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APPENDIX A: DYNAMIC MASSBALANCE EQUATIONSOF O, AND CO»,
O transport dynamicsin skeletal muscle

In RBCs, O is transported as free dissolved O, and as bound oxy-hemoglobin (HbO,),
while in mitochondria, O; is transported as dissolved O, and as oxy-myoglobin (MbQOy). In con-
trast, in plasma, ISF and cytosol, O, is transported only as dissolved O,. Therefore, the dynamic
mass balance equations of O, must account for different forms of O, transport in RBCs, plasma,
ISF, cytosol and mitochondria (2; 5; 6).

The assumptions of perfect mixing in each phase and phase equilibrium between free O,
in plasma, RBC and ISF yields C,, ,, =C,, 5, = Cy o, = Cys o, - Furthermore, by assuming the on
and off binding rates of O, to hemoglobin in RBCs and O, to myoglobin in mitochondria are fast
compared to the transport processes, the detailed kinetics of the binding can be neglected and the

free dissolved O, can be considered to be in instantaneous equilibrium with the HbO, in RBCs
and MbO, in mitochondria (2).

The combined dynamic mass balance equations for O, in capillary blood domain in equi-

librium with tissue ISF domain can be written as

dc’ dC,,
g = Chn =)~ (A1)

and the compartmentalized dynamic mass balance equations for O, in tissue subcellular (cytoso-

lic and mitochondrial) domains can be written as


mailto:mec6@cwru.edu

dc’

at,02 _ rp _ TP
I/cyt dt - Jbl(—)cyl,OZ cht(—)mit,OZ (Al -b)
dc’
mit,02 __ yp
mit T cht(—)mit,OZ - 0~5¢02<—>H20,NADH - 0'5¢02<—>H20,FADH2 (Al-c)

where the superscripts ‘F’ and ‘T’ indicate the free and total concentrations; superscript ‘p’ de-

notes the passive transport. In capillary blood, the concentrations are related by
Clor=Cios+C, pors X =\(art,bl) (A2-a)
and in tissue cells mitochondria, the concentrations are related by
T F
Coiro2 = Coino2 + Criv o (A2-b)
The net transport fluxes across the cellular and mitochondrial membranes are given by
J15<—>cyt,02 = ﬂ“b[(—)cyt,02 (Czj,m - Cc[;t,02 ) (A3-a)
waemit,oz = ﬂcyt(—)mit,OZ (ngt,OZ - Cnfit,OZ) (A3-b)

The concentrations of HbO, and MbO, can be written in terms of their saturations (1; 2) as

P ny
KHboz'(Cx,oz )

Cx,HbOZ = 4'Hrhc'Crbc,Hb 'Sx,Hh029 Sx,HbOZ = ,, (Ad-a)
1+K cr )"
mo2-\“x02
K cr
_ _ MbO2 ™~ mit,02
Cmit,Mb02 - Cnm,Mb 'Smit,MbOZ’ Smit,MbOZ - 1+ K CF (A4‘b)
+ K po2-Coir02

Substituting Eq. (A4) in Eq. (A2), we have the expressions for total O, concentrations as

F y
4'Hrbc 'Crbc,Hb 'KHbOZ : ( Cx,02 )

Clo = Cf’oz + — , x={(art,bl) (AS-a)
1+ KHbOZ'(Cx,OZ )
c. ..K., .C-
C,,T”-t,oz — C,Zt,oz mit,Mb *** MbO2 * ™~ mit,02 (AS-b)

