Supplemental material for “Experimentally observed
phenomena on cardiac energetics in heart failure emerge
from simulations of cardiac metabolism”

Fan Wu*, Jianyi Zhangt, and Daniel A. Beard*}

*Biotechnology and Bioengineering Center and Department of Physiology, Medical College of Wiscon-sin
tCardiology Division, Department of Medicine, University of Minnesota Medical School

ICorresponding Author: Daniel A. Beard, Medical College of Wisconsin, 8701 Watertown Plank Road,
Milwaukee, WI 53226, E-mail:dbeard@mcw.edu



S1. List of model components

The computational model applied in the current study integrates computational models of cellular metabolism and
oxygen transport in cardiac tissue previously published by Beard et al. (1-3). Please refer to these published
papers and the associated supplemental material for detailed descriptions of model parameterization and
validation.

This appendix lists the basic components of the current model. Figure S1 illustrates components of the
computational model of cardiac energetics and oxygen transport. Table S1 summarizes the metabolite pools in
canine hearts at different stages of left ventricular hypotrophy (LVH). Table S2 lists values of myocardiac cellular
volumes and water fractions from Reference (4). Tables S3 and S4 list the state variables and reaction and
transport fluxes considered in the model. Table S5 lists model parameters.
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Figure S1: Diagram of model used to simulate cardiac tissue oxygen transport and energy metabolism.
Oxygen is transported via advection in capillaries, diffuses into cardiomyocytes from capillaries through
interstitium, and is reduced into water via the complex IV reaction in mitochondria. Please see references (1, 5)
for detailed procedures of parameterization and validation of models of cellular energy metabolism and oxygen
transport.




Table S1: Metabolic pools in canine hearts at different stages of left ventrical hypotrophy (LVH).

Concentrations '
. Normal Early-stage LVH? Moderate LVH*
(mmol (1 cell) )

CRyot 35.04 35.56 (+1.5%) 30.26 (-13.6%)
ATPgL 7.23 6.81 (-5.8%) 5.27 (-27.1%)
CrPpL 15.33 15.05 (-1.8%) 8.16 (-46.8%)

TEP 29.78 28.69 (-3.7%) 18.72 (-37.1%)
TAN 8.62 8.20 (-4.9%) 6.85 (-20.5%)

"Concentrations of total creatine pool (CRyy), basal ATP content (ATPg.), and basal CrP content (CrPg,) are
obtained from the biopsy measurement in Zhang et al. (6), Bache et al. (7), and Bache et al. (8), respectively.
fConcentrations of total exchangeable phosphate pool (TEP) and total adenine nucleotide pool (TAN) are
estimated based on the experimental measurements of CR, ATPg, and CrPg,.

*Percentages listed in parentheses denote relative changes of the concentrations from the basal values.

Table S2: Myocardial cellular volumes and water fractions

Variables Value Unit

Veyto 0.6801 ml cytoplasm (ml cell)”
Vinito 0.2882 ml mitochondria (ml cell)”
W, 0.8425 ml water (ml cytoplasm)”
W; 0.0724 ml water (ml mitochondria)™
W 0.6514 ml water (ml mitochondria)”

Table S3: Model variables

Variables Descriptions Units

Oxygen Concentration:

Con,capillary Total oxygen concentration in capillary mol (I capillary)”
Co2,interstitium Total oxygen concentration in interstitium mol (1 interstitiurn)'1
Concell Total oxygen concentration in myocyte mol (1 cell)'1

Mitochondrial membrane potential :
AY Mitochondrial membrane potential mV

Mitochondrial Matrix Variables:

[H'x Concentration of H' ion in mito matrix mol (1 matrix water) '
[K'x Concentration of K* jon in mito matrix mol (I matrix water) ™
[Mg*], Concentration of Mg®" ion in mito matrix mol (1 matrix water) '

[NADH], Concentration of NADH in mito matrix mol (I matrix water) "




[NAD]x
[QH:]x
[COQIx
[ATP];
[ADP],
[GTP]«
[GDP],
[P1]x
[PYR];
[COASH],
[ACCOA],
[OAA]
[CIT]x
[ICIT],
[AKG]
[SCOA],
[SUC]
[FUM],
[MAL],
[ASP],
[GLU,
[O2]x
[COstot]y

Concentration of NAD in mito matrix
Concentration of reduced ubiquinol in mito matrix
Concentration of oxidized ubiquinol in mito matrix
Concentration of total ATP in mito matrix
Concentration of total ADP in mito matrix
Concentration of total GTP in mito matrix
Concentration of total GDP in mito matrix
Concentration of inorganic phosphate in mito matrix
Concentration of pyruvate in mito matrix
Concentration of CoA-SH in mito matrix
Concentration of acetyl-CoA in mito matrix
Concentration of oxaloacetate in mito matrix
Concentration of citrate in mito matrix
Concentration of isocitrate in mito matrix
Concentration of a-ketoglutarate in mito matrix
Concentration of succinyl-CoA in mito matrix
Concentration of pyruvate in mito matrix
Concentration of fumarate in mito matrix
Concentration of malate in mito matrix
Concentration of aspartate in mito matrix
Concentration of glutamate in mito matrix
Concentration of oxygen in mito matrix

Concentration of total CO, in mito matrix

Mitochondrial Inter-Membrane Space Variables:

[H'];
[K'];
Mg™'];
[Cred];
[Cox]i
[ATP];
[ADP];
[AMP];
[PI];
[PYR];

Concentration of H" ion in IM space

Concentration of K" ion in IM space

Concentration of Mg*" ion in IM space
Concentration of reduced cytochrome C in IM space
Concentration of oxidized cytochrome C in IM space
Concentration of total ATP in IM space
Concentration of total ADP in IM space
Concentration of total AMP in IM space
Concentration of inorganic phosphate in IM space

Concentration of pyruvate in IM space

mol (I matrix water) ™
mol (1 matrix water) '
mol (I matrix water) ™
mol (I matrix water) ™
mol (1 matrix water)”'
mol (1 matrix water) ™
mol (I matrix water)”'
mol (I matrix water) ™
mol (1 matrix water) '
mol (I matrix water) ™
mol (I matrix water) ™
mol (1 matrix water) '
mol (I matrix water) ™
mol (I matrix water) ™
mol (I matrix water) ™
mol (I matrix water) ™
mol (1 matrix water) '
mol (1 matrix water) "
mol (I matrix water) ™
mol (1 matrix water) '
mol (1 matrix water) ™
mol (I matrix water) ™

mol (I matrix water) ™

mol (1 IM water) ™
mol (1 IM water)
mol (1 IM water) ™
mol (1 IM water) ™
mol (1 IM water) !
mol (1 IM water)
mol (1 IM water) ™
mol (1 IM water) '
mol (1 IM water)
mol (1 IM water) !




