Data Supplement:

Supplement Table 1: Demographics of this PROSE-ICD cohort compared to that of the parent
PROSE-ICD cohort and published MADIT-II populations (1, 2). Note that left ventricular ejection
fraction reported here in PROSE-ICD was that at the time of study enrollment and based on
available clinically-indicated echocardiographic, nuclear, CT, catheterization or MRI findings.

PROSE-ICD PROSE-ICD
Current Cohort | Entire Cohort MéD”-"z
(n = 46) (n = 1177)" (n=742)

Age, years 52+13 61113 64 £ 10
Male Sex, % 57 73 84
Non-White Race, % 26 43 0
Smoking History, % 52 67 80
History of Diabetes, % 17 35 33
History of Hypertension, % 48 63 53
LV Ejection Fraction, % 2317 23+8 2315
NYHA Class

Class 1, % 17 17 35

Class Il, % 43 43 35

Class I, % 39 38 25

Class IV, % 0 1 5
Ischemic Cardiomyopathy, % 37 54 100

! — from Cheng et al. (2013) J Am Heart Assoc (1).
2 — from Moss et al. (2002) N Engl J Med (2).



Supplement Table 2: Demographic, co-morbidity, biomarker, MRI, MRS, electrocardiographic
and electrophysiology data for study participants split by low and normal ATP.

ATP <3.4umol/g ATP 23.4umol/g P-Value
(n=14) (n=32)
Demographics
Age (years) 53+13 52+14 0.90
BSA (m?) 1.92+0.29 1.98+0.24 0.45
Sex
Male Sex, n(%) 7 (50) 19 (59) 0.56
Female Sex, n(%) 7 (50) 13 (41) 0.56
Race
White Race, n(%) 11 (79) 23 (72) 0.63
Black Race, n(%) 3(21) 9 (28) 0.63
NYHA Class, n(%) 0.21
| 1(7) 7(22) 0.23
Il 5(36) 15 (47) 0.48
1] 8 (57) 10 (31) 0.098
Medical History
History of Hypertension, n(%) 8(57) 14 (44) 0.40
History of Diabetes, n(%) 5 (36) 3(9) 0.030
Smoking History, n(%) 8(57) 16 (50) 0.66
Hypercholestaremia, n(%) 7 (50) 14 (44) 0.70
Atrial Fibrillation, n(%) 5 (36) 5(16) 0.13
Left-Bundle Branch Block, n(%) 5 (36) 6 (19) 0.21
Ischemic Cardiomyopathy, n(%) 8(57) 9 (28) 0.061
‘ Duration of Cardiomyopathy (years) 1.7 (0.2-7.9) 2.4 (0.7-9.8) 0.43
Medications
Aspirin, n(%) 12 (86) 18 (56) 0.054
B-Blockers, n(%) 13 (93) 27 (84) 0.43
ACEi or ARB, n(%) 14 (100) 31(97) 0.50
Anti-Arrhythmics, n(%) 1(7) 1(3) 0.54
Lipid Lowering, n(%) 9 (64) 14 (44) 0.20
Spironolactone, n(%) 3(21) 6 (19) 0.83
Diuretic, n(%) 10 (71) 16 (50) 0.18
Hydralazine, n(%) 1(7) 0(0) 0.054
Digoxin, n(%) 3(21) 6 (19) 0.83
Aldosterone Inhibitor, n(%) 3(21) 6 (19) 0.87
31p MRS
PCr Concentration (umol/g) 5.2 (5.0-5.7) 7.6 (6.0-10.1) 0.0002
ATP Concentration (umol/g) 2.7+0.5 50+£1.1 By Design
CK Flux (umol/g/s) 1.42 +£0.54 1.99+1.12 0.092
k used (/s) 0.26+0.12 0.25+0.13 0.81
PCr/ATP Ratio 1.92 (1.77-2.27) 1.62 (1.38-1.79) 0.0007
AG-atp, ki/mol -59.2 (-59.6- -59.1) -60.9 (-62.5- -59.8) 0.0002
Biomarkers
hsCRP (mg/L) 2.76 (1.41-4.98) 1.86 (0.63-4.35) 0.28
eGFR (mL/min/1.73m?) 87.31+34.3 88.1+18.3 0.92
TNF-a (pg/mL) 2369 (1999-4329) 2319 (1870-3311) 0.57




hsIL-6 (pg/mL) 1.61 (1.06-3.00) 1.19 (0.62-2.71) 0.31
NT-proBNP (pg/mL) 2295 (1708-6968) 1560 (1299-3130) 0.043
Serum Na (mEg/L) 138+3 139+2 0.18
Serum Cr (mg/dL) 0.9 (0.7-1.1) 0.9 (0.8-1.0) 0.99
Serum K (mEg/L) 434 +0.33 4.19+0.35 0.17
MRI Measures
LVEDV (mL) 231+65 220+ 49 0.51
LVESV (mL) 157 (137-199) 142 (125-195) 0.49
LVEF (%) 27 +£10 2918 0.37
LV Mass (g) 124 (109-188) 126 (111-140) 0.61
ectrophysiology
Inducible VT/VF, n(%) 6 (43) 12 (38) 0.89
Monomorphic VT at EPS, n(%) 5(36) 6 (19) 0.27
VT Cycle Length at EPS 255+ 57 238 £33 0.53
12-lead QRS (ms) 122 (91-146) 103 (96-128) 0.45
12-lead QTc (ms) 459 (430-494) 438 (410-472) 0.078
SAECG — HF QRS (ms) 116 (86-149) 100 (84-142) 0.47
SAECG — RMS last 40ms (mV) 24 (14-37) 20 (12-36) 0.97
SAECG — Duration under 40mV (ms) 37 (22-56) 32 (22-56) 0.79
SAECG — HF Noise (mV) 0.55 (0.29-0.87) 0.36 (0.27-0.51) 0.097
HRV — Max R-R (ms) 1054 (832-1220) 1180 (1034-1450) 0.094
HRV  — Min R-R (ms) 654 (452-774) 708 (490-808) 0.54
HRV - Average R-R (ms) 893 + 151 929 + 163 0.49
HRV —SDNN (ms) 33(23-99) 48 (32-127) 0.24
HRV  —RMSSD (ms) 26 (11-119) 50 (25-178) 0.16
HRV - HRV Triangle Index 10 (8-12) 12 (8-22) 0.15
HRV —ULF 56 (1-163) 8 (2-20) 0.42
HRV —VLF 200 (86-362) 111 (52-198) 0.095
HRV —LF 125 (65-183) 117 (85-167) 0.96
HRV —HF 126 + 106 178 + 89 0.10
HRV —LF/HF 0.88 (0.61-1.69) 0.65 (0.45-1.17) 0.18
QTv - Max QT (ms) 524 + 67 539+ 94 0.63
QTv — Min QT (ms) 328 (277-385) 336 (281-374) 0.92
QTv — Average QT (ms) 423 (392-456) 417 (381-443) 0.68
QTv — SDNN (ms) 29+19 30+ 18 0.92
QTv — RMSSD (ms) 39127 36122 0.73
QTv —QTV Triangle Index 3.54 (2.82-7.02) 5.23 (2.95-7.68) 0.57
QTv - ULF 22 (1-46) 19 (9-37) 0.99
QTv - VLF 50 (34-67) 83 (54-101) 0.022
QTv - LF 122 (102-169) 114 (100-137) 0.45
QTv —HF 181 +£ 115 223+ 135 0.34
QTv — LPF/HPF 0.61 (0.47-0.91) 0.45 (0.34-0.71) 0.38