F
1+ KMbOZ 'Cmit,OZ

Substituting Eq. (A5) in Eq. (Al) and using the chain rule for differentiation and equilibrium

condition C,, ., = Cil;f' o2 » We have the dynamic mass balance equations for O, as

dcrt
(Vb1>02 + Visf,02 ) CZOZ = Q (CaTrz,oz - Cle,oz ) - "]lf;(—)cyt,OZ (A6‘a)
dCcF
cht,oz dy;,oz = J£5<—>cyt,02 - '];Iemit,OZ (A6-b)



dcrfl 02
mit,02 T; = JS}I(—)miI,OZ - 0'5¢02<—>H20,NADH - 0'5¢02<—>H20,FADH2 (A6'C)
where the effective volumes or volumes of distributions of O, in capillary blood, tissue ISF, and

tissue subcellular domains (cytosol and mitochondria) (Vii,02, Vist02, Veyt,02, Vmit02) are given by

ny -1

an,.H, C., Ko Ch
waz:nl 1+ H 4 rbe "~ rbe,Hb HbOZ( bl,202) , V,;f,oz:V,;f (A7—a)

[1 + KHbOZ'(ChI;,OZ )nH }

C

mit,Mb *

K
MbO?2 (A7-b)

[1 +Kinos 'CIZI,OZ ]2

=V |1+

mit

4 1,02 =V,

cy oyt ? Vmit,OZ

COg transport dynamicsin skeletal muscle

In RBCs, CO; is transported as free dissolved CO,, as bound carbamino-hemoglobin
(HbCOy), and as bicarbonate (HCO3"), while in plasma, ISF, cytosol and mitochondria, CO, is
transported only as dissolved CO, and as HCO;". Therefore, the dynamic mass balance equations
for CO, must account for different forms of CO; transport in RBCs, plasma, ISF, cytosol and
mitochondria (2; 4).

The assumptions of perfect mixing in each phase and phase equilibrium between free

CO; in plasma, RBC and ISF yields C;; .y, =C,, cor = Crye.cor = Cay.co, - Furthermore, by assum-

ing that the on and off binding rate of CO, to hemoglobin in RBCs is fast compared to the trans-
port processes, the detailed kinetics of the binding can be neglected and the dissolved CO; can be

considered to be in instantaneous equilibrium with the HbCO; in blood (2; 4).

The combined dynamic mass balance equation for CO; in capillary blood domain in equi-

librium with tissue ISF domain can be written as

dC,, o, dc’
, isf,CO2 T T
Jdt +Vy = Q(Cm,coz —Cyico ) —Jhoanco (A8-a)

Vi 5

and the compartmentalized dynamic mass balance equations for CO; in tissue subcellular (cyto-

solic and mitochondrial) domains can be written as

dc’
at,CO2 _ gp P
I/cyt dt — Y bleeyt ,CO2 _cht<—>mit,CO2 (Ag_b)
dc’.
mit,CO2 __ yp
I/mit - cht(—)mit,COZ + (¢PYR<—>AC()A + ¢CIT(—>AKG + ¢AKG(—>SC()A) (AS_C)
dt

where



CxT,coz = Cf,coz + Cx,HbCOZ + Cx,HCO3—’ x = (art,bl) (A9-a)

CxT,C02 = Cfcoz +C, ycos.r X =(isf,cyt, mit) (A9-b)
Thiesencor = Asiesey.con (Czi,coz - CcFyt,C02 ) (A10-a)
Jawesmincor = Aeresmin.coz (C;z,coz - Crfit,COZ ) (A10-b)

The concentration of HbCO,; can be written in terms of its saturation (1; 2) as

KHbCOZ'CfCO2
Cx,HbC02 = 4'Hrbc'Crbc,Hb'Sx,HbCOZ’ Sx,HbCOZ = 1 K éF > X = (Clrl, bl) (Al l-a)
+ HbCO2*™~ x,CO2

Applying the Henderson-Hasselbalch relation (1; 2; 4), we obtain the concentrations of HCO3™ in

the intravascular phases as

1-H H
Cx,HCOS— = {(C rbC) + C zhe :IKCOZhyd'Cicoza x = (art,bl) (A11-b)
x,pl ,H+ x,rbe,H+
and the concentrations of HCOj in the extravascular phases as
K cr
C. cos- = W: x = (isf',cyt, mit) (All-c)
x,H+