[CIT]; Concentration of citrate in IM space

[AKG]; Concentration of a-ketoglutarate in IM space
[SUCT; Concentration of pyruvate in IM space
[FUM]; Concentration of fumarate in IM space
[MAL]; Concentration of malate in IM space

[ASP]; Concentration of ssparatate in IM space
[GLU]J; Concentration of glutamate in IM space
Cytoplasm Variables:

[H']. Concentration of H' ion in cytoplasm

[K']e Concentration of K' ion in cytoplasm

[Mg*]. Concentration of Mg ion in cytoplasm
[ATP]. Concentration of total ATP in cytoplasm
[ADP]. Concentration of total ADP in cytoplasm
[AMP]. Concentration of total ADP in cytoplasm

[PI]. Concentration of inorganic phosphate in cytoplasm
[PYR]. Concentration of pyruvate in cytoplasm
[CIT]. Concentration of citrate in cytoplasm

[AKG]. Concentration of a-ketoglutarate in cytoplasm
[SUC]. Concentration of pyruvate in cytoplasm
[FUM], Concentration of fumarate in cytoplasm
[MAL], Concentration of malate in cytoplasm

[ASP]. Concentration of aspartate in cytoplasm
[GLU]. Concentration of glutamate in cytoplasm
[CrP], Concentration of phosphate creatine in cytoplasm
[Cr]. Concentration of creatine in cytoplasm

mol (1 IM water)
mol (1 IM water) '
mol (1 IM water) ™
mol (1 IM water) '
mol (1 IM water)
mol (1 IM water)
mol (1 IM water) ™

mol (1 cytoplasm water) '
mol (I cytoplasm water) ™'
mol (I cytoplasm water) ™'
mol (I cytoplasm water) '
mol (1 cytoplasm water) !
mol (I cytoplasm water) ™'
mol (1 cytoplasm water) '
mol (1 cytoplasm water) !
mol (I cytoplasm water) ™'
mol (I cytoplasm water) ™'
mol (I cytoplasm water) ™'
mol (1 cytoplasm water)
mol (1 cytoplasm water) '
mol (I cytoplasm water) ™
mol (I cytoplasm water) ™'
mol (1 cytoplasm water) '

mol (I cytoplasm water) ™'

Table S4: Reaction and transport fluxes

Flux
Mitochon
Jei

JC3

Jca

JH

JANT

drial Reactions:
Complex I

Complex III
Complex IV

F,Fy, ATPase reaction

Adenine nucleotide translocase

Description Units

mol s (I mito)™
mol s (1 mito)™
mol s™' (I mito)™
mol s (1 mito)™

mol s (I mito)”




\]PIHt
\]Hle
‘] KH
\]pdh
\]cits
‘]acon
J isod
\]akgd
J scoas
J sdh
‘]fum
\]mdh
\]ndk

J got

\]AKi
Mitochon
‘] PYRH
\]GLUH
\]CITMAL
‘]AKGMAL
\] SUCMAL
‘]MALPI
\]ASPGLU
\]PIt

‘]ATPt
\]ADPt
\]AMPI

‘] PYRt
\]CITt
\]MALt

J AKGt

‘]SUCt

\]GLUt

Phosphate-hydrogen co-transporter
Proton leak

Mitochondrial K™/ H exchanger
Pyruvate dehydrogenase

Citrate synthetase

Aconitase

Isocitrate dehydrogenase
a-Ketoglutarate dehydrogenase
Succinyl-CoA synthetase
Succinate dehydrogenase
Fumarase

Malate dehydrogenase
Nucleoside diphosphokinase

Transaminase)

Mitochondrial adenylate kinase

drial Transport Fluxes:

Pyruvate-H" co-transporter

Glutamate-H" co-transporter
Citrate/malate antiporter
a-Ketoglutarate/malate antiporter
Succinate/malate antiporter
Malate/phosphate antiporter
Aspartate/glutamate antiporter

Phosphate transport across outer membrane
ATP transport across outer membrane
ADP transport across outer membrane
AMP transport across outer membrane
Pyruvate transport across outer membrane
Citrate transport across outer membrane
Malate transport across outer membrane

a-Ketoglutarate transport across outer
membrane

Succinate transport across outer membrane

Glutamate transport across outer membrane

Glutamate oxaloacetate transaminase (Aspartate

mol s™' (I mito)™
mol s (1 mito)™
mol s (I mito)™
mol s™' (I mito)™
mol s (I mito)™
mol s (I mito)™
mol s (1 mito)™
mol s™' (I mito)™
mol s™' (I mito)™
mol s (1 mito)™
mol s (I mito)”
mol s (1 mito)™
mol s™' (1 mito)™

mol s (I mito)™

mol s™' (I mito)™

mol s (I mito)™
mol s (I mito)™
mol s (1 mito)™
mol s (I mito)™
mol s (1 mito)™
mol s (I mito)™
mol s™' (I mito)™
mol s (1 mito)™
mol s (I mito)™
mol s (1 mito)™
mol s™' (I mito)™
mol s (I mito)™
mol s (1 mito)™
mol s™' (1 mito)™

mol s (1 mito)™

mol s (I mito)™

mol s (1 mito)™




\]ASPt

Aspartate transport across outer membrane

Cytoplasm Reactions:

\]ATPase

J AKc

\]CK

Cytoplasmic ATP consumption rate
Cytoplasmic adenylate kinase

Creatine kinase

mol s™' (I mito)™

mol s (I cyto)”
mol s™ (1 cyto)™
mol s (I cyto)”