Categorical data are presented as n(%) and were analyzed using the Chi-squared test.
Continuous data are presented as mean + SD if normally distributed and were analyzed using
Student’s t-test, if normal distribution was not confirmed data are presented as median (IQR)
and were analyzed using the Mann-Whitney U test.



Supplement Table 3: Complete list of baseline participant characteristics.

Variables n =146
Anthropometrics
Age, years 52+13
Sex
Male, n (%) 26 (57)
Female, n (%) 20 (43)
Race
White Race, n (%) 34 (74)
Black Race, n (%) 12 (26)
BSA, m? 1.96 £ 0.25
Heart Rate, bpm 69+12
Medical History
Hypertension, n (%) 22 (48)
Type-2 Diabetes, n (%) 8(17)
Atrial Fibrillation, n (%) 10 (22)
Hypercholesterolemia, n (%) 21 (46)
Smoking, n (%) 24 (52)
LBBB, n (%) 11 (24)
Cardiomyopathy Etiology
Non-ischemic Cardiomyopathy, n (%) 29 (63)
Ischemic Cardiomyopathy, n (%) 17 (37)
NYHA Class
Class I, n (%) 8(17)
Class Il, n (%) 20 (43)
Class lll, n (%) 18 (39)
Medications
B-blocker, n (%) 40 (87)
ACEi or ARB, n (%) 45 (98)
Anti-arrhythmics, n (%) 2 (4)
Lipid Lowering Agent, n (%) 23 (50)
Aspirin, n (%) 30 (65)
Spironolactone, n (%) 9(20)
Diuretic, n (%) 26 (57)
Hydralazine, n (%) 1(2)
Digoxin, n (%) 9 (20)
Aldosterone Inhibitor, n (%) 9(20)
Biochemistry
hsCRP, mg/L 3.65+4.84
eGFR, mL/min/1.73m? 88 +24
TNF-a Receptor-Il, pg/mL 2854 + 1315
hsIL-6, pg/mL 3.46+6.91
NT-proBNP, pg/mL 2675 + 2407
Serum Sodium, mEq/L 139+2
Serum Creatinine, mg/dL 09+0.3
Serum Potassium, mEq/L 42+0.3




LV Morphology and Function by MRI

End-diastolic Volume, mL 223 +54
End-systolic Volume, mL 161 + 51
Ejection Fraction, % 28+9
Mass, g 135+43
Cardiac 3P MRS

PCr Concentration, pmol/g 7.44 +£2.63
ATP Concentration, umol/g 431+1.43
CK flux, umol/g/s 1.81+1.00
PCr/ATP Ratio 1.79+£0.51
AG-~atp, kJ/moI -60.8+2.2

BSA — body surface area; LBBB — left bundle branch block; NYHA — New York Heart Association;
ACEi — angiotensin converting enzyme inhibitor; ARB — angiotensin-Il receptor blocker; hsCRP —
high sensitivity C-reactive protein; eGFR — estimated glomerular filtration rate; TNF-a — tumor
necrosis factor-a; hslL-6 — high sensitivity interleukin-6; NT-proBNP — N-terminal pro-brain
natriuretic peptide; PCr - phosphocreatine; ATP — adenosine triphosphate; CK — creatine kinase;
CK flux- forward rate of ATP synthesis through the cardiac CK reaction; AG~atp — Gibbs free
energy of ATP hydrolysis. Results are shown as mean £ SD.

Supplement Figure 1: Relationship between myocardial [ATP] and left ventricular ejection
fraction (LVEF; Pearson’s correlation test).
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Supplement Figure 2: During the first 3 years of follow-up post-ICD implantation, no group
differences were observed between the low and normal myocardial ATP groups in terms of
change in NYHA Class, left ventricular ejection fraction (LVEF) and NT-proBNP. This is consistent
with the hypothesis that the ability of low myocardial ATP to predict sudden cardiac death risk
is not simply a reflection of low ATP as a predictor of heart failure progression. Data represent
mean + SD and group differences were assessed by Student’s t-test.
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Supplement Figure 3: Results of computational modeling for the impact of ATP depletion on a
simulated action potential (AP, panel A) and SERCA activity (panel B, “Jup”) for normal ATP
(solid line) and low ATP conditions (dotted line). The computational model employed (3)
integrates mitochondrial bioenergetics and electrophysiology in the cardiac myocyte. The
general, membrane and specific ion current, ion pump, and energetic parameters were
assumed to be similar for normal ATP and low ATP conditions. The high-energy phosphate
parameters were derived from the patients studied here and appear in Supplemental Table 2).
Details of the model appear at the end of this Supplement and the code is provided in a
separate file. The findings suggest that the “low ATP” energetic profile per se, prolongs the
action potential, reduces SERCA calcium handling, as compared to “normal ATP”.
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Supplementary information for model equations and parameters

