyt
	Extra-mitochondrial free proton content
	nmol/mg

	[K+]cyt
	Extra-mitochondrial free potassium content
	nmol/mg

	[Na+]cyt
	Extra-mitochondrial free sodium content
	nmol/mg

	[Mg2+]cyt
	Extra-mitochondrial free magnesium content
	nmol/mg

	[Ca2+]cyt
	Extra-mitochondrial free calcium content
	nmol/mg

	[ATP]cyt
	Total extra-mitochondrial ATP content
	nmol/mg

	[ADP]cyt
	Total extra-mitochondrial ADP content
	nmol/mg

	[AMP]cyt
	Total extra-mitochondrial AMP content
	nmol/mg

	[Pi]cyt
	Total extra-mitochondrial Pi content
	nmol/mg

	[PYR]cyt
	Total extra-mitochondrial pyruvate content
	nmol/mg

	[CIT]cyt
	Total extra-mitochondrial citrate content
	nmol/mg

	[ISOC]cyt
	Total extra-mitochondrial isocitrate content
	nmol/mg

	[αKG]cyt
	Total extra-mitochondrial α-ketoglutarate content
	nmol/mg

	[SUC]cyt
	Total extra-mitochondrial succinate content
	nmol/mg

	[FUM]cyt
	Total extra-mitochondrial fumarate content
	nmol/mg

	[MAL]cyt
	Total extra-mitochondrial malate content
	nmol/mg

	[GLU]cyt
	Total extra-mitochondrial glutamate content
	nmol/mg

	[ASP]cyt
	Total extra-mitochondrial aspartate content
	nmol/mg

	[GLC]cyt
	Total extra-mitochondrial glucose content
	nmol/mg

	[G6P]cyt
	Total extra-mitochondrial glucose-6-phosphate content
	nmol/mg


Note that concentrations are normalized to the mitochondrial protein mass.  Oxygen and carbon dioxide concentrations were fixed at 65 μM and 21.4 mM, respectively, as in the Wu et al. model.
     To convert the concentrations of the solute state variables to M units, divide the matrix, IMS or extra-mitochondrial solute state variable by the respective region’s water volume per mg value.  For example, with the appropriate osmotic balance, the isolated mitochondrial matrix volume is approximately 1 µL/mg mitochondrial protein; therefore, a matrix content of 3.98x10-5 nmol/mg H+ is 3.98x10-8 nmol/nL H+ (or equivalently, pH 7.4).  By normalizing all the concentrations to the mitochondrial protein content, we were able to integrate volume dynamics with as little ambiguity as possible.
S1B - Gibbs Free Energy of Formation

     The Gibbs free energy of formation values are from Wu et al.’s original model (Table A3 in the supplemental material of [1]) with the exception of the ubiquinol formation energy.  This was adjusted from its original value of -23.30 to -32.05 kJ/mol at T = 298.15 K and I = 0.17 M to account for the reported ubiquinol/ubiquinone midpoint potential of approximately 90 mV 
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.  Although the Gibbs free energy of formation is temperature dependent, there was insufficient enthalpy data for all the model reactants to properly compensate for temperature changes.  This is addressed in Part S1D.
S1C - Dissociation Constants
     There is still some uncertainty in several of the measured dissociation constants used in models like the one proposed in this manuscript pertaining to protonation and metal-ligand dissociation constants.  In order to minimize this uncertainty, special care was taken when choosing the dissociation constants used in this model.  The background electrolyte, temperature and ionic strength are all important factors necessary to take into account when choosing appropriate values of dissociation constants.  Most were taken from Wu et al. (Table A3 in the supplemental material of [1]) who used the NIST Standard Reference Database 46.  This list from Wu et al. was revised using Smith et al.’s critical review for the adenine nucleotide series [7] along with other revisions detailed in Table S1.2.
Table S1.2. Additional and Revised Dissociation Constants at 25 ºC
	Parameter
	Definition
	Value
	Reference
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	Proton ATP binding constant
	10-6.61 M
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	Sodium ATP binding constant
	10-1.13 M
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	Potassium ATP binding constant
	10-0.99 M
	[7]
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	Magnesium ATP binding constant
	10-4.47 M
	[7]
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	Calcium ATP binding constant
	10-4.16 M
	[7]
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	Proton ADP binding constant
	10-6.47 M
	[7]
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	Sodium ADP binding constant
	10-1.04 M
	[7]
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	Potassium ADP binding constant
	10-0.92 M
	[7]
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	Magnesium ADP binding constant
	10-3.41 M
	[7]
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	Calcium ADP binding constant
	10-3.06 M
	[7]
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	Proton AMP binding constant
	10-6.27 M
	[7]
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	Sodium AMP binding constant
	10-0.86 M
	[7]
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	Potassium AMP binding constant
	10-0.66 M
	[7]
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	Magnesium AMP binding constant
	10-2.02 M
	[7]
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	Calcium AMP binding constant
	10-1.92 M
	[7]
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	Sodium Pi binding constant
	10-0.49 M
	[8]
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	Calcium Pi binding constant
	10-0.61 M
	[8]
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	Sodium Pi binding constant
	10-3.01 M
	[9]
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	Calcium Pi binding constant
	10-2.63 M
	[9]
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	Proton citrate binding constant
	10-5.63 M
	[10]
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	Potassium citrate binding constant
	10-0.34 M
	[10]
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	Magnesium citrate binding constant
	10-3.82 M
	[10]
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	Proton isocitrate binding constant
	10-5.62 M
	[11]
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	Magnesium isocitrate binding constant
	10-2.72 M
	[11]
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	Calcium isocitrate binding constant
	10-2.47 M
	[11]
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	1st proton EGTA binding constant
	10-9.42 M
	[11]
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	2nd proton EGTA binding constant
	10-8.83 M
	[11]

	
[image: image28.wmf]K

EGTA

K


	Potassium EGTA binding constant
	10-1.18 M
	[11]

	
[image: image29.wmf]Mg

EGTA

K


	Magnesium EGTA binding constant
	10-5.19 M
	[11]
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	Calcium EGTA binding constant
	10-10.98 M
	[11]


Dissociations constants were adjusted to an ionic strength of 0.17 M using the methods outlined in Vinnakota et al. [12].  Temperature corrections were not done because of insufficient enthalpy data.  GTP and GDP dissociation constants were set equal to the ATP and ADP dissociation constants, respectively.
S1D - Temperature Correction

     The thermodynamics and kinetics of biochemical reactions are dependent on temperature.  For the range of temperatures given in the experimental data, the temperature effects for the reaction kinetics are not negligible.  Additionally, the Gibb’s free energy of formation and dissociation constants can appreciably change; however, this requires a complete thermodynamic data set to properly adjust these thermodynamic parameters.  Unfortunately, due to insufficient enthalpy data, temperature corrections for the Gibb’s free energy of formation and dissociation constants could not be done.  As more thermodynamic data becomes available, temperature corrections for these parameters should be performed.

     In order to apply the temperature correction for the kinetic parameters, the Arrhenius rate law was used.  The Arrhenius equation, 
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where kj and 
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 is the rate modification value and activation energy for the jth reaction rate, respectively, and T0 is the reference temperature (298.15 K) was used to adjust rate parameters.  When an appropriate activation energy value for a reaction could not be found, we approximated it by assuming an activation energy value of 61.9 kJ/mol.  This is equivalent to a Q10 value of 2.25.  The Q10, or temperature correction coefficient, is another method biochemists use to adjust reaction rates at different temperatures.  For most biological reactions, the Q10 value varies from 2-3 [13].  The list of activation energies used for each reaction is listed in Table S1.3.
Table S1.3. Activation Energies for Model Reactions

	Reaction
	Activation Energies (kJ/mol)
	Reference

	Mitochondrial Reactions
	
	

	Pyruvate dehydrogenase
	61.9
	a

	Citrate synthase
	61.5
	[14]

	Aconitase
	61.9
	a

	Isocitrate dehydrogenase
	61.9
	a

	α-Ketoglutarate dehydrogenase
	61.9
	a

	Succinyl CoA synthase
	61.9
	a

	Succinate dehydrogenase
	134.0
	[15]

	Fumarate hydratase
	61.9
	a

	Malate dehydrogenase
	61.9
	a

	Nucleoside diphosphokinase
	61.9
	a

	Glutamate oxaloacetate transaminase
	61.9
	a

	Complex I
	63.0
	[16]

	Complex III
	63.0
	[16]

	Complex IV
	61.9
	a

	F1FO ATP synthase
	61.9
	a

	Adenylate Kinase
	61.9
	a

	Exchangers and Ion Channels
	
	

	Glutamate-aspartate exchanger
	63.2
	[17]

	α-Ketoglutarate-malate exchanger
	61.9
	a

	Pyruvate-proton cotransporter
	61.9
	a

	Glutamate-proton cotransporter
	61.9
	a

	Tricarboxylate Carrier
	61.9
	a

	Dicarboxylate Carrier
	61.9
	a

	Adenine nucleotide transporter
	31.8 for T=9-40 ºC
	[18]

	Inorganic phosphate carrier
	53.6
	[19]

	Proton leak
	61.9
	a

	Potassium-hydrogen exchanger
	61.9
	a

	ATP-dependent potassium channel
	61.9
	a

	Potassium leak
	61.9
	a

	Calcium uniporter
	61.9
	a

	Sodium-calcium exchanger
	61.9
	a

	Sodium-hydrogen exchanger
	61.9
	a


a Based on a Q10 value of 2.25.

S1E – General Model Parameters

     The general model parameters are presented in Table S1.4.
Table S1.4. General Model Parameters

	Parameter
	Definition
	Value
	Reference

	R
	Ideal gas constant
	8.314x10-3 kJ/K/mol
	Physical constant

	T
	Temperature
	310.15 K
	Physical constant

	F
	Faraday’s constant
	96.487x10-3 kJ/mV/mol
	Physical constant

	zCa
	Calcium valence
	+2
	Physical constant

	zT
	ATP valence
	-4
	Physical constant

	zD
	ADP valence
	-3
	Physical constant

	Cmito
	Mitochondrial membrane capacitance
	1.45×10-3 nmol ion/mg/mV
	[20]

	Ntot
	Total NAD content
	3 nmol/mg
	[4]a

	Qtot
	Total ubiquinone content
	5.83 nmol/mg
	[21]

	Ctot
	Total cytochrome c content
	0.45 nmol/mg
	[22]

	Atot
	Total adenine content
	7.5 nmol/mg
	[23]

	Gtot
	Total guanidine content
	5.0 nmol/mg
	[1]a


a Approximated using the reported concentration in M and a matrix water volume of 1 l/mg.
Part S2 - Model Differential-Algebraic Equations
     The nonlinear ODEs comprising the model is shown below in Equations 2.01-2.60.  The membrane potential differential equation is presented, followed by the matrix, the IMS and the external buffer/cytosolic solute differential equations.  The conservation algebraic equations follow and are shown in Equations 2.61-2.65.  Since we account for mitochondrial volume dynamics, the units for the matrix, IMS and cytosolic solute state variables are nmol/mg.  The free ion matrix content differential equations are presented in Equation 2.66.  The mitochondrial matrix and IMS water volumes and the matrix Cl- content are computed using the algebraic expressions presented at the end of this section shown in Equations 2.114, 2.116 and 2.117.
S2A - Model Differential Equations

Mitochondrial Membrane Potential:
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Mitochondrial Matrix:
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Inner-mitochondrial Membrane Space (IMS):
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Mitochondrial Buffer / Cytosolic Space:
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     Since the outer-mitochondrial membrane (OMM) is highly permeable to ions, the IMS cations were set equal to the buffer/cytosolic cations.  For the experimental conditions employed during model development, fitting and corroboration, the cytosolic cation concentrations were held fixed for the duration of the simulated experiments.

S2B - Matrix Conservation Algebraic Equations
     The mitochondrial species for adenine nucleotides, guanidine nucleotides, nitcotiname adenine dinucleotide, ubiquinone and cytochrome c are conserved in the model.  The conservation is implemented by using an algebraic expression to govern the conservation.   This is done using a mass matrix with the integration algorithm and setting the appropriate rows equal to a zero row vector.
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S2C - Matrix Cation Differential Equation Derivations
     The cation differential equations are derived using the method outlined by Vinnakota et al. [12].  Due to the large expressions resulting from the derivation, the method used to obtain them is presented versus explicitly showing all the terms that enter the differential equations (each differential equation would take several pages).  The equations we used in our model can be obtained by solving the linear system of equations given in Equation 2.66.  Note that the units of solute state variables (cations and ligands) are in nmol/mg and need to be converted to M concentration units before evaluating the partial derivative expressions and buffering functions.  The resulting matrix cation differential equations are in nmol/mg/min.