Table S5: Model parameter

Parameter

Description

Enzyme activity and kinetic constant

Xpdn
Xcits
Xacon
Xisod

Xakgd

Kir,akgd
Xscoas
xsdh

Xfuma

deh
Xndk
Xgot
xPYRH

XGLUH
XCITMAL

XAKGMAL

XSUCMAL
XMALPI

XASPGLU
xCl
XC3

Pyruvate dehydrogenase activity
Citrate synthase activity
Aconitase activity

Isocitrate dehydrogenase activity

a-Ketoglutarate dehydrogenase
activity
Inhibition constant of NADH in
a-Ketoglutarate dehydrogenase
reaction

Succinyl-CoA synthetase activity
Succinate dehydrogenase activity
Fumarase activity

Malate dehydrogenase activity

Nucleoside diphosphokinase
activity

Glutamate oxaloacetate
transaminase

PYR/H" co-transporter activity

GLU/H" co-transporter activity
HCIT*/MAL? antiporter activity

AKG*/MAL?” antiporter activity

SUC*/MAL? antiporter activity
MAL?/PI* antiporter activity
ASP/HGLU" antiporter activity
Complex I activity

Complex III activity

Value

1.22 x 107
1.16

3.21 x 107
4.25x 10"

7.70 x 107

6.04x107

5.82 x 10
6.23 x 107
7.12 %107
6.94 x 10

2.65 x 107

7.96
4.12 % 108
3.26 x 108

7.31 x 10!

3.46 x 10

9.54 x 10"
1.58 x 10’
7.48 x 107
2.47 x 10*
6.65 x 107

Units

mol s™ (I mito)™
mol s (I mito)
mol s (I mito)”

mol s™ (I mito)™

mol s™ (I mito)™

M

mol s™ (I mito)™
mol s™ (I mito)™
mol s™ (I mito)™

mol s (I mito)”

mol s (1 mito
volume)™!

mol s™ (I mito)™

mol s M (I mito)

mol s M (I mito
volume)™!

mol s M (I mito
volume)™!

mol s™ (I mito
volume)™!

mol s M (I mito)
mol s M™ (I mito)™
mol s™ (I mito)™

mol s M (I mito)

mol s M™? (1 mito)”

Reference

)
®)
®)
®)

®)

®)

®)
)
)
®)
)
)
)
®)
)
)
)
®)
)

)
(©)




K11
Kpi2
Xea
X1

xANT

XPIHt

kPIHt
Xku
XHle

XAKi

XAKC

XCKc

Complex III/PI parameter
Complex III/PI parameter
Complex IV activity
F,Fi-ATPase activity
ANT activity

H,PO4/H" co-transporter activity

H,PO,/H" co-transporter
parameter

K'/H" antiporter activity

Proton leak activity
IM space adenylate kinase
activity

Cytoplasmic adenylate kinase
activity

Cytoplasmic creatine kinase

Oxygen Transport Parameters

(081
(¢5)
o3
PSi,
PS,;
Hct

CHb

Pso.ub
NH
Cwp
Psomb

Pinput

Plasma O, solubility
Interstitial fluid O, solubility
Myocyte O, solubility
Capillary wall PS product
Myocyte fiber PS product
Hematocrit

Oxyhemoglobin binding site
concentration

Hemoglobin half-saturation Pg,
Hemoglobin Hill coefficient
Myoglobin saturation
Myoglobin half-saturation Pg,

Arterial oxygen tension

Physicochemical Parameters:

RT
F

Gas constant times temperature

Faraday’s constant

Structure/Volume Parameters:

p
L

Tissue density

Capillary length

2.81x107
3.14x 107
9.93 x 107
5.95 x 10°
1.52 x 107!
2.01 x 10’

1.01 x 107
5.65 x 10°
3.05 x 10?

1x10"

1x10"

1x10"

1.30 x 10
1.25x10°
1.74 x 107
50

10

0.45

0.0213

30.0
2.55
200 x 10°°
2.39
100

2.5775
0.096484

1.053
550

M

M

mol s M (I mito)
mol s M (I mito)”!
unitless

mol s M (I mito)
M

mol s M (I mito)™

mol s mV' M (1
mito)”!

mol s M (I mito)

mol s M? (I cyto)”

mol s M? (I cyto)”

M mm Hg™
M mm Hg™
M mm Hg!
ml s™ (ml tissue)
ml s (ml tissue)™

unitless
mol (1RBC)™

mm Hg
unitless
mol (1 cell)’!
mm Hg
mm Hg

kJ mol™
kJ mol! mVv™!

g (ml tissue)™

um

)
)
®)
)
(M
®)
)
)
®)

)

(10)
(11)
(12, 13)
(14)

@)

)

(15)
(15)
2
(16)
2)

“)
an




Vi
Va
Vs

chto

Vit
Wy
Wi
We

Y

Pm

Capillary blood volume
Interstitial volume

Myocyte volume
Cytoplasm Volume

Mitochondrial Volume

Matrix water space fraction
IM space water fraction
Cytoplasm water fraction
Outer membrane area per mito

volume

Protein density of mitochondria

Mitochondrial Model Parameters:

Na

Prr

Pa

k02
CIM
Bx

Kex

Fixed Concentrations and Concentration Pools:

NAD tot

Qtot

cytCiot

Atot

CRtot

[COstot],

H' stoich. coef. for F,Fy-ATPase

Mitochondrial membrane
permeability to inorganic
phosphate

Mitochondrial outer membrane
permeability to nucleotides

Kinetic constant for complex IV
Capacitance of inner membrane
Matrix buffering parameter

Matrix buffering parameter

Total matrix NAD(H)
concentration

Total matrix ubiquinol
concentration

Total IM cytochrome c
concentration

Total matrix ATP+ADP
concentration

Total Cr+CrP concentration

Total CO, concentration in the
matrix

0.05
0.17585
0.73078

0.894

0.056

0.6514
0.0724
0.8425

5.99

2.725 % 10°

327

85.0

1.2x10*
6.75 x 10
0.02

1 x 107
2.97

1.35

2.70

10

42.7

21.4 %107

ml (ml tissue)”
ml (ml tissue)”
ml (ml tissue)

(1 cytoplasm) (1 cell)”
1

(1 mito) (I cell) ™
(1 water) (1 mito) ™"
(1 water) (1 mito) ™'

(1 water) (1 cyto) ™
pum’!