The computational simulation is based on excitation-contraction coupling/mitochondrial
energetics (ECME) model of Cortassa et al (3). The ECME model contains 51 ordinary differential
equations (ODEs) to describe the dynamic changes of ions and metabolites in guinea pig cardiac
ventricular myocytes. Note that the main elements of this model were originally constrained
using normal guinea pig data, because human data are often not available for many parameters
and because guinea pig myocyte critical electrophysiologic and Ca** handling parameters are
similar to those in humans. The code was converted from CellML (S1.xml in Physiome Model
Repository) to MATLAB in OpenCOR and ran in MATLAB2021b.

The code is available at https://gitlab.com/MitoModel/ecme_hf.

The parameters were directly taken from the ECME model. To simulate the conditions in this
study of a normal ATP level and low ATP level, the cytosolic ATP and creatine phosphate levels
were clamped to the constant levels as follows (derived from Supplement Table 2 above). Note
that metabolite concentrations were converted from umol/g wet wt to mM with cytosolic
volume taken as 0.725 ml/g of wet weight (4).

PCr/ATP | [ATP]eyto [PCrleyto Total Creatine
(mM) ([Cr]+[PCr]) (mM)
(mM)

HF with normal ATP 1.62 6.9 11.178 22.178

HF with low ATP 1.97 3.7 7.289 22.189
dPcCr, dATP,

,and set ——2X2 = O,—Cyto = 0.

dt dt



|. General parameters

Parameter Value Unit Desc.

F 96485 C/mol Faraday constant

Cm 1.0 uF cm2 Membrane capacitance

Acap 1.534 10* cm? Capacitative cell surface area
Vimyo 25.84 pL Cytosolic volume

Vmito 15.89 pL Mitochondrial volume

Vnsr 1.4 pL NSR volume

Visr 0.16 pL JSR volume

Vss 0.495 1073 pL SS volume

[K*1o 5.4 mM Extracellular K* concentration
[Na*]o 140.0 mM Extracellular Na* concentration
[Ca?*]o 2.0 mM Extracellular Ca?* concentration
Cm 1.0 uF cm2 Membrane capacitance

Il. Sarcoplasmic ion currents

Time-dependent delayed rectifier potassium current (IK)

Iy = G_KX1XI%(V - EK)

Ex = EN([K+]0 + PNa,I([Na+]0ﬁ [K+]i + PNa,K[Na+]i»ZK)

G¢ =0.282/[K*],/5.4

X, = (1 n e(Vm—40)/40)_1
dXx,

dt

ay =7.19-107°

By =131-10"*

ay — X (ay + fx)
V. +30

1 — —0.148(Vp,+30)
V,, + 30

e0.0687(Vm+30) -1



Time-independent potassium current (IK1)
AV =V, —E,
Iy, = G_KlKlooAV
Exi = EN(K+]or [K+]i' 1)
Gx1 = 0.748\/[K*],/5.4

Ky =—ta
ag, + Pk,
1.02
UKy T 1 £0.2385(4V-59.215)
0.4912¢028032(AV+5.476) | ,0.06175(4V-594.31)
Ky = 1 4 -0.5143(4V+4.753)

Plateau potassium current (IKp)

Exp = En([K*10, [K™ ] 2k)

_ GKp (V B EKp)
p 1 + ¢(7.488-Vp,)/5.98

Iy

Fast Na current (INa)
Ing = GNamghj(Vm - ENa)
Ene = Ey([Na™],, [Na*];, 1)

% = am — Mya(@m + Br)

% = ap — hyq(an + Br)

% = a; — myq(a; + B;)
(Zm — 032 V+47.13

1—e—01(Vin+47.13)

fn = 0.08eVm/11

ForV = —-40mV
ap =a;=0
-1
ﬁh — (013(1 + e—(Vm+10.66)/11.1))
e—2.535:107 "V,
B =03 =

ForV < —40mV
a, = 0.135¢~(Vm*80)/638

= (—127140e%2444m — 3,474 . 105~ 004391Vm)
Bn = 3.56€%07%m 4+ 3.1.105¢%3%Vm

0.12126_0'01052Vm
'Bj = 1+e-01378(V;+40.14)

Vmm+37.78
140:311(Vin+79.23)




Sodium-calcium exchanger current (INaCa)

exp Vm/Vr)Pia — Pca
((1 - Tl)Vm/VT) + ksar
frao = Hill([Na*] O.K/v,v?vca“. 3)
fCao —Hlll([C +]O'KI\I>I’%%a'1)
$na = [Na'];/[Na*],
Pca = [Ca™]i/[Ca’],

Background calcium (I ¢, p) and sodium currents (Iyqp)
Ieap = G_Ca,b (V= E¢q)
ECa = EN([Ca2+]o' [Ca2+]irZCa)

INa,b = G_Na,b V- ENa)
ENa = EN([Na+]0! [Na+]i:ZNa)

Inaca = Knaca * fNao 'fCao

Non-specific calcium-activated current (InsCa)
fea = Hill([Ca?*];, K¢, 3)

Lysna = 0.75- feq - (pNa(PnsNa'ZNa' Vins [Na+]i' [Na+]o)
Ly =0.75 'fCa : (pK(PnsKJZKr Vins [K+]ir [K+]o)