     The system of equations relating the cation differential equations is
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where the diagonal terms are the buffering expressions and defined as

[image: image99.wmf](

)

2

[]

1

[]

1[]/

bound

H

H

BHBH

H

B

D

H

KHK

+

+

¶

=++

¶

+

,






  (2.67)

[image: image100.wmf][]

1

[]

bound

K

K

D

K

+

¶

=+

¶

,









  (2.68)

[image: image101.wmf][]

1

[]

bound

Na

Na

D

Na

+

¶

=+

¶

,









  (2.69)


[image: image102.wmf](

)

2

2

2

[]

1

[]

1[]/

Mg

bound

Mg

BMgBMg

B

Mg

D

Mg

KMgK

+

+

¶

=++

¶

+

,





  (2.70)

and
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     The mitochondrial non-diffusible proton binding sites (BH) and proton dissociation constant (KBH) were identical to Wu et al. [1].  Since mitochondrial matrix water volume dynamically changes, the original concentration of non-diffusible proton binding sites had to be converted from 0.02 M to 20 nmol/mg using a matrix water volume of 1 µl/mg.  The proton dissociation constant was set 10-7 M as in Wu et al [1].

     The total matrix magnesium in the model was constant.  The concentration of mitochondrial non-diffusible magnesium binding sites (BMg) was set to 32 nmol/mg with a magnesium dissociation constant (KBMg) of 340x10-6 M [24]. 

     The mitochondrial non-diffusible calcium binding sites (BCa) and calcium dissociation constant (KBCa) were defined according to Corkey et al. [25].  They found that mitochondria contain approximately 11.9 nmol/mg calcium non-diffusible binding sites with a calcium dissociation constant of 1.66x10-6 M.

     Assuming higher order cation binding is negligible, the cation partial derivative expressions are defined below where Nr is the number of reactants, Li is the ith ligand, 
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is the dissociation constant for the ith ligand and jth cation couple and Pi is the binding polynomial for the ith ligand as originally defined by Alberty [26].
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and
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     The flux terms (nmol/mg/min) into the system are defined as
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and
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where Nk is the number of reactions, nk is the stoichiometric coefficient of kth reaction, Jk is the kth reaction rate and 
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 is the ith cation transport rate into the system (the mitochondrial matrix).
     The ligand dependent partial derivative expressions are defined as
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and
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The generation of protons (nmol/mg/min) by biochemical reactions in the matrix is defined as
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The transport of protons in and out of the system (nmol/mg/min) is defined as
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and
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S2D - Volume Dynamics
     Mitochondria are considered well-behaved osmometers in a well-defined band of extra-mitochondrial osmolalities [27]; therefore, mitochondrial matrix water volume can be approximated based on the amount of osmotically active substances present inside the mitochondrial matrix.  The IMS water volume can then be estimated after the matrix water volume is found assuming a total mitochondrial volume at specified osmolalitites is conserved.
     Osmotically active matrix components consist of carbon substrates, nucleotides, matrix proteins, and ions.  The osmotically active matrix anion content other than TCA cycle intermediates, adenine nucleotides and matrix proteins was assumed to mostly consist of the Cl- anion.  The Cl- dynamics were not explicitly modeled; therefore, the matrix Cl- content was estimated before calculating the matrix water volume.
     The amount of Cl- was estimated using first principles based on the charge accumulated on a capacitor at specified voltages.   The following expression was derived to approximate the matrix Cl- content, 
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where km represents the set of indices of matrix solutes excluding Cl-, vj represents the average charge for solute Sj where Sj are all the solute state variables, including free cations but excluding Cl-, and Cmito represents the inner-mitochondrial membrane (IMM) capacitance.  The average charge was computed for solute Sj by summing the total charge of each species and dividing by the total amount of solute present at a given time.  Binding polynomials were used to compute the concentration of each species.  For example, the average charge of the solute, ATP, was computed as vATP = -(4[ATP4-] + 3[KATP3-] + 3[NaATP3-] + 2[MgATP2-] + 2[CaATP2-])/[ATP] where [ATP] is the total ATP present in the matrix at a given time.  Therefore, the remaining charge was assumed to be composed of matrix Cl- anions and approximated using Equation 2.114.
     With the estimated matrix Cl- content, the osmotically active matrix solutes were summed 
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where im represents the set of indices of osmotically active matrix solutes including Cl-.
     Finally, the mitochondrial matrix water volume per mg of mitochondrial protein was estimated by
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(2.116)
where ν0 is the osmotically inactive volume, ρw is the water density and Φc is the extra-mitochondrial osmolality.  The osmotically inactive volume has been experimentally approximated as 281 nl/mg [27], the water density is 0.996 g/ml at 30 ºC and the extra-mitochondrial osmolality was assumed to be fixed at 290 mOsm for all simulations unless specified.
     The IMS water volume was approximated assuming mitochondrial total volume is constant at a fixed buffer osmolality [27].  The total mitochondrial volume can be divided up into three types of volumes; the total osmotically active volume; the packing volume, primarily the trapped medium; and a constant volume consisting of all the phospholipids, proteins, solutes and osmotically inactive matrix water [27].  The osmotically active water volume reaches a peak volume of about 1650 nl/mg when the external osmolality is approximately 115 mOsm.  At this point, the OMM begins to rupture. The derivation of this peak volume was based on a mitochondrial particle volume of 0.43 μm3 for liver mitochondria, but the model is primarily based on heart mitochondria whose particle volume averages 0.6 μm3 [28].  Therefore, the maximum matrix water volume was adjusted to 2300 nl/mg for heart mitochondria.  This value is consistent with the rat heart data from Kowaltowski et al. used to estimate the K+-cycle parameters 
 ADDIN EN.CITE 
[29]
.  When the osmolality is in the isosmotic range, the outer mitochondrial membrane remains intact and the IMS volume reciprocally changes with the matrix water volume.  Thus, the IMS volume can be estimated as
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Part S3: Model Rate Equation Derivations

     For each reaction or transport mechanism, a brief introduction is given followed by the equations describing the rate expression.  Previous authors’ contributions are explicitly identified in the text before the rate equation is presented.  The parameter values are located in Tables S3.1-S3.26.  The processes are described in the following order: TCA cycle and carbon substrate transport equations; IMS and extra-mitochondrial reactions; oxidative phosphorylation reactions; the K+-cycle and the Na+/Ca2+ dynamics.
S3A - TCA Cycle (Carbon Substrate Oxidation) Reaction Rates
     The first enzyme that is discussed, although not explicitly part of the TCA cycle, is pyruvate dehydrogenase.  Citrate synthase, the entry point into the TCA cycle, follows.  Afterwards, aconitase through malate dehydrogenase are each discussed in detail.  Glutamate-oxaloacetate transaminase then precedes the carbon substrate transport equations.

Pyruvate dehydrogenase

     Pyruvate dehydrogenase (PDH) is responsible for the oxidative decarboxylation of pyruvate, transacylation of an acetyl group to CoA and production of reducing equivalents for the ETS.  The mechanism chosen to model the reaction was the hexa-uni-ping-pong mechanism.  The parameter values used for the rate expression are located in Table S3.1.  The rate expression used in the model is based on Wu et al. [1] with a few notable modifications.  
     The binding constant for pyruvate was modified according to the data in Hucho et al. 
 ADDIN EN.CITE 
[30]
.  Also, the phosphorylation control over the dehydrogenase enzyme was included in the rate expression.  This relationship was approximated in the rate expression by assuming that the acute regulation of PDH activity is mediated by the relative activities of pyruvate dehydrogenase phosphatase (PDP) and pyruvate dehydrogenase kinase (PDK).  The phosphatase activates the enzyme and was assumed to be regulated by protons and divalent cations (Ca2+ and Mg2+) 
 ADDIN EN.CITE 
[30]
.  The kinase inhibits the enzyme and was assumed to be regulated by protons, pyruvate, MgATP and MgADP 
 ADDIN EN.CITE 
[30]
.  It was also assumed that the relative maximum activity of the phosphatase is approximately equal to that of the kinase 
 ADDIN EN.CITE 
[30]
.  

     The reference reaction is for pyruvate dehydrogenase is defined as
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the biochemical equation is

[image: image153.wmf]22,

[][][][][][][]

mtxmtxmtxtotmtxmtx

PYRCoASHNADHOCOAcCoANADH

+++=++

.
and to simplify the notation, the reactants are redefined as follows: [A] = [PYR]mtx, [B] = [CoASH]mtx, [C] = [NAD]mtx, [P] = [CO2,tot],  [Q] = [AcCoA]mtx and [R] = [NADH]mtx.

     Since the reaction catalyzed by the enzyme pyruvate dehydrogenase involves the generation of a proton, the apparent equilibrium constant for this reaction is defined as
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     Pyruvate dehydrogenase is activated by pyruvate dehydrogenase phosphatase and inactivated by pyruvate dehydrogenase kinase.  Both equations were derived assuming rapid equilibrium between the phosphatase and kinase with their respective effectors.  A brief description follows.
     The phosphatase was modeled as having a single divalent cation site capable of binding divalent cations.  The major divalent cations present in the mitochondrial matrix are Mg2+ and Ca2+; therefore, only these cations were considered.  Also, when Ca2+ is bound instead of Mg2+, the enzyme is less efficient at dephosphorylating PDH (βCa<1).  The kinase was modeled as having a single adenine dinucleotide binding site capable of binding the Mg-chelated forms of ATP or ADP.  With MgATP bound, the kinase is able to phoshporylate PDH.  There is also an allosteric site capable of binding pyruvate that lowers both the apparent KM of the adenine dinucleotides and the phosphorylating rate.  The pyruvate and adenine dinucleotide binding events were assumed to be independent of each other.  Both PDP and PDK were assumed to posses two histidine amino side groups near the active site with pKas near pH 7 that are responsible for the biphasic pH dependence seen in Figure S3.1A.  
The phosphatase regulation is defined as
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and the kinase regulation is defined as
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The reaction rate is a function of the maximum reaction rate and the ratio of activation versus inactivation defined by
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The full rate expression for pyruvate dehydrogenase is
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Table S3.1. Pyruvate Dehydrogenase Parameters
	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum reaction rate (T=25°C)
	127 nmol/min/mg
	a
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	Gibbs free energy of reaction
	19.59 kJ/mol
	[1]

	KA
	PYR binding constant
	33.2x10-6 M
	
 ADDIN EN.CITE 
[30]
b

	KB
	CoASH binding constant
	9.90x10-6 M
	[1]

	KC
	NAD binding constant
	60.7x10-6 M
	[1]

	KiQ
	AcCoA inhibition constant
	40.2x10-6 M
	[1]

	KiR
	NADH inhibition constant
	40.0x10-6 M
	[1]

	KHpdp
	H+ binding constant for the phosphatase
	10-7.13 M
	
 ADDIN EN.CITE 
[30]
b

	KHpdk
	H+ binding constant for the kinase
	10-7.02 M
	
 ADDIN EN.CITE 
[30]
b

	KMg
	Mg2+ binding constant
	1.57x10-3 M
	
 ADDIN EN.CITE 
[30]
b

	KCa
	Ca2+ binding constant
	80.1x10-6 M
	
 ADDIN EN.CITE 
[30]
b

	βCa
	Ca2+ activation constant
	0.220 (unitless)
	
 ADDIN EN.CITE 
[30]
b

	KiPYR
	PYR inhibition constant
	88.1x10-6 M
	
 ADDIN EN.CITE 
[30]
b

	KMgADP
	MgADP binding constant
	97.6x10-6 M
	
 ADDIN EN.CITE 
[30]
b

	KMgATP
	MgATP binding constant
	17.6x10-6 M
	
 ADDIN EN.CITE 
[30]
b


a Fit to simulation using the experimental data sets described in the main paper.

b Fit to data presented in the reference as briefly described below.
     Figure S3.1 shows the model fits to Hucho et al.’s 
 ADDIN EN.CITE 
[30]
 data on the regulation of PDH by its respective phosphatase and kinase.  In short, PDH purified from bovine heart was incubated in the presence of its activator, PDP, or inhibitor, PDK, before the initial rate assays using saturating substrates were carried out.  In this respect, the initial rates measured correspond to the initial rate of PDH activation or inhibition, depending on the incubation conditions with PDP or PDK, respectively.  A total of 17 parameters (9 kinetic and 8 maximum rate terms) were fit to 63 data points from 8 data curves.  Although 8 maximum rate terms were used in the parameter estimation for each figure, their standard deviations were small relative to the mean for each reaction type: the PDP maximum rates were 1.18 +/- 0.11 ΔA340/min (n=5), the PDK maximum rates were 0.81 +/- 0.17 ΔA340/min (n=2) and the PDH maximum activity was 0.37 ΔA340/min (n=1).
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Figure S3.1.  The fit pyruvate dehydrogenase rate (as indicated by the NADH production rate, ΔA340/min) is compared with the experimental data from Hucho et al. 
 ADDIN EN.CITE 
[30]
 for different regulatory conditions.  Pyruvate dehydrogenase was isolated from bovine heart and initial rate assays were performed.  (A) The reaction rate of the pyruvate dehydrogenase was measured as a function of pH in the presence of phosphatase activity (circles) mediated by 10 mM Mg2+ and kinase activity (squares) mediated by 0.5 mM Mg2+.  (B)  The rate in the presence of kinase activity was measured as a function of ATP (circles), ATP + 0.5 mM ADP (squares) and ATP + 0.5 mM  PYR (diamonds) at pH 7.0.  (C)  The rate in the presence of phosphatase activity was measured as a function of Mg2+ and (D) Ca2+ at pH 7.0.
    The phosphatase rate expression was corroborated using the Pi-titration curves.  Figure S3.2 shows that the apparent Pi inhibition of PDP was primarily due to the complexation of MgPi effectively removing free Mg2+ from the buffer and not a specific interaction between Pi and the phosphatase.  The simple rapid equilibrium reaction mechanism (aPDP) is able to capture the apparent inhibition of Pi and reproduce the experimental data rather well.  When an explicit Pi binding site was included in the reaction mechanism, no significant improvement in the quality of the fits was observed.
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Figure S3.2.  The PDP rate expression (as indicated by the NADH production rate, ΔA340/min) is compared with the apparent Pi inhibition experimental data from Hucho et al. 
 ADDIN EN.CITE 
[30]
.  PDP was incubated with either 5 mM Mg2+ (solid, circle) or 10 mM Mg2+ (dotted, square) as the Pi buffer concentration was varied from 0 to 50 mM.  Minor discrepancies between the data and model were attributed to the dissociation constant uncertainties discussed in Part S1C.
Citrate synthase
     Citrate synthase is responsible for the condensation reaction of acetyl coenzyme-A and oxaloacetate to form citrate.  This enzyme is often referred to as the pace-making enzyme considering that it’s the first enzyme in the TCA cycle and heavily regulated.  We used the reaction mechanism, binding constants and free energies from Wu et al. [1].  The parameter values are located in Table S3.2.  For completeness, the rate expression from Wu et al. is presented below.