(mg Protein) (1 mito)
1

unitless

um sec’!

um sec’!

M
mol (I mito) ' mV™!
M
M

mol (I matrix water) ™
mol (1 matrix water) '
mol (1 IM water) ™

mol (1 matrix water) '

mol (1 cytoplasm
water) !

Molar

(18, 19)
(4)
4)

(20)

21
(4,22)
(4,22)
4)

(23)

“)

24
(25)

(26)

(25)°
(22,27)
(28, 29)
(28, 29)°
(25)°
(25)°
(25)°
(25)°

(30)

€1)




Standard Gibbs Free Energy or Equilibrium Constants of Reference Reactions:*

ArGgl
A,Ges
ArCBCO4
AGy,
ArGI?dh
AchOits

A G

r —acon

A G

r isod

A,G)

r ~akgd

A G’

r ~scoas
Ar(ssodh
A G,
ArGrgldh
ATGI(l)dk
AG,,
Kgq,AK

KO

eq,CK

Complex I

Complex 11

Complex IV
F.,F;-ATPase

Pyruvate dehydrogenase
Citrate synthase
Aconitase

Isocitrate dehydrogenase
a-Ketoglutarate dehydrogenase
Succinyl-CoA synthetase
Succinate dehydrogenase
Fumarase

Malate dehydrogenase

Nucleoside diphosphokinase

Glutamate Oxaloacetate
Transaminase

Adenylate kinase

Creatine kinase

-109.7
46.69
-202.2
-4.51
19.59
42.36
12.82
91.75
12.82
47.61
-1.35
-3.60
69.12

0
-1.47

3.97 x 107!

3.57 x 10®

kJ mol!
kJ mol™
kJ mol™
kJ mol™
kJ mol!
kJ mol!
kJ mol!
kJ mol!
kJ mol™
kJ mol™
kJ mol
kJ mol!
kJ mol!

kJ mol™!
kJ mol™

unitless

M-l

®)
®)
®)
)
®)
®)
®)
®)
)
®)
)
®)
®)
®)
®)
(M
(M

*Standard physicochemical constants

®Values are adjusted to match experimental data.
‘Value used is taken from previous modeling studies, not direct experimental measure.
%Values used are calculated for reference reactions at physiological temperature (310.15 K) and ionic strength

(0.17 M) based on standard thermodynamic data collected from the Alberty’s book (32) and NIST database (33).

Please refer to Appendices of (5) and (1) for detailed computation procedures.
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S2. Computational model

The model is mathematically described by using the differential equations listed below. The oxidative
phosphorylation component of the model is derived from previously published work (22, 34, 35). The details
behind the TCA cycle enzyme kinetic schemes are provided in Appendix C of our previously published work (5).
Here the subscripts “x”, “i”, and “c” on variable names denote matrix, intermembrane, and cytoplasmic (extra-
mitochondrial) spaces, respectively. For example [ATP], denotes matrix ATP concentration while [ATP]. denotes
ATP concentration in the cytoplasm or buffer space for an isolated mitochondria experiment.

S2.1. Differential equations

The differential equations are grouped into equations for oxygen concentration, membrane potential,
mitochondrial matrix variables, intermembrane space variables, and cytoplasm variables. The time derivatives of
free [H'], [Mg*'], and [K'] are treated separately.

Oxygen concentration:

pGL o, PS
aCOZ ,capillary / at == aCOZ ,capillary / aX - ( P02 ,capillary - POZ ,interstitium) (S 1)
1 1
a,PS a,PS
a(:Oz Jinterstitium /at = _%(PO2 ,capillary - I:)Oz ,interstitium) _%(Poz,interstitium - I:)Oz ,cell) (Sz)
2 2
a,PS J
aCo2 e/ OL= _u(l:)o2 capillary POZ,Cell) —Viito (ﬂj (S3)
v, 2
where
COz,capillary =q POZ,capillary +HctC,, Sy, (S4)
P oo
S — - O, ,capillary - (SS)
Hb POZH,capillary + PSO?Hb
COZ,cell = I:)02 cent T ComSuip (S6)
P
S - 0, ,cell ' (S7)
" POZ,cell + PSO,Mb
Mitochondrial Inner Membrane Electrical Potential:
OAY /ot = (+4‘]c1 +2'JC3 + 4‘]c4 - nA‘]Fl - ‘]ANT - ‘]Hle + ‘]ASPGLU)/CIM (S8)
Mitochondrial Matrix:
AATP] /0t = (+J g + gy = Jnr ) /W, (89)
O[ADP] /ot =(=J 4 — I + I nr) /W, (S10)
S[AMP]_ /6t =0/W. (S11)
A[GTP] /ot =(+J_. —J ) /W, (S12)
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d[GDP], /dt =(-J
J[PI]_ /ot = (-

+J, 4) /W,

scoas

scoas

O[QH, 1, /ot = (+d 4, +Je; —Je3) /W,
O[PYR], /3t =(~J g + Jpyrs) /W,

A[ACCOA], /8t = (=34 +J,00) W,
a[CIT] /at (+‘]c1ts - acon + ‘JCITMAL) /WX
OJICIT] /ot =(+d,., —Jos) /W,

S[AKG] /ot =(+J,_, -
B[SCOA], /8t = (+3,s — Jioons) /W,
B[COASH], /0t = (~J 4 — Jy + I
a[SuC]. /ot =(+J
A[FUM]_ /ot =(+Jy — 3. + 3 usuc) /W,
AIMALL /0t = (+Jp, = I + Jyarer — I aconpar —
A[OAA], /8t =~y + 300 + I o)W,

IGLU], /0t = (+J, + Jgrun = Jasparu) /W,
B[ASP], /0t = (=3, + Jxgpors) /W,

8[CO, tot], /8t =0/W. .