Substituting Eq. (A11) in Eq. (A9), we have the expressions for total CO, concentrations as

F
4'Hrbc 'Crbc,Hb 'KHbCOZ 'Cx,COZ

T _ F
Cx,CO2 = Cx,coz + 1+ K Cr
+ K ppco2-Crcon

(Al2-a)
1-H H,
+|:(C rbc) + C rbc :|KC02hyd'C§C02’ x:(art’bl)
x,pl,H+ x,rbe, H+
K Cr
Cleor = Cleon +——a—, x=(isf,cvt,mit) (A12-b)

Cx,H+

Substituting Eq. (A12) in Eq. (A8) and using the chain rule for differentiation and equilibrium

o, F _ F . .
condition Cy; o, = Cj; <, We have the dynamic mass balance equations for CO, as

dC,i o2 T T
(VblﬂCOZ + VisflCOZ ) d;‘ = Q(Cart,COZ - Cbl,coz ) - prl<—>cyt,C02 (Al3-a)
dc”
cyt,CO2
I/cyt,COZ dt - hpl<—>cyt,C02 - chtemit,coz (A13'b)



V dCVZI,COZ — Jp

mit,CO2 dt cyte>mit ,CO2 + (¢PYR<—)AC0A + ¢CIT<—>AKG + ¢AKG<—>SC0A)

(A13-c)

where the effective volumes or volumes of distributions of CO, in capillary blood, tissue ISF,

and tissue subcellular domains (cytosol and mitochondria) (Vii,co2, Vistco2, Vey,co2, Vmit,coz) are

given by

4H,.C, ...K _
VbI,C02 =Vy| 1+ s +[(1 He) + H,,

2
I:l + KHbCOZ'ChF/,coz:I ¢ ¢

bl,pl . H+ bl,rbe,H+

:|KC02hyd

C

x,H*

K
Vx,coz =V, 1"‘%], x = (isf ,cyt, mit)

(Al4-a)

(Al14-b)

Model parameters: In the dynamics mass balance equations for O, and CO,, Cpepp = 5.2 mM
is the concentration of hemoglobin in RBC, H,;. = 0.45 is the fraction of RBC in blood (hema-
tocrits), ny = 2.7 is the Hill coefficient for HbO, saturation, Kypo, = 7800.7 mM 27 is the Hill
constant for HbO; saturation, C.;am = Hpir. Cic e = 0.5 mM is the concentration of myoglobin in

tissue cells, H,,;; = 0.1 is the fraction of mitochondria in tissue cells, Kypo2 = 308.64 mM ™' is the
Hill constant for MbO, saturation, Kgpco> = 0.1237 mM ! is the Hill constant for HbCO, satura-
tion, and Kcoxnya = 7.95E-04 mM is the equilibrium constant for CO, hydration reaction (1-3).

The pH in capillary blood (pH, =pH , =pH,, =pH,, ), cytosol, and mitochondria are com-

puted through the dynamic mass balance equations for protons in these subdomains.

APPENDIX B: DYNAMIC MASSBALANCE EQUATIONS
Capillary Blood + Tissue | SF Domain

dC
Bl. (Vbl +V )MZQ(Cart,Glc _Cbl,Glc)_Jf

isf dt bl<seyt,Gle
dcC .
B2. (V;)z + Visf ) ;;;Pyr = Q(Cart,Pyr - Cbl,Pyr ) -J 15/1<->cyz,Pyr
dcC ,
B3. (I/;;l + stf )% = Q(Cart,Lac - Cbl,Lac ) - Jf{l(—)cyt,Lac

