Kinetic description of the dynamic model of the skeletal muscle cell
bioenergetic system.
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Subscripts: e, external (cytosolic); i, internal (mitochondrial); t, total; f, free; m, magnesium
complex; j, monovalent.

All metabolite concentrations in uM. All rates/fluxes in uM min‘t,

DH, NADH supply; C1, complex I; C3, complex Ill; C4, complex IV; SN, ATP synthase; EX,
ATP/ADP carrier; P, P; carrier; UT, ATP usage; LK, proton leak; CK, creatine kinase; AK,
adenylate kinase; GL, glycolysis; EF, proton exfflux/influx to/from blood.

Constants

kon= 28074 uM mint

Kmn =100

po=0.8

kci=238.95 uM mV! min?
kcs=136.41 uM mV! min?

kcs= 3.600 uM* mint
Kmo =120 uM  (mechanistic Km for Oz, much higher than apparent Km)

ksn= 34316 uM mint
na=25 (phenomenological H*/ATP stoichiometry of ATP syntahse)

kex= 54572 uM mint
Kmaop =3.5 uM

kei= 69.421 uM* mint

kut= 781.97 uM min’! (resting state)
Kma=150 uM

kiki= 2.500 uM mint
kikz = 0.038 mVv!

kiak= 862.10 uM* mint
Koak= 22.747 uM* mint

kick = 1.9258 uM2 mint
kock = 0.00087538 uM™* mint

ker = 10000 uM mint

pHo=7.0

koL = 17.4 min?

H*est = 0.1 uM

koTe = 24 uM (magnesium dissociation constant for external ATP)
kope = 347 uM (magnesium dissociation constant for external ADP)
koti = 17 uM (magnesium dissociation constant for internal ATP)

kopi = 282 uM (magnesium dissociation constant for internal ADP)

Rcm = 15 (cell volume/mitochondria volume ratio)
Bn = 5 (buffering capacity coefficient for NAD)

T =298

R = 0.0083 kJ-molK*
F = 0.0965 kJ:moltmV!
S =2.303-RT



Z = 2.303-RT/F

u=0.861 (= AY/Ap)

Coufi = 0.022 M H*/pH unit (buffering capacity for H* in matrix)
Couffe = 0.025 M H*/pH unit (buffering capacity for H* in cytosol)
pKa =6.8

AGpo = 31.9 kJ smol*

Emno = - 320 mV
Emuo =85 mV
Emco = 250 mV
Emao = 540 mV

Constant metabolite concentrations
02=30 uM
ct= 270 uM (= ¢ + c®, total concentration of cytochrome c)

U= 1350 uM (= UQH: + UQ), total concentration of ubiguinone)
Nt= 2970 uM (= NADH + NAD*, total concentration of NAD)

ar=135uM

Mgte = 4000 uM (free external magnesium concentration)

Mgt = 380 uM (free internal magnesium concentration)

Aisum = 16260 pM (= ATP:i + ADPY, total internal adenine nucleotide concentration)
Aesum = 6700 uM (= ATPt + ADPte + AMPe, total external adenine nucleotide
concentration)

Csum = 35000 pM (= Cr + PCir, total creatine concentration)

Values of independent variables, respiration rate (vcs) and
AMPe at rest

vca = 287 uM mint
NADH = 1669.5 uM
UQH: = 1145.3 uM
= 53.79 M

02 = 240.00 uM
ATPti = 13580

Pii = 15613 uM

Hi = 0.03536 uM
ATPi = 6693.6 uM
ADPc = 6.599 uM
(AMP. = 0.0182) uM
Pite = 2823.3 uM
PCr = 28761 uM

He = 0.1000 uM



Calculations

C3+ =Ct- C2+
UQ = Ut - UQH:2
NAD" = Nt - NADH

Cr=Csum— PCr

AMPe = AeSUM - ATPte - ADPte
ADPs = Aisum - ATPsi

ATPte = ATPte/(1+Mgre/KpTe)
ATPme = ATPte - ATPfe
ADPje = ADPte/(1+Mgre/Kppe)
ADPme = ADPte - ADPse

ATPsi = ATP4/(1+Mgti/Koi)
ATPmi = ATP:i - ATPs
ADPs = ADPi/(1+Mgri/Kopi)
ADPmi = ADPy - ADPsi

pH;i = -log(Hi/10°) (Hi expressed in uM)
pHe = -log(He/10°) (He expressed in pM)
ApH (MmV) = Z (pHi-pHe)