) /W,

scoas CltS

Mitochondrial Inter-Membrane Space:
O[Cred]. /ot = (+2J ., =23 ,) /W,

O[ATP]. /ot =(+J \1p + Iy + I axi ) /W,
O[ADP]. /ot = (+J ,pp = anr —2J 4 ) /W,
O[AMP]. / ot = (J e + I axi ) /W,

O[PI]. /0t = (=Jpyy + o + Jniarer T Jsucer) /W
O[PYR]. /0t = (—Jpypyy + Ipyri ) /W

O[CIT], / ot = (= cyrmar. T Jerm) /W,

OICIT], /ot = (= crrmar. + Jicrm ) /W,
O[AKG]; /0t = (=3 sxomar + Jaxa) /W
A[SUC], /0t = (=Jsycpr + Isuer + Jrumsuc) /Wi
O[FUM], / ot = (= rynr + Jrome ) /W,

- ‘]Fl + ‘JPIHt - ‘]SUCPI - ‘JMALPI)/WX

a[NADH]x /6t = (+‘]pdh + ‘]isod + ‘]akgd + ‘]mdh - ‘]Cl)/Wx

‘Jakgd - Jgot + JAKGMAL)/WX

scoas ‘]sdh + ‘JSUCPI - FUMSUC) / Wx

‘] CITMAL ) /Wx

(S13)
(S14)
(S15)
(S16)
(S17)
(S18)
(S19)
(S20)
(S21)
(S22)
(S23)
(S24)
(S25)
(S26)
(S27)
(S28)
(S29)
(S30)

(S31)
(S32)
(S33)
(S34)
(835)
(S36)
(S37)
(S38)
(S39)
(S40)
(S41)
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IMALJ; /0t = (=J s + Iniane + Jakomar + Jermmar )/ W,

AGLU; /6t = (= grun + Jaseoru + Jaru) /W,
O[ASP]. /ot =(=J yeperu + I asp) /W, -

) /W,

Cytoplasm:
O[ATP], /Ot = (~Voyso /Vimito ) azee — Aw%e+JCKC+JAm)/W4
O[ADP]. /0t = (~(Veyo /Vimito) I apee + I atpase = Jexe =2 axe
O[AMP], /0t = (=i Vamito)d antpr + I ake) /W,

BIPI], /8t = (~(V,y Voo ) e + Jace) /W,
OPYR], /0t = ~(Veyio /Vanto ) pyre /W,
O[CIT], /0t = (Voo Voo ) car /W
8[AKG], /8t =—(V,,, /leto)JAKGt W,
AISUCL, /0t = ~(Veyo /Viito suce /W
B[FUMY, /8t = ~(Vy /Vyio ) ponsc /W,
AIMAL], /0t = ~(Voyo Voo e /W,
O[GLU]. /0t = ~(Veyio Vi) Iirue /W,
OLASP], /0t = ~(Voyio /Viniio ) asec /W
O[PCr], /6t =—J . /W, .

FUMt

(S42)
(S43)
(S44)

(845)
(S46)
(S47)
(S48)
(849)
(S50)
(S51)
(852)
(S53)
(S54)
(855)
(S56)
(S57)

Assuming constant total concentrations NADyy, Qqot, CYtCior, and Ay for nicotinamide nucleotides, ubiquinol, and
cytochrome c, we compute concentrations of the following reactants as:

[NAD], = NAD,, -[NADH],

[COQ], = Q, ~[QH, ],
[Cox], = eytC,, —[Cred],.

Concentrations of cytoplasmic H", Mg*", and K" are assumed to be fixed at buffer conditions or physiological in

(S58)
(S59)
(S60)

vivo values. Since the outer membrane is highly permeable to hydrogen ions and cations, we assume

here[H']; = [H']., [Mg"']; = [Mg” ], and[K"]; = [K"], .

The rate of change of free [H'], [Mg®'] and [K'] in the mitochondrial matrix can be calculated based on mass

H'], [Mg*"], and [K ] are listed below. For

conservation. Mathematical expressions for time derivatives of [

detailed description and derivation of these expressions, please refer to Chapter 6 of Beard and Qian (36).
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a[H+] — 6[Kbound ] . 6[Mgbound ] _
ot oMg™] K]

a a[Hbound ] _ a[I_Ibound ] . a[I<bound ]J(DMG
“oMg"] oK) oMg”]

a[Hbound ] _ a[Hbound ] ) a[1\/Igbound ]Jq)K j|/ D
"OaK' oMgT]  AK']

H
Qg A jd)

(S61)

a[Mg2+] — a aUv[gbound ] _ a[I<bound ] . aUv[gbound ]jCDH
ot “ O[H'] JH']  OK']

a[I<bound] . a[I_Ibound] _ q)Mg
i ( au] Ak “Kj 0

+ (aH 6[Mgbound ] _ a[Hbound ] . 6[Mgbound ]](I)K j|/ D
oK '] K] O[H']

8[K+] |: a a[I<bound ] _ a[I<bound ] . aUv[gbound ]]q)H

ot MOoHT]  oMg*]  d[H']
+ aH Z[Kbouznf ] _ a[I<boind ] A a[Hbou;f ]Jq)Mg (863)
[Mg*']  oH'] oMg™]
+ a[lvlgbound] . a[I_Ibound ] —a.a (DK /D
oH]  oMg] T
The binding polynomials are calculated as
P([H"L[Mg* 1.[K"]) = 1+[H']/ K" +[Mg™ ]/ KM +[K /KX (S64)
The partial derivatives of total concentrations of bound [H'], [Mg2+], and [K'] are expressed as:
a[Hbound] - _ < [Li][H+]/KiH (865)
aAMg™1 T KM (R(H LM LKD)
A Hyy, 3 LJH/K!
+d] _ [LiJH ] : (S66)
K] = K (R(H LM LIK D)
MMy ] Z [L](1+ Mg /K™ +[K7T/K) s67)
AT F K (R LIME LKD)
oMgpma] _ X [LiIMg” 1/ K" (S68)