     The reference reaction for citrate synthase is defined as
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,
the biochemical reaction is
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and to simplify the notation, the reactants are redefined as follows: [A] = [OAA]mtx, [B] = [AcCoA]mtx, [P] = [CoASH]mtx and [Q] = [CIT]mtx.

     Since the reaction catalyzed by the enzyme citrate synthase involves the generation of two protons, the pH-dependent equilibrium constant for this reaction is defined as
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     The overall rate expression for citrate synthase used in the model is 
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Table S3.2. Citrate Synthase Parameters

	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum reaction rate (T=25°C)
	584 nmol/min/mg
	a
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	Gibbs free energy of reaction
	42.36 kJ/mol
	[1]

	KmA
	OAA binding constant
	4.00x10-6 M
	[1]

	KmB
	AcCoA binding constant
	14.0x10-6 M
	[1]

	KiA
	OAA inhibition constant
	3.33x10-6 M
	[1]

	KiQ
	CIT inhibition constant
	1.60x10-3 M
	[1]

	KiATP
	ATP inhibition constant
	0.90x10-3 M
	[1]

	KiADP
	ADP inhibition constant
	1.80x10-3 M
	[1]

	KiAMP
	AMP inhibition constant
	0.60x10-3 M
	[1]

	KiCoASH
	CoASH inhibition constant
	67.0x10-6 M
	[1]

	KiSCoA
	ScoA inhibition constant
	140x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

Aconitase
     Aconitase is responsible for the liberation of a water molecule from citrate to form isocitrate.  We used the reaction mechanism, binding constants and free energies from Wu et al. [1].  The parameter values are located in Table S3.3.  For completeness, the rate expression from Wu et al. is presented below.

     The reference reaction for aconitase is
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the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [CIT]mtx and [P] = [ISOC]mtx.

     The apparent equilibrium constant for this reaction is defined as
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and the overall rate expression for citrate synthase used in the model is 
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where the reverse rate is defined using the Haldane constraint,

[image: image173.wmf]mfmPiQ

mr

eqiAmB

VKK

V

KKK

=

.

Table S3.3. Aconitase Parameters

	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum forward reaction rate (T=25°C)
	1.16x105 nmol/min/mg
	a
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	Gibbs free energy of reaction
	6.65 kJ/mol
	[1]

	KmA
	CIT binding constant
	1.20x10-3 M
	[1]

	KmP
	ISOC binding constant
	434x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

Isocitrate dehydrogenase

     Isocitrate dehydrogenase is responsible for the oxidative decarboxylation of isocitrate to produce α-ketoglutarate and reducing equivalents for the ETS.  The rate expression used in the model is from Qi et al. [11], except that it is assumed that 1st order binding polynomials are sufficient to capture the salient regulatory mechanisms of the reaction.  Also, since EGTA is not present inside the mitochondrial matrix, the EGTA binding kinetics was removed from the rate expression.

     Qi et al. fit the model parameters to a wide variety of data sets including divalent cations (Mg2+ and Ca2+), pH and adenine nucleotide dependencies; however, they generated several parameter sets and rate expressions that were species dependent.  Each data set did not contain sufficient data to uniquely parameterize all the parameters used for the rate expression in this extended model.  Thus, we generated a global set of parameters for their proposed reaction mechanism by averaging multiple values for the same parameter.  The parameter values are located in Table S3.4.  For completeness, the compiled rate expression from Qi et al. [11] is presented below.

     The reference reaction for isocitrate dehydrogenase is
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,
the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [NAD+]mtx, [B] = [MgICIT-]mtx, [P] = [CO32-] and [Q] = [NADH]mtx.

     Since the reaction catalyzed by the enzyme isocitrate dehydrogenase involves the generation of two protons, the pH-dependent equilibrium constant for this reaction is defined as
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     The overall rate expression for isocitrate dehydrogenase used in the model is 
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where
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Table S3.4. Isocitrate Dehydrogenase Updated Parameters

	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum reaction rate (T=25°C)
	6.84x104 nmol/min/mg
	a
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	Gibbs free energy of reaction
	91.77 kJ/mol
	[11]

	KmA
	NAD binding constant
	703.3x10-6 M
	[11]b

	KmB
	MgISOC binding constant
	158.7x10-6 M
	[11]b

	Kia
	NAD inhibition constant
	65.2x10-6 M
	[11]b

	KaCaADP
	CaADP binding constant
	33.1x10-6 M
	[11]b

	KaCaATP
	CaATP binding constant
	289x10-6 M
	[11]

	KaADP
	ADP binding constant
	124x10-6 M
	[11]b

	Kiq
	NADH inhibition constant
	4.75x10-6 M
	[11]

	KiH
	H+ inhibition constant
	10-6.96 M
	[11]

	a1
	KaCaADP modulation constant
	9.00x10-4 (unitless)
	[11]b

	a2
	KaCaATP modulation constant
	9.70x10-3 (unitless)
	[11]

	a3
	KaADP modulation constant
	7.00x10-4(unitless)
	[11]b

	n
	MgISOC cooperativity constant
	3
	[11]


a Fit to simulation using the experimental data sets described in the main paper.

b The value was averaged over the parameter sets listed in the reference.

α-Ketoglutarate dehydrogenase

     α-Ketoglutarate dehydrogenase (αKGDH) is a key TCA regulatory enzyme that is responsible for the oxidative decarboxylation of α-ketoglutarate, transfering a succinyl group to CoA and producing reducing equivalents for the ETS.  We were able to fit the data with the consensus hexa-uni-ping-pong mechanism and reproduce a wide variety of data 
 ADDIN EN.CITE 
[31-34]
.  When necessary, the cation/anion species distribution for each experimental condition was calculated by assuming rapid equilibrium between the various cation and anion species.  The model was able to reproduce the known pH, divalent cation (Ca2+ and Mg2+), adenine nucleotide and Pi dependence seen experimentally.  Each data set was derived from the porcine heart isoform of α-ketoglutarate dehydrogenase.  The parameter values used for the rate expression are located in Table S3.5.
     The reference reaction for αKGDH is


[image: image181.wmf]22

23

[][][][][][][][]

mtxmtxmtxmtxmtxmtx

KGCoASNADHOCOSCoANADHH

--+--+

a+++=+++

,
the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [αKG]mtx, [B] = [CoASH]mtx, [C] = [NAD]mtx, [P] = [CO2,tot],  [Q] =[SCoA]mtx and [R] = [NADH]mtx.

     Since the reaction catalyzed by αKGDH involves the generation of a proton, the apparent equilibrium constant for this reaction is defined as
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     The αKGDH affinity for α-ketoglutarate is modulated by H+, Ca2+, adenine nucleotides, and inorganic phosphate.  The steady state hexa-uni-ping-pong rate equation was hybridized using the rapid equilibrium method concerning the various effectors.  Protons were treated as essential activators for the enzyme complex, while Ca2+, adenine nucleotides and Pi were defined as non-essential, independent activators.  A single adenine nucleotide site was used with varying affinities for fADP, MgADP, fATP and MgATP respectively.  When Mg2+ is bound to the enzyme complex, the Ca2+ affinity is amplified and enhances the Ca2+ stimulatory effect via an increase in α-ketoglutarate affinity.  The α-ketoglutarate binding constant is modeled as

[image: image184.wmf]0

22

[][][][]

1

[][][][]

1

[]

[][]

1

mtxmtxmtxmtx

ADPMgADPATPMgATP

mtxmtxmtxmtx

ADPADPMgADPMgADPATPATPMgATPMgATP

H

AA

mtx

mtxmtx

CaMg

fADPMgADPfATPMgATP

KKKK

fADPMgADPfATPMgATP

KKKK

K

KK

H

CaMg

KK

+

++

æö

++++

ç÷

ç÷

ç÷

++++

ç÷

aaaa

èø

=

++

2

2

2222

[]

[]

1

[][][][]

11

mtx

mtx

Ca

Pi

mtxmtxmtxmtx

CaCaMgMgCaPiPi

Ca

Pi

K

K

CaMgCaPi

KKKK

+

-

+++-

éù

êú

êú

êú

êú

êú

êú

æö

æö

êú

+

ç÷

ç÷

êú

ç÷

ç÷

êú

ç÷

ç÷

êú

+++

ç÷

ç÷

ç÷

êú

aaa

èø

èø

ëû


where
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for any ligand L.  This notation will be used throughout this manuscript.  For example,
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     The maximum turnover rate for αKGDH is modulated by Mg2+, adenine nucleotides and inorganic phosphate.  The apparent maximum reaction rate is modeled as
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     The overall rate expression for αKGDH used in the model is 
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Table S3.5. -ketoglutarate Dehydrogenase Parameters
	Parameter
	Definition
	Value
	Reference
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	Maximum reaction rate (T=25°C)
	779 nmol/min/mg
	a
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	Gibbs free energy of reaction
	-73.13 kJ/mol
	[1]

	KA0
	αKG binding constant
	6.30 x10-3 M
	
 ADDIN EN.CITE 
[31-34]
b

	KB
	CoASH binding constant
	2.91x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KC
	NAD binding constant
	95.5x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KiC
	NAD inhibition constant
	74.3x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KiR
	NADH inhibition constant
	15.3x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KiQ
	SCoA inhibition constant
	6.90x10-6 M
	[1]

	KH
	H+ binding constant
	10-7.36 M
	
 ADDIN EN.CITE 
[31-34]
b

	KCa
	Ca2+ binding constant
	61.6x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KMg
	Mg2+ binding constant
	4.54x10-6M
	
 ADDIN EN.CITE 
[31-34]
b

	KATP
	fATP binding constant
	198.5x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KADP
	fADP binding constant
	123.5x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KMgATP
	MgATP binding constant
	150.9x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KMgADP
	MgADP binding constant
	91.3x10-6 M
	
 ADDIN EN.CITE 
[31-34]
b

	KPi
	Pi binding constant
	7.70x10-3 M
	
 ADDIN EN.CITE 
[31-34]
b

	αCa
	Ca2+ kinetic constant
	0.02 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	aMg
	Mg2+ kinetic constant
	0.08 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	βMg
	Mg2+ catalytic constant
	4.55 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	αATP
	ATP kinetic constant
	0.32 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	βATP
	ATP catalytic constant
	0.38 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	αADP
	ADP kinetic constant
	0.11 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	βADP
	ADP catalytic constant
	0.80 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	αMgATP
	ATP kinetic constant
	0.58 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	βMgATP
	ATP catalytic constant
	0.33 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	αMgADP
	ADP kinetic constant
	25.1 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	βMgADP
	ADP catalytic constant
	4.08 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	αPi
	Pi kinetic constant
	0.08 unitless
	
 ADDIN EN.CITE 
[31-34]
b

	βPi
	Pi catalytic constant
	0.62 unitless
	
 ADDIN EN.CITE 
[31-34]
b


a Fit to simulation using the experimental data sets described in the main paper.

b Fit to data presented in the reference as briefly described below.