Ap (mV) = 1/(1-u) ApH

AY (mV) = - (Ap - ApH)

Wi (MV) = 0.65-A¥

Ye (mV) = - 0.35-A¥

Coi = (LOPHi-10PH-dPHY/dpH (‘natural’ buffering capacity for H* in matrix)
dpH = 0.001
Mouffi = Chuffil Coi (buffering capacity coefficient for H* in matrix)

Coe = (10PHe-10-PHe-drH)/dpH (‘natural’ buffering capacity for H* in cytosol)
dpH = 0.001
lbuffe = Chuffe/Coe (buffering capacity coefficient for H* in cytosol)

Pile = Pite/(1+10PHePK?)
Piii = Piu/(1+10PHPKa)

AGsn = nasAp - AGp (thermodynamic span of ATP synthase)
AGp = AGpo/F + Z + log(10°%ATP:/(ADPy+Pit))  (concentrations expressed in pM)

Emn = Emnot+Z/2 « log(NAD*/NADH) (NAD redox potential)

Emu = Emuot+Z/2 + log(UQ/UQH?2) (ubiquinone redox potential)

Emc = Emcot+Z « log(c®*/c?*) (cytochrome c redox potential)

Ema = EmctAp+(2 + 2u)/2 (cytochrome as redox potential)

Aszjp = 10EMa-Emaoyz (a%*/a?* ratio)

a?t = al(l+ Asp) (concentration of reduced cytochrome as)
AGc1 = Emu-Emn-Ap+4/2 (thermodynamic span of complex I)

AGcs = Emc-Emu-Ap+(4-2u)/2 (thermodynamic span of complex I11)

s = 0.7-(pH-6.0)*0.5 (net stoichiometry of proton consumption/production by creatine kinase
when coupled with ATP consumption/production, respectively; Lohman reaction)




Kinetic equations

Substrate dehydrogenation:
1

Vou = kDH

Po
1 mN
[ i NAD+/NADHJ

Complex I:
Var = k01 'AGC1

Complex 1lI:
Ves = kcs 'AGcs

Complex IV:

+

Veg = kc4 -a* .c?

1 mO
+ 702

ATP synthase:
y—-1

Ny 41

OAGSN 12

Vsn :ks
y=1

ATP/ADP carrier:

ADP;,

1

o ADP,,
=P | ADP,, + ATP,,-107"/*

Phosphate carrier:
Ve, =Kp, '(P'je ‘H, —P1;; 'Hi)

ATP usage:
1
Vyr = kUT —K
1+ ™
ATPte
Proton leak:

Vik = kLKl ’ (ekLKz.Ap _1)

Adenylate kinase:

~ ADP, + ATP, -10 %'

Va = Kiac - ADPy, - ADP,, — K p¢ - ATP,. - AMP,

Creatine kinase:

Vex =Kiex - ADP, - PCr-H_ — Kk, - ATP, - Cr

Proton efflux:
Ver = kEF ( pHo - pHe)

I

1+ Ko/ ADPy,

|



Glycaolysis:

Vo, =Kg. -(ADP, + AMP, )( H:, /H +) (anaerobic glycolysis present)
or
Vg, =0.2-vp, (anaerobic glycolysis absent)

Set of differential equations

NAbH = (VDH _Vc1)' Rcm/BN
UQHz = (Vc1 - Vca)' Rcm

C§+ = (Vcs _2'Vc4)'2' Rcm

0,=0 (constant saturated oxygen concentration = 240 uM) or O, = -V,
H

—(2-2+2-u) Vo, +(4=2-u)- Vg +4-Vg, =N, Vg —U-Vey —(1—U)-Vp, =V, )R,/

cm

Foutti
ATPti = (VSN — Vex ) R

cm

Piti = (VPI —Vey ) Rcm
A'I:Pte = (Vg —Vur +Vax +Vex +1.5-Vg, )-R, /(R —1)
ADF, :(VUT — Vex _2'VAK —Vek _1-5'VG|_)' Rcm/(Rcm _1)

Pite = (VUT —Vp _1-5'VGL)' Rcm/( Ren _1)
PCr = Vg Ry, /(R,, —1)

H, =
2:(24+2-U) Ve, +(4=2-U)-Veg +4 -V =Ny Vg —U-Vgy —(1-U)-Vp =V — )
S Vex —Ver HVaL _O'Z'VDH

Foutte * Rcm (Rcm _1)




Simulations of work transitions (rest-work-rest transitions)
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