o[H"] i1 K (Pi([H*],[Mgz*],[K*]))2



IMgpouna] _ ¥ [L;][Mg*"]/ KM

: : (S69)
oK' = KK (R(H LM LKD)
M) N L J(1+[H )/ K +[K+]/KiK2) 70)
oMg™] T KM (R(H LM LKD)
N, + K
Mol _ (LK 1/K, i (S71)
o[H"] = K (R(H LM 1K D)
N, + K
a[I(bouznf] = _ [Li][K ]/K' 3 (S72)
o[Mg*'] = KM (R([H 1M LIK D)
N, [ H /K™ +[Mg* /KM
G ( +HVKS + Mg /K™ (S73)
AT 4T KE(RAH LM LK D)
The flux terms for H', Mg**, and K are:
& a Hbound Li] S H
zl TR + kZz;nka +J, (S74)
& O[Mgpoung 1 IL ]
Mg _ bound Mg
® Z oLy o
& a I<b0und ] K
; o d + 3K (S76)

where N, is the number of reactants, N; is the number of reactions, Ny is the stoichiometric coefficient of k™
reaction, Jy is the flux of k™ reaction, J;* (M9, J¥) is the transport flux of [H'] ((Mg*"], [K']) into the system. In
the current model, for the mitochondrial matrix, we have

znk kK~ ( pdh + 2‘]01ts - ‘]akgd + ‘]scoas ‘]mdh )/Wx (877)
‘]tH = (‘]PYRH +Jorun + derrmar — Jaseoru =3dcr = 2dcs = H gy + (Mg = DI (S78)
+ 2‘]P1Ht + ‘]Hle - ‘]KH)/WX
M~ o (S79)
I = Jen /W, . (S80)
The buffering terms are:
ay = 1+ 8[I_Iboind] + Bx 5 (Sgl)
olH'] Key (1+[H1/Kg, )
Ayg = 1 + a[N[gbound] (882)

g a[Mg2+ ]



a[Kbound ]

=1+ S83
ag K] (S83)
The denominator term in the time derivatives of [H'], [Mg2+], and [K'] is:
D = a, a[I<bou2nii] . aUv[gbiund] + ay 8[Hbousztri] . 8[Mgbiund]
oMg~] dK] oMg~] JH]
a[H oun! ] a[K oun! ]
aMg ° +d ’ . + > - aMgaKaH
oK'l oH ] S8
_ a[Hbound ] . a[I<bound ] . aUv[gbound ]
oK'l oMg™]  OH']
_ a[Hbound ] . aUv[gbound ] . a[I<bound ]
oMg*] 9Kl JH']
S2.2. Flux expressions
Mathematical expressions for oxidative phosphorylation fluxes
Complex I flux:
Je = X¢) (Keg s [NADH], [COQ], —[NAD],[QH,],). (S85)
where Koo, = K& o [HT/H'Y, with K, ¢, = exp(—(A,GY, +4FA¥)/RT) and
A Gl =A.GY,, +AngHz —AGon —ArGCOOQ =—-109.7 kJ/mol.
Complex III flux:
1+[PI], /Ky, 5
Jos = Xy | ———2 |(KLA,[Cox ] [QH, 1Y? —[Cred],[COQ].?), S86
e = Xex [H[PIL Tk, | (Kl CxIQH, I ~[Cred][COQLY) (386)
where Ky oy = KO oy [H 2 /[H'T, with K, ¢, = exp(—(A, G +2FA¥)/RT ) and

A|rGCO3 = AfGCOred +AngOQ _ArG(gm _Achoox =46.69 kJ/mol.

Complex IV flux:

1 FAY [ [Cred], 12 "

where [0,]; is assumed to be equal to Copcet, Kgq oy = Keoq,C4 TH I /H], with
K ey = exp(—(ArGC04 +4FAY)/ RT) and
AGY, =A(Gly +A(Gyy o —A,Gl —A,G =—202.2 kl/mol.

Cox

F,F-ATPase flux:
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J = Xy, (Keq,Fl[ADP]x[PI]X —[ATP]X). (S88)

= exp(—(A, Gy, —n,FA¥)/RT ) and

H']» P
where K, =K{, - [gﬂh e AP with K

P’ eq,F1
ADP ' PI

AGY =A,Glp, +A,G, —AGY, —A,Gpy =—4.51 kJ/mol.

Mitochondrial adenylate kinase flux:
J i = X axi (Kogax [ADP][ADP], - [AMP] [ATP], ). (S89)

Mathematical expressions for TCA cycle fluxes

For brevity, values of Michaelis, inhibition, or activation constants are not presented here, but provided in
Appendix C of (5). In the following TCA cycle flux expressions, the enzyme activity is represented by Vi, and
Vi 1s related to Vs by obeying the Haledane equation (37).

Pyruvate dehydrogenase flux:

v [{__ 1 [PIQIR]
mf
— Keq,pdh [A][B][C]

J b
P K e @ [AlIBI+ K ot [AIICT+ K [BI[CT+[A][BI[C]
where [A] = [PYR], [B] = [COASH], [C] = [NAD], [P] = [COxtot], [Q] = [ACCOA], and [R] = [NADH],

AG’
= exp(—'R—Tf’dh] =5.02x107 M.

(S90)

1 PCOZtot I:)ACCOA I:>NADH . h K 0
wit eq,pdh

K K

eq,pdh = eq,pdh +
[H ] IDPYR I:)COASH I:)NAD

Citrate Synthase flux:

P
Vi ([A][B]—[KMJ
e = S : (S91)
KiaKms@i + Kpaai [Bl+ K s o, [A]+[A][B]
where [A] = [OAA], [B] = [ACCOA], [P] = [COASH], and [Q] = [CIT],
0
Ko = Ky o COMEI i KD = exp| — 2020 | 27,3410 M,
’ ’ [H ] POAA PACCOA ’ RT
Aconitase flux:
meer ([A] - [P] ]
Joeon = N (S92)
KoaVine +Vyp [A]+—"—[P]
eq,acon
0 PICIT . 0 ArGO 2
Where [A] = [CIT] and [P] = [ICITL Keq acon = Keq acon N Wlth Keq acon = eXp —— | = 7'59X 10 °
’ ’ P ’ RT
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Isocitrate dehydrogenase flux:

v (11 [PIQIR]
Keqiws [AIIB]

eq,isod

Jisod = n n > (593)
1+(Kmsj " Ko [1+( Kibj " +[Q]aiJ
[B] [A] [B] Kig
where [A] = [NAD], [B] = [ICIT], [P] = [AKG], [Q] = [NADH], and [R] = [COtot],
Keqisod = Keonisod ! ; P FonCooum i, Kehisod = exP[_iﬁwj =3.50x107"°.
[H] Puan Perr RT
a-Ketoglutarate dehydrogenase flux:
(g o)
eq,akgd (S94)