      The consensus mechanism with appropriate activator/inhibitor modifications was sufficient to reproduce the data as shown in Figures S3.2-S3.5.  Due to the shear volume of data used to parameterize the rate expression, not all of the results are shown.  The rate expression for αKGDH consists of 27 parameters.  We used 56 data curves from four independent data sets, Panov and Scarpa [32], McCormack and Denton [33], McMinn and Ottaway [31] and Rodriguez-Zavala et al. [34] to parameterize the rate expression.  The temperature for each study was approximately 30°C.  A total of 82 parameters (27 kinetic and 55 maximum rate terms) were fit to the four independent data sets.  Although 55 maximum rate terms were used in the parameter estimation for each figure in the original sources, their standard deviations were small (<15%) relative to the mean for each data set: 2.06 +/- 0.21 μM NADH/min/20 μl enzyme solution (n=20) for the Panov and Scarpa data set, 2.94 +/- 0.33 μmol/min/mg (n=13) for the McCormack and Denton data set, 2.83 +/- 0.34 μmol/min/mg (n=20) for the McMinn and Ottaway data set, and 178.08 +/- 23.26 (n=12) nmol/min/mg for the Rodriguez-Zavala et al. data set.
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Figure S3.2.  The fit αKGDH rate (as indicated by the NADH production rate, µmol/min/mg) is compared with the experimental data from McMinn and Ottaway [31]. -Ketoglutarate dehydrogenase was isolated from porcine heart and initial rate assays were performed using combinations of varied substrates and end-product inhibitors at pH 7.2.  (A) αKG was varied in the presence of 333 µM NAD, 50 µM CoA (circle); 133 µM NAD, 20 µM CoA (square); 66 µM NAD, 10 µM CoA (diamond) and 33 µM NAD, 5 µM CoA (triangle).  (B) CoA was varied in the presence of 500 µM αKG, 400µM NAD (circle); 100 µM αKG, 80 µM NAD (square); 50 µM αKG, 40 µM NAD (diamond) and 25 µM αKG, 20 µM NAD (triangle).  (C) NAD was varied in the presence of 500 µM αKG, 50 µM CoA (circle); 200 µM αKG, 20 µM CoA (square); 100 µM αKG, 10 µM CoA (diamond) and 50 µM αKG, 5 µM CoA (triangle).  (D) NAD was varied with saturating αKG and CoA (500 µM αKG, 50 µM CoA) in the presence of 0 µM NADH (circle), 10 µM NADH (square), 20 µM NADH (diamond) and 50 µM NADH (triangle).
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Figure S3.3.  The fit αKGDH rate (as indicated by the NADH production rate, µmol/min/mg) is compared with the experimental data from McCormack and Denton [33]. -Ketoglutarate dehydrogenase was isolated from porcine heart and initial rate assays were performed using combinations of activators and inhibitors.  (A) αKG was varied in the presence of different free calcium concentrations at pH 6.8 with 1 mM NAD, 0.25 mM CoA, 1 mM MgCl2, 5 mM EGTA and 0 mM CaCl2 (circles) or 5 mM CaCl2 (squares).  The free calcium concentrations were calculated to be < 1 nM and 32.7 µM, respectively.  (B) ADP (circles) or ATP (squares) at pH 7 was varied in the presence of 0.1 mM αKG, 1 mM NAD, 0.25 mM CoA, 1 mM MgCl2, 5 mM EGTA and 5 mM CaCl2.  The free calcium concentration was calculated for each ADP and ATP addition.  (C) ADP (circles), ATP (squares) or ADP with 1.5 mM ATP (diamonds) at pH 7 was varied in the presence of 2 mM αKG, 1 mM NAD, 0.25 mM CoA, 1 mM MgCl2 and 5 mM EGTA.  (D) The ratio of ADP to ATP at pH 7 was varied in the presence of 1 mM NAD, 0.25 mM CoA, 1 mM MgCl2 and 0.1 mM αKG, 5 mM EGTA, and 5 mM CaCl2 (circles) or 2 mM αKG and 5 mM EGTA (squares).  The total adenine nucleotide concentration was fixed at 1.5 mM.  When CaCl2 was present, the free calcium concentration was calculated for each ADP/ATP addition.
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Figure S3.4.  The fit αKGDH rate (as indicated by the NADH production rate, µM NADH/min/20 µl enzyme) is compared with the experimental data from Panov and Scarpa [32]. α-Ketoglutarate dehydrogenase was isolated from porcine heart and initial rate assays were performed using combinations of varied substrates and divalent cation activators at pH 7.1.  (A) Free Mg2+ was varied in the presence of 1 mM NAD, 0.25 mM CoA and 0.1 mM EGTA with either 0.5 mM αKG (circles) or 1 mM αKG (squares).  (B) αKG was varied in the presence of 25 mM αKG, 1 mM NAD, 0.25 mM CoA, 0.1 mM EGTA with either 0 mM Mg2+ (circles) or 0.38 mM Mg2+ (squares).
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Figure S3.5.  The fit -ketoglutarate dehydrogenase rate (as indicated by the NADH production rate, nmol NADH/min/mg) is compared with the experimental data from Rodriguez-Zavala et al. [34].  α-Ketoglutarate dehydrogenase was isolated from porcine heart and initial rate assays were performed using combinations of varied substrates and activators at pH 7.35.  (A) ADP was varied in the presence of 1 mM NAD, 0.25 mM CoA, 0.5 mM αKG and 0.1 mM EGTA with either no additions (circles), 25 μM Mg2+ (squares), 50 μM Mg2+ (diamonds) or 200 μM Mg2+ (triangles).  (B) αKG was varied in the presence of 1 mM NAD, 0.25 mM CoA and 0.1 mM EGTA at pH 7.35 with either no additions (circles), 5 mM Pi (squares), 600 μM ADP (diamonds) or 600 μM ATP (triangles).  (C) αKG was varied in the presence of 1 mM NAD, 0.25 mM CoA, 0.1 mM EGTA and 600 μM MgCl2 at pH 7.35 with either no additions (circles), 5 mM Pi (squares), 600 μM ADP (diamonds) or 600 μM ATP (triangles).  
Succinyl coenzyme-A synthetase

     Succinyl coenzyme-A synthetase (SCoAS) is responsible for the formation of succinate and coenzyme-A from succinyl-CoA capitalizing on the energy to phosphorylate GDP.  The reaction mechanism, binding constants and free energies are from Wu et al. [1].  The parameter values are located in Table S3.6.  For completeness, the rate expression from Wu et al. is presented below.

     The reference reaction for succinyl coenzyme-A synthetase is
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,
the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [GDP]mtx, [B] = [SCoA]mtx, [C] = [Pi]mtx, [P] = [CoASH]mtx, [Q] = [SUC]mtx and [R] = [GTP]mtx.

     Since the reaction catalyzed by SCoAS involves the generation of a proton, the apparent equilibrium constant for this reaction is defined as
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     The overall rate expression for SCoAS used in the model is 
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where the reverse rate is defined using the Haldane constraint as
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Table S3.6. Succinyl Coenzyme-A Synthetase Parameters

	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum forward reaction rate (T=25°C)
	3.93x104 nmol/min/mg
	a
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	Gibbs free energy of reaction
	47.62 kJ/mol
	[1]

	KmA
	GDP binding constant
	16.0x10-6 M
	[1]

	KmB
	SCoA binding constant
	55.0x10-6 M
	[1]

	KmC
	Pi binding constant
	660x10-6 M
	[1]

	KiA
	GDP inhibition constant
	5.50x10-6 M
	[1]

	KiB
	SCoA inhibition constant
	100x10-6 M
	[1]

	KiC
	Pi inhibition constant
	2.00x10-3 M
	[1]

	KmP
	CoASH binding constant
	20.0x10-6 M
	[1]

	KmQ
	SUC binding constant
	880x10-6 M
	[1]

	KmR
	GTP binding constant
	11.1x10-6 M
	[1]

	KiP
	CoASH inhibition constant
	20.0x10-6 M
	[1]

	KiQ
	SUC inhibition constant
	3.00x10-3 M
	[1]

	KiR
	GTP inhibition constant
	11.1x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

Succinate dehydrogenase

     Succinate dehydrogenase (SDH) is a membrane bound enzyme responsible for the oxidation of succinate forming fumarate and reducing equivalents (ubiquinol) for the ETS.  We used the reaction mechanism, binding constants and free energies from Wu et al. [1].  The parameter values are located in Table S3.7.  For completeness, the rate expression from Wu et al. is presented below.

     The reference reaction for SDH is
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,
the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [SUC]mtx, [B] = [UQ]mtx, [P] = [UQH2]mtx and [Q] = [FUM]mtx.

     The apparent equilibrium constant for this reaction is defined as
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     The overall rate expression for SDH used in the model is 
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where the reverse rate is defined using the Haldane constraint as
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Table S3.7. Succinate Dehydrogenase Parameters

	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum forward reaction rate (T=25°C)
	7.00x103 nmol/min/mg
	a
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	Gibbs free energy of reaction
	-10.12 kJ/mol
	[1]

	KmA
	SUC binding constant
	467x10-6 M
	[1]

	KmB
	UQ binding constant
	480x10-6 M
	[1]

	KiA
	SUC inhibition constant
	120x10-6 M
	[1]

	KmP
	UQH2 binding constant
	2.45x10-6 M
	[1]

	KmQ
	FUM binding constant
	1.20x10-3 M
	[1]

	KiQ
	FUM inhibition constant
	1.28x10-3 M
	[1]

	KiOAA
	OAA inhibition constant
	1.50x10-6 M
	[1]

	KaSUC
	SUC activation constant
	450x10-6 M
	[1]

	KaFUM
	FUM activation constant
	375x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

Fumarate hydratase

     Fumarate hydratase (FH) is the enzyme responsible for the condensation reaction incorporating a water molecule into fumarate to form malate.  We used the reaction mechanism, binding constants and free energies from Wu et al. [1].  The parameter values are located in Table S3.8.  For completeness, the rate expression from Wu et al. is presented below.

     The reference reaction for FH is defined as
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,
the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [FUM]mtx and [P] = [MAL]mtx.

     The apparent equilibrium constant for this reaction is defined as
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     The overall rate expression for FH used in the model is 
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where the reverse rate is defined using the Haldane constraint as
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Table S3.8. Fumarate Hydratase Parameters

	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum forward reaction rate (T=25°C)
	7.67x105 nmol/min/mg
	a
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	Gibbs free energy of reaction
	-3.6 kJ/mol
	[1]

	KmA
	FUM binding constant
	44.7x10-6 M
	[1]

	KmB
	MAL binding constant
	198x10-6 M
	[1]

	KiCIT
	CIT inhibition constant
	3.50x10-3 M
	[1]

	KiATP
	ATP inhibition constant
	40.0x10-6 M
	[1]

	KiADP
	ADP inhibition constant
	400x10-6 M
	[1]

	KiGTP
	GTP inhibition constant
	80.0x10-6 M
	[1]

	KiGDP
	GDP inhibition constant
	330x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

Malate dehydrogenase
     Malate dehydrogenase (MDH) is the enzyme responsible for the oxidation of malate to form oxaloacetate and reducing equivalents for the ETS.  We used the reaction mechanism and parameters from Wu et al. [1], except for an additional non-essential Pi-activation mechanism.  Malate oxidation displays increased activity from divalent anions such as phosphate and sulfate [35]. We limited the divalent anion stimulation to phosphate.  The parameter values are located in Table S3.9.  The rate expression from Wu et al. as modified to incorporate Pi activaiton is presented below.

     The reference reaction for MDH is defined as
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,
the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [NAD]mtx, [B] = [MAL]mtx, [P] = [OAA]mtx and [Q] = [NADH]mtx.

     Since the reaction catalyzed by the enzyme MDH involves the generation of a proton, the equilibrium constant for this reaction is defined as


[image: image217.wmf]0

/

1

[]

rMDH

GRT

eq

mtx

Ke

H

-D

+

=

.

     The overall rate expression for MDH used in the model is 


[image: image218.wmf](

)

1[]/

[][][][]/

1[]/

[][]

[][][][]

[][][][][][

[][][][][]

PiPi

mfmreq

Pi

MDH

mfmQimfmP

mriAmBimrmBmrmAimr

eqeq

mfmQmfmf

mrmAmr

eqiAiQiP

PiK

VVABPQK

PiK

J

VKPVKQ

VKKVKAVKBVAB

KK

VKAPVPQVB

VKBQVABP

KKKeqKK

æö

+b

-

ç÷

+

èø

=

a

a++a+++

+++++

][]

iBeq

PQ

KK

éù

êú

êú

êú

êú

êú

ëû


where the reverse rate is defined using the Haldane constraint as
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Table S3.9. Malate Dehydrogenase Parameters
	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum forward reaction rate (T=25°C)
	965 nmol/min/mg
	a
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	Gibbs free energy of reaction
	69.13 kJ/mol
	[1]

	KmA
	NAD binding constant
	90.6x10-6 M
	[1]

	KmB
	MAL binding constant
	250x10-6 M
	[1]

	KiA
	NAD inhibition constant
	279x10-3 M
	[1]

	KiB
	MAL inhibition constant
	360x10-6 M
	[1]

	KmP
	OAA binding constant
	6.13x10-6 M
	[1]

	KmQ
	NADH binding constant
	2.58x10-6 M
	[1]

	KiP
	OAA inhibition constant
	5.50x10-6 M
	[1]

	KiQ
	NADH inhibition constant
	3.18x10-6 M
	[1]

	KiATP
	ATP inhibition constant
	183x10-6 M
	[1]

	KiADP
	ADP inhibition constant
	394x10-6 M
	[1]

	KiAMP
	AMP inhibition constant
	420.0x10-6 M
	[1]

	KPi
	Pi binding constant
	5.00x10-3 M
	a

	βPi
	Pi activation constant
	57.4 (unitless)
	a


a Fit to simulation using the experimental data sets described in the main paper.