Sodium-potassium ATPase current (INakK)

at],/67.3 _ 1
7
fvax = (14 0.1245exp(—0.1V,,/Vy) + 0.03650ex'p(—Vm/VT))_1
faa = Hill([Na*];, Ky, 1.5)
fx =HiU([K*, Kng, 1)
farp = Hill([ATP]; - Hill(KN2X,, [ADP];, 1), Ki%p, 1)

elN

(0} =

Inak = I_NaK “farp - fna  fx  fyax
ODE for electrophysiology
d[Nat]; t
Tl = —(yq + 3lyaca + 3Inax) sz,aopF + (Ywue — 3Vnaca) Vrmn;:
d[K*];
dt L = _(IKS + IKT + IKl + IKp + ICa,K ZINCLK) Vm;aOpF
dv, 1
W = _C_(INa + ICaL + IKr + IKs + IKl + IKp + INaCa + INaK + IpCa + ICa,b + IKATP + Istim)
m



Functions

Nernst potential

Hill function

GHK current equation

d)s(Ps: Zs, Vi, [S]iv [S]o) = PsZs2

En(X,, X, 2) ::El

Hill(x, k,n) : =

RT (XO) 26.7mVl (XO)
n Xi - VA n Xi

xn

xn 4+ kn

VmF2 [S]i - [S]oexp(_ZstF/RT)

RT 1 — exp(—zV,,F /RT)
Parameters
Symbol Value Units Description
Gna 12.8 mS - cm~%  Maximal Na+ channel conductance
Grp 0.00828 mS-cm™ Maximal plateau K+ channel conductance
Gko 0.282 mS - cm™%  IK conductance
Gk10 0.748 mS - cm~2 1K1 conductance
Pnax 0.01833 Na+ permeability ratio of K+ channel
Kyaca 9000 pA - cm™? NCX current
Ky 3 87.5 mM Dissociation constant of sodium for NCX
Ky &? 1.38 mM Dissociation constant of calcium for NCX
KNaca 0.1 NCX saturation factor at negative potentials
nNex 0.35 Voltage dependence of NCX
Pisnag 1.75-1077 cm st Nonspecific channel current Na permeability
Ppsk 0 cm st Nonspecific channel current K permeability
K 1.2 uM Ca2+ half-saturation constant for nonspecific current
Geap 0.003217 mS-cm™% Maximum background current Ca2+ conductance
Gnap ~ 0.003217  mS-cm™ Maximum background current Na+ conductance
[ 3.147 pA - cm™?  Maximum Na*/K* pump current
K na, 10 mM Na+ half saturation for Na*/K* pump
Kk, 1.5 mM K+ half saturation for Na*/K* pump
K;,‘(fgp 8.0x10° mM ATP half saturation constant for Na*/K* pump
KLADP 0.1 mM ADP inhibition constant for Na*/K* pump



I1l. Cytosolic calcium dynamics

L-type Ca current (ICa & ICaK)

Common pool of subspace calcium model

a = 0.4em+2)/10
‘B — 0.46_(Vm+2)/13
a =aa

B =pB/b

y = 0.1875[Ca?*]
Co =1-Cy—C—C,—=C3=C4—=0—=Ccqo—Cca1 — Ccaz — Ccaz — Ceaa
voy = 4aCy—BC,
vy, =3al, —2BC,
vy,3 = 2aC, —30C;
vy, =al;—4pC,
Vs = fC4— g0
Vo7 =4a'Ceqo — B'Cear
V7 = 3a'Ccqr — 2B'Cea
Vgg = 2a'Ccqr — 3B Ceas

Vo1g = & Ccaz — 4B Ceqa
Vog =VCo— wClcqo
Vi, =ayCy — wCcqq/b
Vg = az)/Cz - wCCaz/bZ
V39 = a3yC3 - (‘)CCa3/b3
Vs10 = a4)/C4 - ‘UCCa4/b4
dc,
ar —Vo1 — Ve
dc,
E = Vo1 — V1p2 — Vyy
dc,
ar V2 — V3 — VUpg
dCs
ar VUp3 = V3q4 — U3y
dc,
E = V34 — VU5 — Vyqo
do
dat = Uus
dcC
D= Vos — Ve7
dt
dta = V17 + Vg7 — Vyg
dc
‘2= Vpg + V7g — Vgg
dt
dCCaS

= V39 + Vgg — V919



119% = @0, (Peg» Zea Viny 0.001,0.341[Ca?*],)
Iecq =6Icg™ - ycq-0

Icax =Yca O * Do (P Zig, Vi, [K+]ir [K+]o)
Py = PPex . Hill(I}Y, 17mex, 1)

Ca
_ 1 0.5
Yoo = 1 4+ e(Vm+55)/7.5 + 1 + e(-Vm+21)/6
600

Ty =20+

1 + e(Vm+30)/9.5
dYca Yo —Yca

dt Ty
Parameter Value Units Description
A 2 Mode transition parameter
B Mode transition parameter
w 10 st Mode transition parameter
f 300 st Transition rate into open state
g 2000 st Transition rate into open state
f' 0 st Transition rate into open state
g’ 0 st Transition rate into open state
PLEC(P.,) 1.24-1073 cm st L-type Ca2+ channel permeability to Ca2+

PLCC(pprax) 1.11-107 cm s™!  L-type Ca2+ channel permeability to K+

lca hatf —0.4583 uA/cm?  ICa level that reduces equation Pk by half



Ryanodine receptor (calcium release, Jrel)

Py =1—Pyy — Py — P,

If [Ca**]ss = [Ca** s
Pop1 1= (Ppy + Pe)HIll(k[Ca® %, ks, 1)

Voier =0
If [Ca®*]ss < [Ca**]g:
Vorer = —kgPo1 + ki[Ca?**]%Pey
Vo102 = k; [Ca2+]§’slP01 — kp, Pos
Voicz = kiPp1 —k:Pcy
dt = ~Vo1c1 — Vo102 ~ Vo1c2
dt = v0102
dt = Vo1c2

Jret = rryr(POl + POZ)([Ca2+]]SR - [Ca2+]ss)

Parameter Value Units Description

12 3600 st RyR flux channel constant
n 4 Cooperativity parameter
m 3 Cooperativity parameter
k} 1.215x10%3 s Imm™* RyR rate constant

k; 576 s71 RyR rate constant

ki 4.05x10° s~ilmm™3 RyR rate constant

k; 1930 s71 RyR rate constant

k} 100 s71 RyR rate constant

k 0.8 st RyR rate constant



Plasma membrane calcium ATPase (PMCA) current (lpCa)

farp = HIl([ATP]; - Hill(K 20, [ADP];, 1), Kl S8, 1) + Hill([ATP], Ky Stp, 1)
fea = Hill([Ca®*];, KA, 1)