‘]akgd = ,
1+KmAcxi_i_KmB 1+@ +ch [1+m]j
[A] [B] K; [C] K.

iq ir

where [A] = [AKG], [B] = [COASH], [C] = [NAD], [P] = [COxtot], [Q] = [SCOA], and [R] = [NADH],

P-o. o Pcos P AGS
K K 1 COytot TSCOATNADH . K(:)q,akgd _ exp(— rR_Fkgd J —6.93x107

e,kd= eq,akgd
e e [H+] F)AKGPCOASHPNAD

Succiny-CoA synthetase flux:
VYo [[A][B][C]—[IE[Q][R]J

eq,scoas

‘]scoas =
Vo Ko KiK. + Vo K K [A]+V,, K K s [C

mr' Nia® vib

Vi Koc [AIB]+ Vi, Ko [ATIC]+V,, K [BI[CT+V,, [A][B][C]

mr’ “mA

+me Kir KmQ [P] + me Kiq KmP [R] + me KmR [P][Q] + me KmQ [P] [R]

eq,scoas Keq,scoas Keq ,scoas Keq,scoas

L Vi Ko [QIIR] Vi [PIIQIR] | Vi King Ky [AIPT |V, K Kig [CIR]

mr” tia” *mB

eq,scoas eq,scoas Kia Keq,scoas Kir
+me KmQ Kir [A] [B][P] + er KmA[B] [C][R] + me KmR [A][P][Q]
KiaKib Keq,scoas Kir Kia Keq,scoas
Vi Kia K [CIIQIIR] |, Vine Kir K [AIIBIICIIP] | Vg Kip Ko [AIBI[CIIQ]
Kiq Kir Kia Kib Kic Keq,scoas Kia Kib Kic Keq,scoas
Vo K [ANBIPIQ] _ V,, Ko [BICIQIR] Vo KK [BIPIQIIR]
KiaKibKeq,scoas Kquir KipKquir
+erKiaKmB[C][P][Q][R]+me KmR[A][B][C][P][Q]+erKmA[B][C][P][Q][R]
Kip Kiq Kir Kia KibKic Keq,scoas KipKiq Kir , (895)
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where [A]=[GDP], [B] = [SCOA], [C] = [PI], [P] = [COASH], [Q] = [SUC], and [R] = [GTP],

0
Keq scoas = Ké)q scoas 1+ PCOASH PSUC PGTP Wlth K;)q scoas = eXp - Aercoas = 9'54 X 10-9 M-l *
’ 5 TH T PappPacos P ’ RT

GDP " SCOA " PI

Succinate dehydrogenase flux:

meer ([A] [B] - [P][Q]j
eq,sdh

e V_ K _a V_K ) (S96)
Vir Kia Kgy + Vi K [A]+V erAOZi[B]—Fw[P]_;_M[Q]

mr’ Na'tm m
eq,sdh K

V f Km A me
+vmr[A][B]+"“}f_[A][P]+V“T<’_<m[B][Q]+

eq,sdh” “ia iq eq,sdh

eq,sdh

[P][Q]

P. P
0 QH,' FUM _ .
= Keq,sdh —2 — with
suc Fcoo

where A] = [SUC], [B] = [COQ], [P] = [QH,], and [Q] = [FUM], K

eq,sdh
0
K gy = exp(—ArR—(_Slfdhj =1.69.

Fumarase flux:

meer {[A] - K[P] j

eq,fum

Ji = , S97
fum K V me [P] ( )
mAY mr &i +er [A] +o
eq,fum
h — — _ Ko I:)MAL : 0 _ _ ArGf(Zlm _ -1
where [A] = [FUM] and [P] = [MAL], K, 1, = Kegim = With K 4, =€Xp| ——— |=4.04 M.
’ = Pam ’ RT
Malate dehydrogenase flux:
P
meer {[A][B] - E(][(Q]J
J _ eq,mdh , S98
mh me KmQai [P] me KmP [Q] ( )
er Kia KmBOfi +er KmB [A] +er KmAOti [B] + +
Keq,mdh Keq,mdh
V_ K [A][P] V[P
+er[A][B]+ mf mQ[ ][ ] + mf [ ][Q] +er KmA[B][Q]
Keq,mdh Kia Keq,mdh Kiq
.Vl AIBI[P] , Vo [BIPIIQJ
Kip KibKeq,mdh

19



where [A] = [NAD], [B] = [MAL], [P] = [OAA], and [Q] = [NADH], K, .n = K& man [};] F;;)AA PSADH

NAD " MAL

with K°

eq,mdh

0
= exp(—%] =227x107".

Nucleoside diphosphokinase flux:

VY, ([A][B] L ][Q]j /ai
_ eq,ndk
J“dk - me KmQ [P] me KmP [Q] ’ (899)
V., K s[A]+V, K, A[B]+ + +V,,[A][B]
Keq,ndk Keq,ndk
Vi Kno[AIPT | Vi [PIIQT | Vi, Kia[BIQ]
Keq,ndk Kia Keq,ndk iq
where [A] = [GTP], [B] = [ADP], [P] = [GDP], and [Q] = [ATP], Keq,nkd = Kfq’nkd with
A G’
Ks?q,ndk = eXp(_k—.dej =1.
Glutamate oxaloacetate transaminase flux:
P
meer L[A] [B] - [K][()]]
J = &9.g0t , S100
Vo Kog[PT Vor Ko [Q] (5100
V., K glA]+V, K A[B]+ + +V,, [A][B]
eq,got Keq,got
| Vi Kno[AIIP] Vi [PIIQ] | Vi, Kis[BI[Q]
Keq,got Kia Keq,got Kiq
where [A] =[ASP], [B] = [AKG], [P]=[0OAA], and [Q] = [GLU], Keq’got = Keoq,got M with
PASP PAKG

A,G!
0 r ot
Keg.got = exp[_R—'ﬁJ =1.77.