Nucleoside diphosphokinase

     Nucleoside diphosphokinase (NDK) is the enzyme responsible for the phosphorylation of nucleoside diphosphates from nucleoside triphosphates.  We used the reaction mechanism, binding constants and free energies from Wu et al. [1].  The parameter values are located in Table S3.10.  For completeness, the rate expression from Wu et al. is presented below.

     The reference reaction for NDK is defined as
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,
the biochemical equation is


[image: image223.wmf][][][][]

mtxmtxmtxmtx

GTPADPGDPATP

+=+


and to simplify the notation, the reactants are redefined as follows: [A] = [GTP]mtx, [B] = [ADP]mtx, [P] = [GDP]mtx and [Q] = [ATP]mtx.

     The equilibrium constant for this reaction is defined as
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     The overall rate expression for NDK used in the model is 


[image: image225.wmf](

)

[][][][]//

[][][][]

[][][][]

[][]

[][]

mfmreqi

NDK

mfmQmfmPmfmQ

mrmBmrmAmr

eqeqeqiA

mf

mrmA

iQ

VVABPQK

J

VKPVKQVKAP

VKAVKBVAB

KKKK

VPQ

VKBQ

KeqK

-a

=

éù

+++++

êú

êú

êú

++

êú

êú

ëû


where the reverse rate is defined using the Haldane constraint as
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Table S3.10. Nucleoside Diphosphokinase Parameters
	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum forward reaction rate (T=25°C)
	6.95x103 nmol/min/mg
	a
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	Gibbs free energy of reaction
	0 kJ/mol
	[1]

	KmA
	GTP binding constant
	111x10-6 M
	[1]

	KmB
	ADP binding constant
	100x10-6 M
	[1]

	KiA
	GTP inhibition constant
	162x10-3 M
	[1]

	KiB
	ADP inhibition constant
	144x10-6 M
	[1]

	KmP
	GDP binding constant
	260x10-6 M
	[1]

	KmQ
	ATP binding constant
	278x10-6 M
	[1]

	KiP
	GDP inhibition constant
	147x10-6 M
	[1]

	KiQ
	ATP inhibition constant
	157x10-6 M
	[1]

	KiAMP
	AMP inhibition constant
	650x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

Glutamate oxaloacetate transaminase

     Glutamate oxaloacetate transaminase (GOT), or asparate transaminase, is the enzyme responsible for the transfer of an amino group from aspartate to α-ketoglutarate generating glutamate and oxaloacetate.  We used the reaction mechanism, binding constants and free energies from Wu et al. [1].  The parameter values are located in Table S3.11.  For completeness, the rate expression from Wu et al. is presented below.

     The reference reaction for GOT is defined as
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the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [ASP]mtx, [B] = [αKG]mtx, [P] = [OAA]mtx and [Q] = [GLU]mtx.

     The equilibrium constant for this reaction is defined as
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     The overall rate expression for GOT used in the model is 
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where the reverse rate is defined using the Haldane constraint as
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Table S3.11. Glutamate Oxaloacetate Transaminase Parameters
	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum forward reaction rate (T=25°C)
	1.09x106 nmol/min/mg
	a
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	Gibbs free energy of reaction
	-216.28 kJ/mol
	[1]

	KmA
	ASP binding constant
	3.90x10-3 M
	[1]

	KmB
	αKG binding constant
	430x10-6 M
	[1]

	KiA
	ASP inhibition constant
	3.48x10-3 M
	[1]

	KiB
	αKG inhibition constant
	710x10-6 M
	[1]

	KmP
	OAA binding constant
	88.0x10-6 M
	[1]

	KmQ
	GLU binding constant
	8.90x10-3 M
	[1]

	KiP
	OAA inhibition constant
	50.0x10-6 M
	[1]

	KiQ
	GLU inhibition constant
	8.40x10-3 M
	[1]

	KiαKG
	αKG inhibition constant
	16.6x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

S3B - Mitochondrial Carbon Substrate Transport Reactions

     The pyruvate-hydrogen co-transpoter, glutamate-hydrogen co-transporter, tricarboxylate carrier (TCC, citrate-malate exchanger and isocitrate-malate exchanger) and α-ketoglutarate-malate exchanger (OME) fluxes are identical or similar relative to their previously published mechanisms and parameters in [1] except for the activity coefficients and scaling rate units from M/min to nmol/mg/min.   The activity coefficients and maximum rates are listed in Table S3.12  Also the passive permeation dynamics of carbon substrates, cations, anions and adenine nucleosides are in their originally published forms [1] except for scaling of the rate units from M/min to nmol/mg/min. Since the OMM is highly permeable to electrolytes, the IMS cation concentrations were set equal to the cytosolic concentrations.  For completeness, the above transport rate expressions from Wu et al. are presented below.
Pyruvate-hydrogen co-transporter:
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Glutmate-hydrogen co-transporter:
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Tricarboxylate carrier (Citrate-malate exchange):
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Tricarboxylate carrier (Isocitrate-malate exchange):
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α-Ketoglutarate-malate exchanger (OME): 
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where
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Adenine nucleoside permeation rates:
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Inorganic phosphate permeation rate:
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TCA cycle substrate permeation rates:
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Table S3.12. Inner-Mitochondrial Membrane Transport Activities
	Parameter
	Definition
	Value
	Reference

	VPYRH
	Pyruvate-hydrogen co-transporter activity  (T=25°C)
	3.12x1013 nmol/M2/min/mg
	a

	VGLUH
	Glutamate-hydrogen co-transporter activity  (T=25°C)
	9.44x1010 nmol/M2/min/mg
	a

	VTCC
	Tricarboxylate carrier exchange activity  (T=25°C)
	7.13x108 nmol/M2/min/mg
	a

	VOME
	α-Ketoglutarate-malate max forward exchange rate  (T=25°C)
	8.83x103 nmol/min/mg
	a
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	IMS MAL binding constant
	1.40x10-3 M
	[1]
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	Matrix MAL binding constant
	700x10-6 M
	[1]
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	IMS αKG binding constant
	300x10-6 M
	[1]
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	Matrix αKG binding constant
	170x10-6 M
	[1]

	γ
	Outer mitochondrial membrane surface area/mg
	198 cm2/mg
	
 ADDIN EN.CITE 
[27-28]
b

	pA
	Adenine nucleoside permeability
	5100 µm/min
	[1]

	PPi
	Pi permeability
	19620 µm/min
	[1]

	PTI
	TCA cycle substrate permeability
	5100 µm/min
	[1]


a Fit to simulation using the experimental data sets described in the main paper.
b Based on isolated, spherical heart mitochondria with a volume of 0.6 μm3 [28] and an average mitochondria/mg of 5.75 x109 [27].
Glutamate-Aspartate Exchanger
     The electrogenic glutamate-aspartate exchanger (GAE) swaps glutamate and a proton with aspartate taking advantage of the mitochondria’s energized state established by the ETS.  The enzyme reaction was modeled based on a rapid equilibrium bi-bi mechanism with a third substrate, protons, added to the rate expression.  For simplicity, the full random equilibrium ter-ter mechanism was not used to model this reaction.  The substrate kinetic parameters were taken from Dierks et al. [36] and the Ca2+-activation binding constant was taken from Contreras et al. [37].  The parameter values used for the rate expression are presented in Table S3.13.  
     Although glutamic acid has been proposed to exchange with aspartate [17], it is highly improbable due to its low pKa (~4.2) [36].  Tischler et al. describe a process where glutamate and a proton are simultaneously exchanged across the inner mitochondrial membrane for aspartate, capitalizing on the energized state of mitochondria generated by the ETS [38].  This is the proposed mechanism we used.  The exchanger was previously assumed to be asymmetric in uncoupled mitochondria [17], but found to be completely symmetric in a reconstituted system [36]; therefore, the “irreversible” nature of the exchanger is due to the proton motive force.  

     The reference reaction for the GAE defined as
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and to simplify the notation, the reactants are redefined as follows: [A] = [ASP-]mtx, [B] = [GLU-]ims, [Q] = [ASP-]ims and [P] = [GLU-]mtx.

     Since the GAE is electrogenic and transports a proton across the inner-mitochondrial membrane, the equilibrium constant for this reaction is defined as
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     The forward rate is assumed to be proportional to the membrane potential applied across the exchanger as shown experimentally [17] and is
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     For the above expression, the 2 in the denominator of the exponent originates from assuming a centered, single, high peak Erying barrier.  Thus the energy required to export ASP- is only subjected to one half of the energy barrier similar to the assumption made in the proton and potassium leak rates.  The energy to import ASP- (reverse transport) is subjected to the other half of the energy barrier resulting in matching the reported symmetry of substrate transport [36].
     The reverse rate is defined by invoking the Haldane constraint so that
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     The rate expression for glutamate-aspartate exchanger used in the model is 
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Table S3.13. Glutamate-Aspartate Exchanger Parameters
	Parameter
	Definition
	Value
	Reference

	Vo
	Maximum un-stimulated exchange rate

(ΔΨ = 0, [Ca2+]ims = 0, T=25°C)
	674 nmol/min/mg
	a

	KA
	Matrix ASP binding constant
	3.00x10-3 M
	[36]

	KiA
	Matrix ASP inhibition constant
	49.0 x10-6 M
	[36]

	KB
	IMM GLU binding constant
	200 x10-6 M
	[36]

	KP
	IMM ASP binding constant
	80.0 x10-6 M
	[36]

	KiQ
	Matrix GLU inhibition constant
	1.70 x10-3 M
	[36]

	KQ
	Matrix GLU binding constant
	2.80 x10-3 M
	[36]

	KH
	Proton binding constant
	10-6.5 M
	[36]

	KCa
	Ca2+ binding constant
	345 x10-9 M
	[37]b

	βCa
	Ca2+ activation constant
	27.2 (unitless)
	a


a Fit to simulation using the experimental data sets described in the main paper.
b Averaged values for aralar and citrin carrier types in heart tissue.
     The GAE rate expression was corroborated using experimental data pertaining to how the apparent KM for GLU increased as pH was decreased and how the maximum exchange rate increased as the membrane potential was increased.  Specifically, Figure S3.5A shows that the rate expression is able to reproduce the apparent KM value for external glutamate measured by Dierks et al. using an isolated liposome system and purified enzyme [36], and Figure S3.5B shows the mitochondrial membrane potential’s effect on the apparent maximum exchange rate using isolated mitochondria loaded with aspartate as the experimental system [17].  None of the data presented in Figure S3.5 was used to fit the glutamate-aspartate exchanger rate expression kinetic parameters.  The maximum rate in Figure S3.5B was fit by hand.
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Figure S3.5.  The derived GAE rate expression is able to reproduce (A) the apparent KM (open circles) for external glutamate, as well as, (B) the mitochondrial membrane potential’s effect on the apparent maximum exchange rate (open circles).  For (A), the rate expression was used to derive a series of curves at different external glutamate and pH levels.  From these curves, the concentration of glutamate that yielded half the maximum rate was identified at each pH level to generate the KM versus pH curve.  The predicted pH dependence of the external glutamate KM is shown with the data reported by Dierks et al. [36].  For (B), the data from Murphy et al. [17]) shows that the rate expression can reproduce the voltage dependence of the maximum exchange rate.  The maximum un-stimulated exchange rate was set to 0.28 nmol/mg/min.

Dicarboxylate Carrier

     The dicarboxylate carrier (DCC) exchanges TCA cycle intermediates malate, succinate and hydrogen phosphate.  The enzyme reaction was modeled based on a rapid equilibrium bi-bi mechanism.  The kinetic parameters for exchanger were fit to experimental data from Indiveri et al. 
 ADDIN EN.CITE 
[39-41]
.  The parameter values used for the rate expression are found in Table S3.14.  