IpCa IYZIZJEA fCa ' fATP
Parameter Value Units Description
[PMCA 0575  uA Maximum sarcolemmal Ca2+ pump current
-cm™?
KEMca 0.5 uM Ca2+ half-saturation constant for sarcolemmal Ca2+ pump
KFMcA 0.012 mM First ATP half-saturation constant for sarcolemmal Ca2+
pump
KEMCA 0.23 mM Second ATP half-saturation constant for sarcolemmal Ca2+
pump
KPMcA 1.0 mM ADP inhibition constant for sarcolemmal Ca2+ pump

SERCA calcium pump (Jup)

up up
fo =V 'mp

Juv (1 + fo + 1) farp
[Ca?*]; Nrb
o= < Ky )

([Ca“]NSR)NTb
rn, =|——-

Krb

SEReA = KATE 7 (ATP); - Hill(Kiyup, [ADP;, 1)) + HIll(Kipp, [ADP];,) ™

Parameter Value Units Description

VoenG(V?)  0.2989  mM/s SERCA forward rate parameter

VAERCA™P)  0.3179  mM/s SERCA reverse rate parameter
KPR (Ks) 0.24 uM  Forward Ca2+ half-saturation constant of SERCA
KSERCA(K,) 1.64269 mM  Reverse Ca2+ half-saturation constant of SERCA
N7ERCA (Ng) 1.4 Forward cooperativity constant of SERCA
NSERCA(N,) 1.0 Reverse cooperativity constant of SERCA
KRERCA(KATE) 0.01 mM  ATP half-saturation constant for SERCA
K3ERSA(Kip)  0.14 mM  ADP first inhibition constant for SERCA

K3ERSA (Kigap) 5.1 mM  ADP second inhibition constant for SERCA



Ca2+ transport and buffering parameters

Symbol Value Units Description
Tir 574.7 st Time constant for transfer from subspace to myoplasm
Txfer 9090 s71 Time constant for transfer from NSR to JSR
KSMPN 2.38 uM Ca2+ half saturation constant for calmodulin
KT(;;SQN 0.8 mM Ca2+ half saturation constant for calsequestrin
hpn 100000 ¢-1 Mt Ca2+ on-rate for troponin high-affinity sites
herpn 0.33 st Ca2+ off-rate for troponin high-affinity sites
[ 100000 -1pm~t Ca2+ on-rate for troponin low-affinity sites
lrpn 40 s71 Ca2+ off-rate for troponin low-affinity sites
Y[HTRPN] 0.14 mM Total troponin high-affinity sites
Y[LTRPN] 0.07 mM Total troponin low-affinity sites
Y[CMDN] 0.05 mM Total myoplasmic calmodulin concentration
J[CQSN] 15 mM Total NSR calsequestrin concentration

ODE for cytosolic calcium

B = Hill((KEMPY + [Ca?*])2 KEMPN - [CMDN]pp, 1)

Bss = Hill((KrglMDN + [Ca2+]ss)2:KT§1MDN ) [CMDN]tOt' 1)
2
Ben = Hill ((K,,CQSQ” +[Ca®*1sr) K ®V - [CSQNTior 1)
d[Ca?*]; V A
Tl = B; ]xfer Vi _]up _]trpn - (ICa,b — 2lygca + IpCa) ZVCiF + (VNaCa - Vu"i)
myo myo
d[Ca®*]sg v Vs
UECT o 1 22 )
SR SR
_ d[HTRPNCal] d[LTRPNCal]
Jtrpn = dt + dt
Jon = [Ca?*]nsr — [Ca®T sk
tr Ttr
J _ [Ca**]ss — [Ca*t];
xfer Txfer
AHTRINGS) et om [Ca?*]; ((HTRPN]p — [HTRPNC) = Kiorpn[HTRPNCa]
d[LTRPNC _
ALTEPNCE — kfhypm [Ca®*]; (LTRPN]uop — [LTRPNCa]) = Kigypm (1=

2 Forceyorm) [LTRPNCa]

Vmito

meo

)



V. Force Generation
d[p,
% = —(kpn? + for) [P knp " [No] + go1(SL)[Py]

e f12+.901(SL)) [Pi] + K5 [N)] + foa[Po] + G2 (SL)[P.]
% = —(fa3 + 912(SL)) [P2] + fia[P1] + 923(SL)[Ps]

S = —0(L) [Ps] + fs[Po]

d[N1] _ ktrop [P,] +(ktr0p +g(')1(SL)) [N]

[No] =1- ([N1] + [Po] + [P1] + [P2] + [P5])

for= 3 X fxp
f12 =10 X fxg
faz= 7 X fxp
go1 =1 x gip"
g12 =2 % gy
923 =3 X gy

9o1(SL) =1 X ¢ x gfi"
g12(SL) = 2 X ¢ X gmm

g23(SL) = 3 X ¢ x gi"
_ 14238
$= (23-1.7)L6

Ntrop
ktrop — ktrop [LTRPNCa]
np pn Kf/"zp [LTRPN]¢ot
trop -1
Ktrop =1+ K,
1/2 1.7103-0.8 103 EL-L7)
0.6
NUoP =35 x SL-2.0
trop __ kl_trpn
KCa -kt
ltrpn
Y. PATHS =gy, 812 823 + fo1 812 823 + fo1 f12 823 + fo1 f12 f23
P1 — fo1 812823
max Y PATHS
_ fo1fi2823
P2max = 3 PATHS
_ fo1fi2f23
P3max = Y PATHS

Plnax + 2 P2Zmax + 3 P3max
Force =
NOTM ™ 1 ax + P2max + P3max
Pyl + f P{]+f P.
Vam = Vmax(fm[o] 12 [P1] 23[2])