Mathematical expressions for substrate and cation transport across the inner mitochondrial membrane

Adenine nucleotide translocase (ANT) flux:
g EATP LIADP™], o [ATP*J[ADP™],
2 D

3 T
K
J o =X 0 0 , (S101)
ANT AT [ATP*]. [ADP*] |([ATP*]  [ADP*]
1+ KT + K KT + K
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kN =Kk ex (( 3a -4a, +a)FALPj, (S102)
kM =k ;N”exp( —4a, —3a,+a,) RAT\PJ, (S103)
K, =K e pﬁ: F;T) (S104)
Ky =K,* exp(%}, (S105)
and
kANTK D FAY
q:kiNTKTex ( =~ (S106)
2 o]

with k;N0=0.159 sec”, ki™"°=0.501 sec”, K°=38.89 mM, K_*°=56.05mM, a, = 0.2829, a, = -
0.2086, a; = 0.2372, 6r =0.0167, and op = 0.0699 (cited from Supplemental Material of (1)).

Phosphate-hydrogen co-transporter flux:
[H,PO,][H" ], -[H,PO;1,[H"],

Jpme = Xpmy (5107)
t Ko (14+[H,POLT Ky ) (14+TH,POL ] My )

Potassium-hydrogen exchange flux:

Iy = X (K" J[H], ~[K 1, [H'],). (S108)
Pyruvate-hydrogen co-transporter flux:

Jeyvri = Xpyra ([PYR_]i[H+]i —[PYR'],[H"], ) (5109)
Glutamate-hydrogen co-transporter flux:

Joton = Xeuon ([GLUJ[H' ], ~=[GLU],[H"], ). (S110)
Citrate-malate exchange flux:

Jermwar = Xemar ([HCIT” L [MAL™], ~[HCIT* ], [MAL™],). (S111)
o-Ketoglutarate-malate exchange flux:

X axamar ([AKG* J[MAL™ ], —[AKG™ ], [MAL",
JakamaL = ( ) , (S112)

Mxomar @outt T (1= Tagamar )@in + [AKGZ_]i[MALz_]x Qiny I Ky akamaL
+[AKG2_]X[MAL2_ iz / Kd,AKGMAL
+HAKG” | [MAL" | [AKG” | [MAL* ], / K] rxamar



where rakgmar and Kg akgmar are adjustable parameters, and qou, Qin1, Qourz, and ainz are inhibition coefficients
for the exchanger. The inhibition coefficients are computed as:

oy = 1+[CIT], / Kigyr +[GLU], / KigLy +[ASP], / Kizsp +[SUCT; / Kigues
¢y =1+[CIT], / Kiyp +[GLU], / Kig y +[ASP], / Kisp +[SUC], / Kigyc»

oz =1+ Taxawar, ([CIT]/ Kigyr + [GLUY / Kigry +[ASP], / Kjpgp +[SUCT, / Kigyc ),

Uiy =1+ MagomaL ([CIT]x / Kicrr +[GLU], / Kigy +[ASP], / Kiysp +[SUC], / Kigc ),

with Kicrr = 3.6 mM, KigLy = 2.5 mM, Kijasp = 2.7 mM, and Kjsyc = 1.6 mM (cited from reference (38)).

Succinate/phosphate exchange flux:

Jsuem = Xsuewt ([SUCTL[PI*], —[SUC™ ], [PI" ;). (S113)
Malate/phosphate exchange flux:

Jyaer = Xuarp ([MALZL[PIT], —-[MAL™] [PI7],). (S114)
Fumarate-succinate exchange flux:

Jrumsue = X rumsuc ([FUMZ']i[SUCz’]X —[FUMZ']X[SUCZ']i) . (S115)
Aspartate-glutamate exchange flux:

e "YRTASP 1[HGLU"] —[ASP"] [HGLU], (S116)
Jasrary = Xaseoru - ] 0 - 0 ’
(1+[ASP"],[HGLU"},/ Ky sspary ) (1+[ASPLIHGLU®], / Ky sp10 )

where Ky aspgLu 1S an adjustable parameter.

Proton leak flux:

[H+]ce+FA‘P/RT _[H+]X
‘]Hle = XHleA\P( e+FAW/RT 1 : (S117)

Mathematical expressions for passive permeation across the outer mitochondrial membrane

Adenine nucleoside permeation fluxes:

Jare =7 Pa ([ATP]C - [ATP]i) (S118)
Japee =7 P4 ([ADP]C - [ADP]i) (S119)
Jampe =7 Pa ([AMP]C —[AMP]; ) (S120)

Inorganic phosphate permeation flux:

Jow =7 Py ([PI]C —[PI]; ) . (S121)

TCA cycle intermediate permeation fluxes:
Jpyre = 7Py ([PYR], —[PYRY],) (S122)
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Jem =7 Pr ([CIT], —[CIT],) (S123)
Jniane =7 Py ((MAL], —[MALY],) (S124)
J ke = 7 Pr ([AKG], ~[AKG])) (S125)
Jsuer =7 Pr ([SUC], ~[SUC]) (S126)
Jrume = 7 Pry ([FUM] —[FUM]; ) (S127)
Jgrwe = ¥ P ([GLU], —[GLUY,) (S128)
Jssp = 7 Pry ([ASP], —[ASPY],). (S129)
Mathematical expressions for cytoplasmic reaction fluxes
Mitochondrial adenylate kinase flux:
Jaki = X axi (Kgax [ADP* 1> ~=[AMP* [ [ATP*],), (S130)
where X,k is an large arbitrary value to maintain the reaction around equilibrium.
Cytoplasmic adenylate kinase flux:
Jake = X axe (Kegax [ADP¥]? = [AMP™] [ATP*], ), (S131)
where Xak, is an large arbitrary value to maintain the reaction around equilibrium.
Creatine kinase flux:
‘] CKe — X CKc ( Keq,CK [ADP}_ ]c [PCI‘Z» ]c [H+ ]c - [ATP4_ ]c [CI.O ]c ) s (S 1 32)
where Xck. is an large arbitrary value to maintain the reaction around equilibrium.
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