     In the heart, both the MAL/Pi and SUC/Pi exchange occurs 
 ADDIN EN.CITE 
[42-43]
, and the enzyme can exchange either malate or succinate for inorganic phosphate with an approximately equal affinity.  While the enzyme’s turnover rates are comparable to reconstituted adenine nucleotide translocase, glutamate-aspartate exchanger and α-ketoglutarate-malate exchanger and lower than reconstituted inorganic phosphate carrier [39], the activity is low in heart tissue, in part, due to the low expression of the transporter [42].
     Since the same enzyme catalyzes two different reaction types, the rate expressions for MAL/Pi and SUC/Pi exchange are derived accounting for conservation of the total enzyme activity.  This is discussed below.
     The reference reaction for the DCC exchanging malate and phosphate is defined as
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and to simplify the notation, the reactants are redefined as follows: [A1] = [MAL2-]mtx, [B] =  [Pi2-]ims, [Q1] = [MAL2-]imss and [P] = [Pi2-]mtx.
     The reference reaction for the DCC exchanging succinate and phosphate is
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and to simplify the notation, the reactants are redefined as follows: [A2] = [SUC2-]mtx, and [Q2] = [SUC2-]ims.

     Since the DCC is non-electrogenic, the equilibrium constant for this reaction is
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     The rate expression for the DCC used in the model for malate-phosphate is 
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and for succinate-phosphate exchange is
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Table S3.14. Dicarboxylate Carrier Parameters
	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum exchange rate (T=25°C)
	8.03x103 nmol/min/mg
	a

	KA1
	Matrix MAL binding constant
	594x10-6 M
	[39]b

	KQ1
	IMS MAL binding constant
	594x10-6 M
	[39]b

	KA2
	Matrix SUC binding constant
	844 x10-6 M
	[41]c

	KQ2
	IMS SUC binding constant
	844 x10-6 M
	[41]c

	KB
	IMS Pi binding constant
	 1.70x10-3 M
	[39]b

	KP
	Matrix Pi binding constant
	1.70x10-3 M
	[39]b


a Fit to simulation using the experimental data sets described in the main paper.

b Fit to data presented in the reference as briefly described below.

c Adjusted from reference by considering the biochemical state at which the data was measured.
     Figure S3.6 shows the rate expression evaluated with the experimental conditions for MAL/Pi exchange measured by Indiveri et al. using an isolated liposome system and purified enzyme 
 ADDIN EN.CITE 
[39-40]
.  Although the enzyme was purified from rat liver, the difference between the heart and liver isoform is assumed to be negligible [39].  All the data shown in Figure S3.6A was used to find 2 kinetic constants and one maximum exchange rate.  The data point (indicated by *) in Figures S3.6B and C was used to find two other maximum exchange rates for the DCC rate expression.  
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Figure S3.6. The experimental data from Indiveri et al. was used to fit the dicarboxylate carrier (DCC) parameters [39].  Reconstituted purified rat liver dicarboxylate carrier was used with either MAL or Pi loaded proteoliposomes with exchange being initiated by the addition of the respective counter anion.  (A) The exchange rate with either MAL (open circle) or Pi (open square) loaded proteoliposomes is plotted versus the respective counter anion.  (B) The steady state exchange of Pi loaded proteoliposomes at different pHs is plotted versus MAL additions.  (C) The exchange rate of Pi loaded proteoliposomes is plotted versus MAL additions at pH 7.2 (open circles) and 6.5 (open squares).  The asterisks in Figures B and C indicate the point used to determine the maximum exchange rate for each data set.  
S3C - Inner-Mitochondrial Membrane Space and Extra-Mitochondrial Reactions

Adenylate kinase

     The IMS adenylate kinase reaction is responsible for the inter-conversion of two adenine nucleotide diphosphates into one adenine nucleotide triphosphate and one adenine nucleotide monophosphate.  This reaction requires the presence of a divalent cation and is turned off when one is absent.  We used the reaction mechanism, binding constants and free energies from Wu et al. [1].  For completeness, the rate expression from Wu et al. is presented below.
The reference reaction for adenylate kinase defined as
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and the apparent equilibrium constant for this reaction is defined as
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     The overall rate expression for the IMS adenylate kinase reaction used in the model is 
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The activity coefficient (VAK) is set arbitrarily large to maintain this reaction close to equilibrium without sacrificing numerical stability.

Hexokinase

     The hexokinase (HK) reaction is the lead-in enzyme for glycolysis.  It phosphorylates the six carbon sugar, glucose, to form glucose-6-phosphate.  It is commonly used as an “ATP trap” to maintain high state-3 oxygen consumption rates.  This is its purpose in the studies performed by LaNoue et al. [44] that were used in parameter fitting.  We used the reaction mechanism and free energies from Wu et al. [1]; however, some of the binding constants were adjusted.  The enzyme that was used in the experiments was the yeast HK isoenzyme, but some of the kinetic constants used in Wu et al. were those for the human erythrocyte isoenzyme [45].  To maintain experimental consistency, the kinetic constants for the yeast HK isoenzyme were used and approximated from [45] and the online enzyme Brenda database [46].  The parameter values are located in Table S3.15.  For completeness, the rate expression from Wu et al. is presented below.
The reference reaction for HK is defined as
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the biochemical equation is
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and to simplify the notation, the reactants are redefined as follows: [A] = [MgATP2-]cyt, [B] = [GLC]cyt, [P] = [G6P]cyt and [Q] = [MgADP-]cyt.

     Since the reaction catalyzed by HK involves the generation of a proton, the equilibrium constant for this reaction is defined as


[image: image275.wmf]0

/

6

1

[]

rHK

MgATP

GRT

GPD

eq

MgADP

GLCDcyt

PK

Ke

PKH

-D

+

æö

=

ç÷

èø

.

     The overall rate expression for HK used in the model is 
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Table S3.15 Hexokinase Parameters
	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum reaction rate (T=28°C)
	1.20x105 nmol/min/mg
	a,b
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	Gibbs free energy of reaction
	15.38 kJ/mol
	[1]

	KmA
	MgATP binding constant
	0.50x10-3 M
	
 ADDIN EN.CITE 
[45-46]


	KmB
	GLC binding constant
	47.0x10-6 M
	
 ADDIN EN.CITE 
[45-46]


	KiA
	MgATP inhibition constant
	0.50x10-3 M
	
 ADDIN EN.CITE 
[45-46]


	KiB
	GLC inhibition constant
	49.0x10-6 M
	
 ADDIN EN.CITE 
[45-46]


	KmP
	G6P binding constant
	49.0x10-6 M
	
 ADDIN EN.CITE 
[45-46]


	KmQ
	MgADP binding constant
	0.50x10-3 M
	
 ADDIN EN.CITE 
[45-46]


	KiP
	G6P inhibition constant
	49.0x10-6 M
	
 ADDIN EN.CITE 
[45-46]


	KiQ
	MgADP inhibition constant
	0.50x10-3 M
	
 ADDIN EN.CITE 
[45-46]


	KiG6P
	Allosteric G6P inhibition constant
	85.0x10-6 M
	
 ADDIN EN.CITE 
[45-46]



a Fit to simulation using the experimental data sets described in the main paper.
b Since this reaction was only present in the LaNoue data set, a temperature correction was not made.
S3D - ATP, ADP and Pi Reactions 
Adenine nucleotide translocase
     The adenine nucleotide translocase (ANT) is the enzyme responsible for exchanging unchelated ATP and ADP across the mitochondrial inner membrane.  Previous models used a ping-pong mechanism that employed a single adenine nucleotide binding site whereby ΔΨ affected only ATP binding [47].  This type of mechanism is inadequate to describe the observed enzyme kinetics 
 ADDIN EN.CITE 
[48-49]
.  Specifically, ANT inhibition studies have identified at least two distinct adenine nucleotide binding sites; therefore, a newer model presented by Metelkin et al. [50] was employed herein.  Additional evidence supporting the two binding site hypothesis stems from the fact that the ANT belongs to the same family of anion transporters as the GAE, DCC and PIC, all of which have been previously shown to possess two binding sites.  The unique aspect of the Metelkin et al. model include accounting for ΔΨ’s affect on formation of the ternary complex and the individual rate constants of the antiport process.  In order to simulate the experimental conditions, the rate equation was slightly modified and the parameters were refit to the original data [47].  All related parameter values are indicated in Table S3.16.  The modified rate expression from Metelkin et al. is presented below.

     The reference reaction for the ANT defined as
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and to simplify the notation, the reactants are redefined as follows: [A] = [ATP4-]mtx, [B] = [ADP3-]ims, [Q] = [ATP4-]ims and [P] = [ADP3-]mtx.

     Since ANT is electrogenic, the equilibrium constant for this reaction is defined as
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     The rate expression for ANT used in the model is 
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Table S3.16. Adenine Nucleotide Translocase Updated Parameters

	Parameter
	Definition
	Value
	Reference

	Vmf
	Maximum reaction rate (T=25°C)
	365 nmol/min/mg
	a
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	Normalized forward turnover rate
	1 unitless 
	[47]b
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	Normalized reverse turnover rate
	2.27 unitless
	[47]b
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	External ATP or ADP binding constant
	14.9x10-6 M
	[47]b

	a1
	Relative displacement of external adenylate
	0.270
	[47]b

	a2
	Relative displacement of internal adenylate
	0.192
	[47]b

	a3
	Relative displacement of all enzyme charges
	-0.226
	[47]b

	δT
	Relative displacement of external ATP binding
	0.0473
	[47]b

	δD
	Relative displacement of external ADP binding
	-0.0117
	[47]b


a Fit to simulation using the experimental data sets described in the main paper.

b Refit to data presented in the reference as briefly described below.
     The experimental setup by Kramer and Klingenberg was purified ANT reconsitituted in liposomes under various substrate and energetic conditions [47].  To control the electrophoretic driving force, they used K+-diffusion potentials and valinomycin to set the ΔΨ to approximately -180 mV (inside negative) or a Na+ based buffer when no ΔΨ was desired.  In order to include the binding effects of K+ and Na+ on free ATP and ADP concentrations, the rate equation was slightly modified and reparameterized using the same data set from Kramer and Klingenberg.  Figure S3.7 shows that the rate equation presented above was able to reproduce the experimental data better, or as well as, the original rate equation.  The parameters in Table S3.16 revealed a few interesting implications regarding the mechanism used to fit the data.  First, the external ADP and ATP binding affinity in the absence of an electrophoretic driving force were found to be equal.  In order to determine the internal binding site affinities, additional experiments with lower ATP and ADP concentrations need to be carried out.  With the current data set, these binding affinities are unidentifiable.  Second, the parameters support the experimental conclusion that changes in ΔΨ have a small effect on the binding affinity but a large effect on the transport rates (small δT and δD relative to a1, a2 and a3).  Together, these results help give credence to the dimeric hypothesis of ANT function.
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Figure S3.7. The experimental data from Kramer and Klingenberg [47] was used to fit the adenine nucleotide translocase parameters using the mechanism outlined in Metelkin et al. [50].  Kramer and Klingenberg used purified ANT reconstituted in liposomes to study ANT kinetics under different substrate concentrations and electrophoretic driving forces using labeled adenylates and the inhibitor-stop method.  ADP uptake was measured as external ADP was varied (A) with ΔΨ = 0 mV and 0 μM ATP (solid, circle), 20 μM ATP (dash, square) or 100 μM ATP (dot, diamond) or (B) with ΔΨ = -180 mV and 0 μM ATP (solid, circle), 100 μM ATP (dash, square) or 400 μM ATP (dot, diamond).  Internal ATP and ADP were 5 mM each.  The uptake of either ATP or ADP was measured (C) as the external adenylate was varied with the internal adenylate (10 mM) being identical to the external adenylate.  Specifically, ATP uptake with ΔΨ = -180 mV (solid, circle), ADP uptake with ΔΨ = 0 mV (dash, square), ADP uptake with ΔΨ = -180 mV (dot, diamond) or ATP uptake with ΔΨ = 0 mV (dash-dot, triangle) was measured.  The uptake of either ATP or ADP was measured (D) as the external adenylates (both equal in concentration) were varied with the internal composition of the liposome consisting of 5 mM ATP and 5 mM ADP.  Specifically, ATP uptake with ΔΨ = -180 mV (solid, circle), ADP uptake with ΔΨ = 0 mV (dash, square), ATP uptake with ΔΨ = 0 mV (dot, diamond) or ADP uptake with ΔΨ = -180 mV (dash-dot, triangle) was measured.  The molecular weight of dimeric ANT (~60 kDa) and a scaling factor (2.99 min-1) were used to convert the normalized turnover rates (unitless) to the measured uptake rates (μmol/mg/min).
F1FO ATP synthase
     F1FO ATP synthase is the enzyme responsible for the majority of ATP production in mitochondria.  The reaction mechanism F1FO ATP synthase during either ATP synthesis or ATP hydrolysis mode is still up to debate 
 ADDIN EN.CITE 
[51-52]
, so we have decided to use the phenomenological thermodynamic expression used in the Wu et al. model [1].  This rate expression was necessary in order to adequately reproduce the state 3 Pi-titration membrane potentials observed in the Bose experiments when using the Wu et al. ETS rate expressions.  The parameter values used for the rate expression are presented in Table S3.17.  For completeness, the rate expression from Wu et al. is presented below.