- for+f12 + 23 .
K41 ADP];1\
x (1 + M,AM [1 + [ ]Ll)
[ATP]; Ki am

Force=¢




Parameter Value Units Description
k;;op 0.04 ms-l Transition'ra'te from tropomyosin permissive to
non-permissive
SL 2.15 pm Sarcomere length
fxs 0.05 ms! Transition rate from weak to strong cross bridge
Minimum transition rate from strong to weak cross
min 1 -1
9xp 0 ms bridge
13 0.1 N mm™ Conversion factor normalizing to physiological force
ymax 79 %10 M ms-1 Maximal rate of ATP hydrolysis by myofibrils (AM
ATPase)
Kt 0.03 mM ATP half saturation constant of AM ATPase
K am 0.26 mM ADP inhibition constant of AM ATPase
V. Cardiac Bioenergetics
Mitochondrial ions
d[Ca?*]
——= = 5Ca(]uni _]NCLX)

d A%,

dt

VHe + VHSDH - VHu' VANT - VHLeak - VNaCa -2 Vuni

dt

High-energy and inorganic phosphates

d [ATP];

letO

= Jant, K-Vau -
: [Ac11;p]lc -Vg?O-VX}{t;ase
d [ZZP]L Vémto VCrP
d [CrPlic Vcrp chto
d [Ajltjp]m
% Jant —Jrire s

[ATP],, = C4 - [ADP],,

Cmito

Acap

]up (IpCa + INaK)



Citric acid cycle

d[150C]
“dr = Jaco = Jipn
d[aKG]
. Jiou — Jkepn + Jaar
d[SCoA]
T dr = Jkeon — Jst
d[SUC]
dt = Js. — Jspu
d[FUM]
T = Jspu — Jrn
d[MAL]
dt = Jrn — Jupu
d[0AA]
T = Jupn —Jes = Jaar
d[NADH],,
T —Vo, + Jipu +Jkeou + Jupu
TCA cycle rates
Citrate synthase (CS)
keatErAB
Jes =
(1+A4)(1+B)
A = [AcCoA]/KAccoA
B =[0AA]/KJA4
Parameter Value Unit Description
keat 0.23523 st Catalytic constant
Er 0.4 mM Enzyme concentration of CS
Kpccoa 0.0126 m Michaelis constant for AcCoA
K944 6.4E-4 mM Michaelis constant for OAA
[AcCoA] 1 mM Acetyl CoA concentration

koqr (cell) 0.15891

Catalytic constant (cellular model)



Aconitase (ACO)

Jaco = ke([CIT]— [ISOC]/K,q)
[CIT] = X.4c — [ISOC] — [aKG] — [SCoA] — [SUC] — [FUM] — [MAL] — [0AA]

Parameter Value Unit Description
kg 0.11688 st Forward rate constant of ACO
Keq 2.22 - Equilibrium constant of ACO
2cac 1.300 mM Sum of TCA cycle intermediates
kg (cell) 0.078959 st Forward rate constant (cellular model)

Isocitrate dehydrogenase, NADH-producing (IDH)

keat ETAB
Jipn =
fHAB + fiB + faA + fafi
[H+]m KHZ
=1+ +
Ju e T H'm
A = [NAD]/KNAD
B = ([ISOC]/KISOC)n
f, = Ky Kca
a K, + [ADP],, K4 + [Ca?*],,
[NADH]
fi =1+———
Knapn

Parameter Value Unit Description
keat 11880 s?!  Rate constant of IDH

Es 0.109 mM Concentration of IDH

Ky 1E-6 mM lonization constant of IDH

Ky, 9E-4 mM lonization constant of IDH
Ky ap 0.923 mM Michaelis constant for NAD
Kisoc 1.520 mM Michaelis constant for isocitrate

n 2 - Cooperativity for isocitrate
K, 0.62 mM Activation constant by ADP
Kcy 5E-4 mM Activation constant for calcium

Kyapy  0.19  mM Inhibition constant by NADH

Kcq¢ (cell) 535 st Rate constant (cellular model)



Alpha-ketoglutarate dehydrogenase (KGDH)

] _ koot ETAB
kGbH f4AB + f,(A+ B)
H* K
fH — 1 +[ ]m + :IZ
KHl [H ]m

A = [NAD]/KNAD
B = ([aKG]/Kake)"
_ Kue Kca
fa = Kug + [Mg**]m Kca + [Ca?*]y,

Parameter Value Unit Description
keqr 13.2 s1  Rate constant of KGDH
E; 0.5 mM  Concentration of KGDH
Ky 4E-5 mM lonization constant of KGDH
Ky 7E-5 mM lonization constant of KGDH
Kyap 38.7 mM  Michaelis constant for NAD

Kake 30 mM  Michaelis constant for akG
n 1.2 - Hill coefficient for aKG
Ky 0.0308 mM Activation constant for Mg
Kca 1.5E-4 mM Activation constant for Ca
Keqr (cell) 17.9 st Rate constant (cellular model)

Succinate-CoA ligase (SL)

Js. =k ([SCOAI[ADP][Pily, — [SUCI[AT P, [CoAl/Kod?
Kapp =K PSUCPATP

0 7 PpiPapp
Parameter Value Unit Description
ks 2.8E-5 mM st Forward rate constant of SL
Keq 3.115 - Equilibrium constant of SL
[CoA] 0.020 mM Coenzyme A concentration

ks (cell) 2.84E-5 mM st Forward rate constant (cellular model)



Succinate dehydrogenase (SDH)

o KR B
SDH —

e () (1 + oo (1 )

[Suc] K sdn K;

Parameter Value Unit Description
k3DH 3.0 st Rate constant of SDH
EzPH 0.5 mM SDH enzyme concentration
KpHe 0.03 mM Michaelis constant for succinate

Fumarate hydratase (FH)
Jen = ke ([FUM] — [MAL]/Keq)

Parameter Value Unit Description

kf 8.3 st Forward rate constant
Keq 1.0 - Equilibrium constant
ks (cell) 8.4 st Forward rate constant (cellular model)

Malate dehydrogenase (MDH)

]MDH — kcatETABfafi
1+4)(1+B)

_ [MAL] Koaa

" Kyar Koaa + [0AA]

= [NAD]/KNAD

-1
B [H ] [H* ],
fa - koffset + (1 + Ku <1 + Ky ))

fi = (1 + [gffm (1 + [gf]‘*m)>2

>/

Parameter Value Units Description
keat 124.2 st Rate constant
Er 0.154 mM
Ky 1.131E-5 mM lonization constant
Ky, 26.7 mM lonization constant
Kys 6.68E-9 mM lonization constant

Kya 5.62E-6 mM lonization constant



Parameter Value Units Description

koffset 0.0399 Offset of MDH pH activation factor
Knap 0.2244 mM Michaelis constant for NAD
Kyar 1.493 mM Michaelis constant for malate
Koaa 0.031 mM Inhibition constant for oxaloacetate
Keqr (cell) 125.9 st Rate constant for cellular model

Aspartate aminotransferase (AAT)

kASP Keq

= ks|OAA]|GLU
]AAT f[ ][ ]kA_ngeq + kf[aKG]

Parameter Value Units Description
kf 21.4 st Forward rate constant
kysp 0.0015 st Rate constant of aspartate consumption
Keq 6.6 Equilibrium constant
[GLU] 30.000 mM Glutamate concentration
kg (cell) 21.7 st Forward rate constant (cellular model)

Oxidative phosphorylation reaction rates

VO2
(1 + o o) o), oK) 1 o) SR
= 0.5p"* (FAres) (6 FALUB) (FAreS) (g6FAuH)
(1+r1e RT )e RT +<r2+r3e RT )e RT
(rae(Aﬁe%F) — (g + 1) e(g6fF{9ruH))
VHe - 6pres FAres 6 FAVp FAres g6 FAuy
(1 + 1 e(W))e( RT ) + (TZ + 13 e( RT )) e(T)
RT [NADH]
Apes = 5 In | K [NAD™]
[NAD'] = Cpy — [ NADH]
Vispu
(ATES(F) F) (g 4F A/,LH) 1
(rae RT — (r, + ry)el RT )—
[0A4]
— 4pres(F) i

FAreS FAres
<1 +r, e< RT(D))e(”RA;{JB) + <r2 + 13 e( RT(F))) e(wﬁ#)



RT [SUC]
In | K, —

Aresiry = 7 @ [[FUM]

VATPase

(107 + e 5) L) - (p 58 4 e o) o560

(]_ + P1 e(Fl£¥1))e(3 liRA'll{JI:?) + <p2 + P3 e(FF?'llil)> e(3 F;{A'IELH)
FA 3FA
10°p, (1 + e(R—H) (o + pp) el ®T)

FA 3 FAY FA 3FA
(1 + p e( R'};l)>e( RTB) + <p2 + ps3 e( R'ﬁ) e( R”II:LH)
4. _ RT, ( [ATP], )
= F ¥ 14DP],, Pi
Viteak = 8n Atu
RT
Apy = -2.303— ApH + A¥,

pFl

VHu = '3p

Cytosolic metabolic reaction rates

0.75 <1

0.25 [ATP]; X 0.45 [ADP],, )( —%A‘l’m)
" 0.17 [ADP]; X 0.025 [ATP],,/\°

. _hANT
st e (2 s ) (1 + gt
[ADP]L'C [Crp]ic
Kgq )
[ADP]; [CTP];
Kgq )

1+

Vant = Viaxant <

Y = o ([Amic (€l —

ViRto = |t ([ATP]i [Cr]; —
V&P = ki ([CrP]; - [CrP]y.)

Parameter  Value Units Description

ra 6.394x 101 ms? Sum of products of rate constants
Mo 1.762 x 10  ms? Sum of products of rate constants
Fe1 2.656x 1022 ms? Sum of products of rate constants
re2 8.632x103°% ms? Sum of products of rate constants
r 2.077 x 10718 Sum of products of rate constants
) 1.728 x 107 Sum of products of rate constants
rs 1.059 x 10°%¢ Sum of products of rate constants
pres 3.0x103 mM Concentration of electron carriers

(respiratory complexes I-11I-1V)



Parameter  Value Units Description

Kres 1.35x 108 Equilibrium constant of respiration

pres(F) 3.75x 10* mM Concentration of electron carriers
(respiratory complexes II-11l-1V)

AWg 50 mV Phase boundary potential

g 0.85 Correction factor for voltage

Kres(F) 5.765 x 10*3 Equilibrium constant of FADH; oxidation

Kl-OAA 0.15 Inhibition constant for OAA

Pa 1.656 x 10  ms* Sum of products of rate constants

Pb 3.373x 101 ms? Sum of products of rate constants

Pc1 9.651x 10 ms? Sum of products of rate constants

Pc2 4.585x 10  ms? Sum of products of rate constants

p1 1.346 x 108 Sum of products of rate constants

P2 7.739 x 107 Sum of products of rate constants

P3 6.65 x 1015 Sum of products of rate constants

pft 1.5 mM Concentration of F1Fo-ATPase

K1 1.71 x 108 Equilibrium constant of ATP hydrolysis

Pi 2.0 mM Inorganic phosphate concentration

Ca 1.5 mM Total sum of mitochondrial adenine
nucleotides

VmaxANT 0.025 mM ms?  Maximal rate of the ANT

hANT 0.5 Fraction of AW,

gH 1.0x 108 mM ms?  lonic conductance of the inner membrane

mv-!