     The exact number of protons that are shuttled through the c subunit ring structure per reaction turnover is debatable [53].  Certainly biodiversity plays an important role in the variations in the observed stoichiometry of protons per ATP synthesized.  Assuming the average number of FO c subunits in the enzyme is 12, it would seem an H+:ATP stoichiometry of 4:1 is necessary to maintain balance (three ATP per complete revolution of the γ subunit) [54].  Indeed, the exact proton stoichiometry, whether variable or fixed, requires more attention; however, assuming 3, not 4, protons per ATP, the P:O ratios of NADH (10/4) and SUC (6/4) oxidation are more inline with experiment, 2.5 and 1.5, respectively [53].  If 4 protons per ATP were indeed the actual ratios, then the proton pumping capacity of the ETS must be underestimated.  This is possible, considering that enough energy exists for Complex IV to pump up to 6 protons versus its assigned 4 [55].  In order to keep the P:O and ETS pumping ratios at the consensus levels, a ratio of 3 protons per ATP transported through the FO portion of the enzyme was employed.
     The reference reaction for F1FO ATP synthase is
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the biochemical reaction is
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and to simplify the notation, the reactants are redefined as follows: [A] = [ADP]mtx, [B] = [Pi]mtx and [P] = [ATP]mtx.
     ATP synthesis requires an energy source.  This comes from the membrane potential and proton gradient across the IMM established by the ETS.  Thus the equilibrium constant is defined as
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     The overall rate expression for the F1FO ATP synthase can then be defined as
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Table S3.17. F1FO ATP synthase Parameters
	Parameter
	Definition
	Value
	Reference

	VF1FO
	Maximum activity (T=25°C)
	1.91x107 nmol/M/min/mg
	a
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	Gibb’s free energy of reaction
	-4.51 kJ/mol
	[1]

	nH
	H+:ATP ratio
	3
	[53]


a Fit to simulation using the experimental data sets described in the main paper.

Inorganic phosphate carrier
     The inorganic phosphate carrier (PIC) is the primary means Pi enters the matrix.  Due to its relatively high activity, the dihydrogen phosphate:hydroxide equilibrium across the IMM is almost always maintained. In the context of proton concentrations the equilibrium becomes [H2PO4-]mtx / [H2PO4-]cyt = [H+]cyt / [H+]mtx.  The exchanger is based on a rapid-equilibrium random bi-bi mechanism resulting in ternary complex formation.  The reaction mechanism and binding parameters are as in Nguyen et al. [2].  The parameter values are located in Table S3.18.  For completeness, the rate expression from Nguyen et al. is presented below.
     The reference reaction for the PIC is
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and to simplify the notation, the reactants are redefined as follows: [A] = [Pi-]ims, [B] = [OH-]mtx, [P] = [Pi-]ims and [Q] = [OH-]mtx.  The hydroxide concentration is approximated using a water dissociation constant, Kw, of 1.8x10-14 M2 and the proton/hydroxide relationship, [OH-] = Kw /[H+].
     Since the PIC is non-electrogenic, the equilibrium constant for this reaction is
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     The full rate expression for the inorganic phosphate carrier used in the model is 
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Table S3.18 Inorganic Phosphate Parameters
	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum exchange rate (T=25°C)
	7.59x107 nmol/min/mg
	a

	KA
	IMS Pi binding constant
	1.76x10-3 M
	[2]

	KB
	Matrix OH- binding constant
	206x10-9 M
	[2]

	KP
	Matrix Pi binding constant
	11.2x10-3 M
	[2]

	KQ
	IMS OH- binding constant
	32.6x10-9 M
	[2]


a Fit to simulation using the experimental data sets described in the main paper.

S3E - Electron Transport System and Proton Leak
     The electron transport system was modeled by including each complex involved with mitochondrial respiration; however, G3P-dehydrogenase and β-oxidation are not included in the model formulation.  The ETS model equations are based on the thermodynamically balanced rate equations used in Wu et al. [1].  An effective proton translocation stoichiometry of 4, 2, 4 H+/2e- for CI, CIII, and CIV, respectively, was used as proposed by Guerra et al. [55].  
NADH-ubiquinone reductase: Complex I
     NADH-ubiquinone reductase transfers a pair of electrons from NADH to ubiquinone [5].  Once ubiquinol is formed, it is free to diffuse through the lipid bilayer landscape where it can pass the electrons onto cytochrome c via ubiquinol-cytochrome-c reductase.  Ubiquinone is a lipid soluble vitamin-like compound, and it resides inside the membrane lipid bilayer amongst the phospholipid hydrophobic tails within a volume approximately equal to 0.250 µl/mg [56].  It is assumed that this space is constant and independent from matrix volume.  The enzyme pumps four protons into the IMS per two transported electrons.  In total, the enzyme ‘consumes’ five protons from the matrix per turnover, one with NADH and an additional four from the matrix space, with the production of one ubiquinol molecule.  This results in a net charge movement of four positive charges per reaction turnover.  The parameter values used for the rate expression are found in Table S3.19.
     The reference reaction for NADH-ubiquinone reductase is 
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     The reaction equation used to model the reaction is
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and to simplify the notation, the reactants are redefined as follows: [A] =[UQ]mtx, [B] = [NADH]mtx, [P] = [NAD]mtx and [Q] = [UQH2]mtx.
     The equilibrium constant is defined as
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and the overall reaction rate is defined by 
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Table S3.19. NADH-Ubiquinone Reductase Parameters
	Parameter
	Definition
	Value
	Reference

	VCI
	Complex I activity coefficient (T=25°C)
	5.63x106 nmol/M2/min/mg
	a
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	Gibb’s free energy of reaction
	-118.45 kJ/mol
	[1]b


a Fit to simulation using the experimental data sets described in the main paper.

b The formation energy at T = 298.15 and I = 0.17 M for UQH2 was adjusted to -32.07 kJ/mol so that the midpoint potential equals 90 mV 
 ADDIN EN.CITE 
[5-6]
.
Ubiquinol-cytochrome-c reductase: Complex III
     Ubiquinol-cytochrome-c reductase transfers the pair of electrons from ubiquinol to cytochrome c one at a time requiring two ubiquinol molecules per complete turnover in a process that is known as the Q-cycle.  In order to complete one turnover of the Q-cycle, both ubiquinol and ubiquinone must bind to the enzyme at different locations [6].  This results in two electron transport pathways through the enzyme forming a high-potential chain (cytochrome c reduction) and a low-potential chain (ubiquinol regeneration).  Although the enzyme has been reported to operate at maximal rates with the Q-pool half reduced, it has been observed that the ubiquinone binding site is always effectively saturated with ubiquinone [57]. 
     Although two ubiquinol molecules are consumed per two electrons passed through the complex, one is regenerated from the low-potential chain, thus only one net ubiquinol is consumed per two cytochrome c molecules reduced.  A total of four protons appear in the IMS per two electrons, but only an equivalent of two protons is vectorally transferred.  The other two protons are scalar IMS protons that are released by ubiquinol while two matrix protons are picked up by ubiquinone.  The two electrons transferred from the positive side to the negative side of the membrane as the two matrix protons are picked up results in only two net charges being displaced from the matrix.  The parameter values used for the rate expression are found in Table S3.20.
     The reference reaction for ubiquinol-cytochrome-c reductase is 
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but it is most often presented in reduced form as
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The reaction equation used to model the reaction is
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and to simplify the notation, the reactants are redefined as follows: [A] = [UQH2]mtx, [B] = [c3+]ims,  [P] = [UQ]mtx and [Q] = [c2+]ims.
The equilibrium constant is defined as
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     Ubiquinol-cytochrome-c reductase is assumed to be modulated by Pi 
 ADDIN EN.CITE 
[58]
; this Pi stimulation was incorporated by assuming rapid equilibrium between Pi and the enzyme defined as 
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     The overall reaction rate is defined by 
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Table S3.20. Ubiquinol-Cytochrome-c Reductase Parameters
	Parameter
	Definition
	Value
	Reference

	VC3
	Complex III activity coefficient (T=25°C)
	5.84x105 nmol/M3/2/min/mg
	a
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	Gibb’s free energy of reaction
	55.46 kJ/mol
	[1]b

	KPi
	Pi binding constant
	4.40x10-3 M
	a

	βPi
	Pi activation constant
	148 unitless
	a


a Fit to simulation using the experimental data sets described in the main paper.

b Note that 
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 was adjusted to -32.07 kJ/mol.

Cytochrome-c oxidase: Complex IV

     Cytochrome-c oxidase involves electron transfer from cytochrome c to oxygen via cytochrome a and cytochrome a3 in which proton pumping is accompanied by O2 reduction [59].  Four cytochrome c molecules pass one electron each to molecular oxygen to produce two water molecules releasing energy.  The dependence on ΔΨ and [c2+]/([c2+]+[c3+]) for the rate equation were found to help fit the Bose experimental data set [60].  The parameter values used for the rate expression are found in Table S3.21.
     The reference reaction for cytochrome-c oxidase is 
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The reaction equation used to model the reaction is
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and to simplify the notation, the reactants are redefined as follows: [A] = [c2+]ims, [B] = [O2] and [P] = [c3+]ims.

     The equilibrium constant is defined as
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     The overall reaction rate is defined by 
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Table S3.21. Cytochrome-c Oxidase Parameters
	Parameter
	Definition
	Value
	Reference

	VC4
	Complex IV activity coefficient (T=25°C)
	44.0 nmol/M/min/mg
	a
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	Gibb’s free energy of reaction
	-202.16 kJ/mol
	[1]

	KB
	O2 binding constant
	120x10-6 M
	[1]


a Fit to simulation using the experimental data sets described in the main paper.

Proton leak
     The electorphoretically driven proton uptake via leak pathways is a highly non-linear function of the electrical driving force [61].  This was modeled by applying the Goldman constant field assumption, ignoring surface potentials and invoking the Boltzmann function to describe how the energy barriers associated with ion permeation across insulating membranes.  We used a single, centered Erying barrier with a high peak to represent the energy barrier for ion translocation.  The proton leak permeability, PmHleak, was set to 8.06x107 nmol/M/min/mg (T=25°C) in the model.
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S3F - Potassium Cycle Reactions

     The ‘futile’ K cycle plays a major role in mitochondrial volume homeostasis 
 ADDIN EN.CITE 
[62-65]
.  The balance of K+ influx via the ATP-dependent potassium channel and electrophoretically driven K+ uptake via leak pathways must be balanced with K+ efflux from the potassium-hydrogen exchanger.  
Potassium-hydrogen exchanger
     The potassium-hydrogen exchanger (KHE) was modeled based on a rapid equilibrium ordered bi-bi mechanism with proton-binding being the first and last binding event for forward and reverse exchange, respectively.  Proton mixed-type inhibition was included in the rate expression using the rapid equilibrium method.  The kinetic parameters for the exchanger were fit to experimental data from Brieley and Jung [66].  The max flux of the K+/H+ exchanger does not exceed 10% of the maximum proton efflux during respiration [65] and under ADP- and Pi-free conditions is strongly inhibited when Mg2+ is present.  
     The KHE was hypothesized to be regulated via the carrier brake hypothesis [67], but Brierley and Jung call into question the relevance of this exchanger under physiological conditions due to the strong inhibitory environment present [66].  Garlid then proposed that the K+/H+ exchanger is regulated by matrix volume by membrane stretching activating the exchanger [68].  Garlid’s regulation mechanism is interpreted as a volume sensing portion of the exchanger that serves as an activating mechanism as the volume increases.  This has an effect of activating the exchanger even in the presence of a considerable amount of endogenous inhibitory agents.  A linear relationship between the exchanger rate and matrix volume was found to best reproduce the experimental data.  See the main paper for details.  The parameter values used for the rate expression are found in Table S3.22.
     The reference reaction for the KHE is
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and to simplify the notation, the reactants are redefined as follows: [A] = [H+]ims, [B] = [K+]mtx, [P] = [K+]ims and [Q] = [H+]mtx.

     Since the KHE is non-electrogenic, the equilibrium constant for this reaction is
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     Before the rate expression for the KHE is introduced, inhibition relationships must first be defined.  The exchanger exhibits mixed type inhibition with respect IMS protons, and the apparent KM for both matrix and IMS K+ is controlled by matrix and IMS protons, respectively.  Using the rapid equilibrium assumption, the apparent KM inhibitory factors are defined below as
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for the matrix side and 
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for the inner-mitochondrial membrane side (KH is identical to KiA defined in Table S3.22).  The exchange rate is inhibited by matrix Mg2+ and Ca2+ as well as H+ in the IMS and activated by an increase in matrix volume.  These regulatory actions are defined as
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     The full rate expression for the KHE used in the model is 
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Table S3.22. Potassium-Hydrogen Exchanger Parameters
	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum exchange rate (T=25°C)
	6.25 nmol/nl/min/mg
	a

	KiA
	H+ binding constant
	1.63x10-10 M
	[66]b

	KB
	Matrix K+ binding constant
	1.80x10-3 M
	[66]b

	KP
	IMS K+ binding constant
	1.80x10-3 M
	[66]b

	αH
	Proton modulation constant
	28.3 unitless
	[66]b

	βH
	Proton inhibition constant
	1.40 x10-3 unitless
	[66]b

	KiMg
	Matrix Mg2+ inhibition constant
	92.0x10-6 M
	[69]

	KiCa
	Matrix Ca2+ inhibition constant
	2.20x10-6 M
	[69]


a Fit to simulation using the experimental data sets described in the main paper.

b Fit to data presented in the reference as briefly described below.

     Figure S3.8 shows the KHE parameter fits for the data presented by Brieley and Jung [66].  In their work, they depleted isolated mitochondria of divalent cations using A23187 to activate the KHE and measure K+ dependent H+ ejection at 25°C.  We used 32 data points (5 data curves) to find 4 parameters (4 kinetic constants and 3 maximum exchange rates) for the KHE rate expression.  Although the maximum exchange rate was allowed to change for each figure, they were all very similar, 111.5 +/- 15.7 nmol/mg/min, and within the reported experimental maximum rate, 113 nmol/mg/min.  The matrix volume was not given for each experimental condition, but it was reported to average 1 μl/mg.
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Figure S3.8. The experimental data from Brieley and Jung [66] was used to fit the potassium-hydrogen exchanger parameters.  The experimental system used to gather the data was divalent cation depleted isolated mitochondria.  The matrix volume that was used for the fits was set to the reported value of 1 ul/mg.  The H+ efflux was measured for 15 mM (open circles) and 30 mM (open squares) external K+ versus matrix H+ concentration (A).  The H+ efflux was also measured at different matrix and external H+ concentrations while the external K+ concentration was held fixed at 20 mM (B).  The pH values next to the data points indicate the external pH while the internal H+ concentration is indicated by the abscissa.
ATP-dependent potassium channel

     The mechanism for K+ entry into the matrix is through the ATP-dependent potassium channel (mKATP) and electrophoretically driven K+ leak pathways.  The ATP-dependent K+ channel was characterized using data from Mironova et al. and Garlid et al. 
 ADDIN EN.CITE 
[65,70]
.  The channel was modeled using a thermodynamically balanced expression to relate K+ driving forces hybridized with channel kinetics similar to the method used by Dash and Beard [71].  The channel is an inward rectifier and is strongly modulated by nucleotides in the presence of Mg2+.  Although a model with a single binding site best fit the adenine nucleotide data 
 ADDIN EN.CITE 
[72]
, the rate expression below is slightly modified to represent the complex regulatory processes (adenine nucleotide inhibition and guanidine nucleotide activation) occurring in the mitochondrial matrix.  Specifically, for the sole purpose of modeling the volume dynamics, the channel is assumed to be inhibited by MgATP with MgADP acting as an activator by increasing the Ki for MgATP.  Although the calcium chelated forms of these adenine nucleosides also inhibit the channel, the overall contribution to the channels inhibition is primarily due to the Mg2+-chelated form and therefore is not used in the model.  The inward rectification requires either a Markov-type state model of the channel or a phenomenological model to reproduce the currents at positive potential.  Since the mitochondrial membrane potential is rarely positive during physiological conditions, we did not include this current-voltage relationship in the model expression.  The hybrid Goldman-Hodgkin-Katz flux formulism is adequately able to reproduce the current-voltage relationship at negative potentials seen in Figure 3.9A.  The parameter values used for the rate expression are found in Table S3.23.
     The rate expression for the ATP-dependent potassium channel is
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Table S3.23. ATP-dependent Potassium Channel Parameters
	Parameter
	Definition
	Value
	Reference
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	Potassium conductance (T=25°C)
	6.75 nmol/min/mg
	a

	β
	Erying energy barrier constant
	0.25 unitless
	
 ADDIN EN.CITE 
[70,72]


	KK
	K+ binding constant
	0.032 M
	
 ADDIN EN.CITE 
[72]
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	MgATP inhibition constant
	4.10x10-9 M
	
 ADDIN EN.CITE 
[72]
 a
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	MgADP inhibition constant
	10.0x10-6 M
	
 ADDIN EN.CITE 
[72]
 a


a Fit to simulation using the experimental data sets described in the main paper.

     Figure S3.9 shows that the simplified expression for ATP-dependent potassium flux can acceptably describe the experimental data.  The channel conductance was calibrated to fit the trend in each experimental data set.  The 55-kDa inward rectifying mKATP from rat hepatocytes was characterized using the data from Mironova et al. 
 ADDIN EN.CITE 
[70]
 as shown in Figure S3.9A.  They studied the channel using the patch-clamp technique with the isolated channel resuspended in liposomes in symmetric 100 mM KCl.  Paucek et al. studied the channel in proteoliposomes using rat hepatocytes and bovine heart sources shown in Figure S3.9B 
 ADDIN EN.CITE 
[72]
.  They used the permeant anion ClO4- to establish a membrane potential of approximately 180 mV across the proteoliposome membrane.  The qualitative and quantitative difference between liver and heart ATP-dependent potassium channels were assumed to be negligible 
 ADDIN EN.CITE 
[73]
.  
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Figure S3.9.  The derived ATP-dependent potassium channel rate expression is able to reproduce (A) the current- voltage relationship (open circles), and (B) the K+-dependent transport kinetics (open circles).  The ATP-dependent potassium channel current-voltage data was from Mironova et al. 
 ADDIN EN.CITE 
[70]
, and the K+-dependent transport kinetic data was from Paucek et al. 
 ADDIN EN.CITE 
[72]
.  None of the data presented in the above figures was used for parameter estimation; the channel conductance for each experimental data set was calibrated by hand.
Potassium leak
     The electorphoretically driven K+ uptake via leak pathways is a highly non-linear function of the electrical driving force [61].  We modeled the K+ leak kinetics similarly to the H+ leak kinetics.  For details, please see the end of section S3E.  The K+ leak permeability, PmKleak, was set to 13.7 nmol/M/min/mg (T=25°C) in the model.  The mitochondrial potassium leak rate expression used is
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S3G - Sodium-Calcium Cycle Reactions

     The sodium and calcium dynamics present in the model are based on that presented by Dash and Beard and Nguyen et al. 
 ADDIN EN.CITE 
[2,71]
.  The sigmoid calcium-dependence and non-linear transmembrane voltage-dependence for the calcium uniporter is similar to the expression published by Dash and Beard.  The sodium-calcium exchanger is similar to both published expressions.  The sodium-hydrogen exchanger is identical to Nguyen et al. with the matrix proton regulation refit to the experimental data.
Calcium uniporter
     Mitochondrial Ca2+ influx primarily occurs via the Ca2+ selective ion channel known as the calcium uniporter.  The rate expression is based on Dash and Beard [71] and was extended to include a Mg2+ non-competitive inhibition mechanism.  It was assumed that Mg2+ could bind to the 2nd Ca2+ binding site and prevent Ca2+ transport and modeled as a rapid equilibrium mechanism.  The parameter values used for the rate expression are found in Table S3.24.
     The rate expression for mitochondrial Ca2+ uptake is,
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Table S3.24. Calcium Uniporter Parameters
	Parameter
	Definition
	Value
	Reference
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	Calcium Permeability (T=25°C)
	157 nmol/min/mg
	a

	KCa
	Calcium binding constant
	4.35x10-6 M
	
 ADDIN EN.CITE 
[74-77]
b

	nCa
	Membrane potential constant
	2.40 unitless
	
 ADDIN EN.CITE 
[74-77]
b

	KMg
	Magnesium binding constant
	17.31x10-6 M
	
 ADDIN EN.CITE 
[74-77]
b

	aMg
	Magnesium inhibition constant
	10.7
	
 ADDIN EN.CITE 
[74-77]
b


a Fit to simulation using the experimental data sets described in the main paper.

b Fit to data presented in the reference as briefly described below.

     Figure S3.10 shows the calcium uniporter rate expression fits the experimental data from four independent data sets 
 ADDIN EN.CITE 
[74-77]
.  It is interesting to note that a single Ca2+ binding constant can reproduce the data from different tissues in rat with the Mg2+-dependent non-competitive inhibition mechanism.  It is entirely plausible to consider the major difference between liver and heart calcium uniporter dynamics be attributed to different expression levels (see Figure S3.10 for details) versus different calcium binding affinities as would be expected in different species; however, more research concerning this matter needs to be done.  For each data set the free cation concentration was calculated using the KD values defined in Part S1C.  The nonlinear ΔΨ-dependence is conserved from Dash and Beard [71] with the cooperativity parameter, nCa, refit to the data.  For succinate energized mitochondrial in the presence of rotenone, the ΔΨ was fixed at -160 mV in contrast to the -190 mV employed in Dash and Beard [71].  This change is based on considering the P/O ratio for succinate that is approximately 1.5 while it is approximately 2.5 for NADH-linked substrates [78].
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Figure S3.10.  The fit calcium uniporter rate expression (as indicated by Ca2+ uptake) is compared to the four independent experimental data sets.  A) Vinogradov and Scarpa spectrophotometrically measured Ca2+ uptake using succinate-energized rat liver mitochondria incubated at various extra-mitochondrial [Ca2+] in the presence 2 mM MgCl2 at 24 ºC [76].  B) Scarpa and Grazzioti also spectrophotometrically measured Ca2+ uptake at various extra-mitochondrial [Ca2+]; however, they used succinate-energized heart mitochondria in the presence of 5 mM MgCl2 at 26 ºC [75].  C)  Wingrove et al. used a ruthenium red quench technique with a TPP electrode to measure Ca2+ uptake of succinate-energized liver mitochondria versus ΔΨ at 1.5 μM (circles), 1.0 μM (squares) and 0.5 μM (diamonds) extra-mitochondrial [Ca2+] at 25 ºC [77].  The ΔΨ was titrated using malonate.  D)  Bragadin et al. measured Ca2+ uptake using K+-diffusion potentials (estimated to be -185 mV based on 125 mM K+ in the matrix and 100 μM K+ in the buffer) and a K+-selective electrode correlated with Ca2+ uniporter rates at 0 mM (circles), 2 mM (squares) and 5 mM (diamonds) extra-mitochondrial [Mg2+] at 20 ºC [74].  The max uptake rates used were 2.08, 2.64, 2.20 +/- 0.18 (n=3) and 1.76 +/- 0.15 (n=3) nmol/mg/min for A, B, C and D, respectively.  The matrix Mg2+ was estimated for each data set and bounded in the acceptable experimental range of 10 μM to 1 mM and averaged 0.54 mM.
Sodium-calcium exchanger
     In order to balance Ca2+ influx from the calcium uniporter, mitochondria utilize what is known as the sodium-calcium exchanger.  The exchanger stoichiometry is assumed to be 3:1 resulting in an electrogenic exchange of three Na+ for one Ca2+.  The expression is based on a rapid equilibrium random bi-bi mechanism and is similar to the Dash and Beard’s expression [71] with additional and Ca2+-activation.  The Ca2+-activation mechanism is present in the sarcolemmal isozyme [79], and we hypothesize that it is present in the mitochondrial isoform as well.  The parameter values used for the rate expression are found in Table S3.25.

     The rate expression for mitochondrial Na+/Ca2+ exchange is,
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Table S3.25. Sodium-Calcium Exchanger Parameters
	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum exchange rate (T=25°C)
	0.731 nmol/min/mg
	a

	KNa
	Sodium binding constant
	1.70x10-3 M
	a

	KCa
	Calcium binding constant
	4.17x10-6 M
	a

	KaCa
	Calcium activation binding constant
	1.66x10-6 M
	a

	βCa
	Calcium activation constant
	67.6
	a


a Fit to simulation using the experimental data sets described in the main paper.

Sodium-hydrogen exchanger
     The balance of sodium is achieved via the sodium-hydrogen exchanger.  This exchanger is modeled similarly to sodium-calcium exchanger in that it assumes a rapid equilibrium random bi-bi mechanism except for an additional dependence on matrix pH as in Nguyen et al. [2].  The proton regulatory binding constant was refit to the data presented in Kapus et al. [80].  This rate was modified slightly since a better fit to the data was achieved by including a Hill coefficient of 2 in the regulatory binding term.  The parameter values used for the rate expression are found in Table S3.26.

The rate expression for mitochondrial Na+/H+ exchange is,
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Table S3.26. Sodium-Hydrogen Exchanger Parameters
	Parameter
	Definition
	Value
	Reference

	Vmax
	Maximum exchange rate (T=25°C)
	9.45x105 nmol/min/mg
	a

	KNa
	Sodium binding constant
	24.25x10-3 M
	[2]

	KH
	Proton binding constant
	10-8.5 M
	[2]

	KH,reg
	Proton regulatory binding constant
	10-7.2 M
	[80]b


a Fit to simulation using the experimental data sets described in the main paper.

b Fit to data presented in the reference.
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