ApH -0.6 pH units pH gradient across the mitochondrial inner
membrane

Cen 10.0 mM Total sum of mitochondrial pyridine
nucleotides

Oca 0.0003 Mitochondrial free calcium fraction

kg’(w 1.4 x 10* mst Forward rate constant of cytoplasmic CK

ko 1.33x10°® ms Forward rate constant of mitochondrial CK



Parameter  Value Units Description

kEr 2.0x103 ms? Transfer rate constant of CrP

Kea 0.0095 Equilibrium constant of CK

[{4?’;;’58 1.010° mM ms’ Constitutive cytosolic ATP consumption rate

Mitochondrial Ca?* handling rates

[Ca®*]; (1 +

[Ca2+]i>3 2 F (A¥,, - AW°)

—_ Kerans Kerans RT
(1 + [Iga_“]l>4 L (1 B Mﬁ?m%)
trans (1 + [Ca—z"']l> a
act
QUSRI
VNaca = Vggga K n K
1+ e + Lo
( [Na+]i) ( [Ca2+]m>

Parameter Value Unit Description
V#lg; 0.0275 mM ms™? Vmax uniport Ca®* transport
AW° 91 mV Offset membrane potential
Kact 3.8x10% mM Activation constant
Ktrans 0.019 mM Kq for translocated Ca?*
L 110.0 Keq for conformational transitions in uniporter
Na 2.8 Uniporter activation cooperativity
Vr’n"gga 0.8x10% mMms? Vmax of Na*/Ca ?* antiporter
b 0.5 AW,, dependence of Na*/Ca?* antiporter
Kna 9.4 mM Antiporter Na* constant
Kca 3.75x10% mM Antiporter Ca%* constant
n 3 Na*/Ca?* antiporter cooperativity
1) 3.0x 10 Fraction of free [Ca®*]m



State variables initial conditions

HF HF
Symbol Description normal ATP low ATP
[ATP]i EC coupling linked ATP concentration 6.90E+00 3.70E+00
\Y Sarcolemmal membrane potential -8.57E+01 -8.54E+01
Pc1 Fraction of RyR channels in Pc; state 2.49E-01 2.36E-01
Pc Fraction of RyR channels in Pc; state 7.50E-01 7.63E-01
Po2 Fraction of RyR channels in Pp; state 9.42E-09 9.88E-09
MNa Sodium channel activation gate 3.28E-02 3.27E-02
NNa Sodium channel inactivation gate 9.87E-01 9.86E-01
jNa Sodium channel slow inactivation gate 9.92E-01 9.91E-01
xKs Potassium channel activation gate 3.68E-02 4.36E-02
] L-type Ca®* channel open — mode normal 8.10E-12 2.45E-14
Oca L-type Ca?* channel open — mode Ca 0.00E+00 0.00E+00
y ICa inactivation gate 4.89E-01 4.82E-01
[K*]i Intracellular K* concentration 1.48E+02 1.47E+02
[Na*]; Intracellular Na* concentration 7.35E+00 7.58E+00
[Ca%); Intracellular Ca%* concentration 9.80E-05 1.03E-04
[ADP]m Mitochondrial ADP concentration 3.87E-01 5.21E-01
AW, Inner mitochondrial membrane potential 1.56E+02 1.55E+02
[NADH] Mitochondrial NADH concentration 7.01E+00 7.18E+00
[OAA] Oxalacetate concentration (mitochondrial)  3.67E-07 3.89E-07
(KG] a—k.etoglutar?te concentration 1.41E-03 1.45E-03
(mitochondrial)
[SCoA] Succinyl CoA concentration (mitochondrial)  5.88E-02 4.63E-02
[Suc] Succinate concentration (mitochondrial) 1.50E-03 1.60E-03
[FUM] Fumarate concentration (mitochondrial) 6.51E-02 6.92E-02
[MAL] Malate concentration (mitochondrial) 3.09E-02 3.30E-02
[1SOC] Isocitrate concentration (mitochondrial) 5.74E-01 5.78E-01



[Ca?*]m
[Ca?*]nsr
[Ca®*]isr

[Ca%*]ss
[N4]

[Po]

[P1]

[P2]

[Ps]
[LTRPNCa]
[HTRPNCa]
G

Ccao
Co
G
Cea1
G
Cea2
Ca

Ccas

Ccas
[CrP];
[CrPlic
[ATP]ic
ASP

[No]

Mitochondrial free Ca?* concentration
Network SR Ca?* concentration
Junctional SR Ca?* concentration

Ca?* concentration in the subspace

Nonpermissive tropomyosyn with 1 cross
bridges

Permissive tropomyosyn with 0 cross bridges
Permissive tropomyosyn with 1 cross bridges
Permissive tropomyosyn with 2 cross bridges
Permissive tropomyosyn with 3 cross bridges
Ca%* bound to low affinity troponin sites
Ca%*bound to high affinity troponin sites

L-type Ca?* channel closed — mode normal
L-type Ca?* channel closed — mode Ca

L-type Ca?* channel closed — mode normal

L-type Ca®* channel closed — mode normal
L-type Ca?* channel closed — mode Ca
L-type Ca®* channel closed — mode normal
L-type Ca?* channel closed — mode Ca
L-type Ca®* channel closed — mode normal
L-type Ca?* channel closed — mode Ca

L-type Ca?* channel closed — mode Ca

Mitochondrial linked creatine phosphate
concentration

Cytosolic creatine phosphate concentration

Cytosolic ATP concentration not linked to EC
coupling

Asparatate concentration (mitochondrial)

Nonpermissive tropomyosyn with O cross
bridges

3.45E-04
4.06E-01
4.06E-01
1.71E-04
1.05E-03

7.71E-04

8.40E-04

1.66E-03

1.47E-03

1.39E-02

1.36E-01

1.16E-05

2.74E-02

9.73E-01

5.22E-11

1.31E-06
1.79E-13

2.35E-11

1.30E-13

-3.20E-18
-8.18E-17
1.04E+01

1.12E+01

6.90E+00

4.88E-02

9.94E-01

3.91E-04
3.80E-01
3.78E-01
1.73E-04
1.78E-03

1.23E-03

1.38E-03

2.75E-03

2.45E-03

1.46E-02

1.36E-01

1.20E-05

2.97E-02

9.70E-01

5.59E-11

1.47E-06
6.67E-16

2.73E-11

4.05E-16

2.26E-16
4.91E-21
5.64E+00

7.30E+00

3.70E+00

4.88E-02

9.90E-01
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