dcC,
B4. (Vbl + Vm/ )% = Q(Cart,Ala - Cbl,Ala ) - J!ﬁ(—)cyt,Ala

B5. (Vbl + stf )% = Q(Can‘,Glr - Cbl,Glr ) —Jy

d t bl<>cyt,Glr



dcC,
B6. (Vbl + me )ﬂ = Q(Cart,FFA - Cbl,FFA ) - Jb/;ecyt,FFA

dt
ac,,
B7. (Vbl,COZ + I/i‘sjf',COZ )% = Q (CaTn,coz - Ciz,coz ) - J15<—>cyt,C02
dc,,
B3. (Vbl,OZ + Visf',OZ ) dt,oz =0 (Carr;,oz - CbT1,02 ) - Jlﬁ(—)cyt,OZ

dC
bLH" _ A
BO. (Vbl + Vlsf)T - Q(Carz,H* - CbI,H* ) - Jbl(—)cyt,H*

Tissue Cells Cytosolic Domain:

dC
cyt,Gle _ 1f
CL cht dt =J bleseyt,Gle ¢Glc<—>GéP
dC :
ot,Pyr _ yf f
C2 I/cyt dt - Jbl(—)cyt,Pyr - cht(—)mlt,Pyr + ¢PEP<—>Pyr - ¢Pyr<—>Lac - ¢Pyr<—>Ala
dcC
cyt,Lac __ 1 f
C3. I/cyt - Jbl(—)cyt,Lac + ¢Pyr<—>Lac
dt
dC
oy, Ala _ yp
C4. I/cyl dt - Jbl(—)cyt,Ala + ¢Pyr<—>Ala
dC
ot,Glr _ yp
Cs. I/cyt dt - Jbl(—)cyt,Glr + ¢Tgl<—>Glr
dC :
cyt,FFA _ 1f
Ce. cht dt - Jbl(—)cyt,FFA + 3¢Tgl<—>Glr - ¢FFA<—>FAC
F
C7 V dCcyt,COZ _ p _ Jp
. cyt,CO2 dt — Y blesceyt,CO2 cyt<>mit,CO2
dc’
cyt,02 _ V4 )4
C8. chz,02 dt - Jbl(—)cyt,02 - chl(—)mit,OZ
dC
oyt Gly
C9. cht dt - ¢G6P<—>Gly _¢Gly<—>GéP

CIO V dCcyt,G6P _
- Vot dt - ¢Glc<—>GﬁP - ¢GGP<—>Gly + ¢Gly<—)G6P - ¢G()P<—>F6P

dC

oyt ,FO6P
CIL. I/cyt - ¢G6P<—>F6P - ¢F6P<—>F163P

dt



Cl2.

Cl13.

Cl4.

CI15.

Cle.

Cl17.

Cl18.

CI9.

C20.

C21.

C22.

C23.

C24.

C2s.

dC

cyt F16BP
cht dt - ¢F6P<—>F16BP - ¢F16BP<—>GA3P
cyt,GA3P
V —dC =2
eyt dt - ¢F163P<—>GA3P - ¢GA3P<—>Gr3P - ¢GA3P<—>ISBPG
V dCLyt,lSBPG _
oyt dt - ¢GA3P<—>13BPG - ¢13BPG<—>PEP
V dCcyt,PEP _
eyt dt - ¢ISBPG<—>PEP - ¢PEP<—>Pyr
V dCcyt,Tgl _ ¢ _ ¢
eyt dt — YGriroTgl Tel<>Glr
V dCcyt,Gr3P _
oyt dt - ¢GA3P<—>Gr3P - ¢Gr3P<—>Tgl
dcC .
ot,FAC _  gf _
I/cyt dt - cht(—)mit,FAC + ¢FFA<—>FAC 3¢Gr3P<—>Tgl
V dccyt,PCr _ _ —V dCcyt,PCr
oyt dt - ¢PCr<—>Cr - eyt dt
f
dcC _cht<—>mit,ATP/ADP - ¢GGP<—)Gly - ¢Glc<—>66P - ¢F6P<—)FIGBP + ¢13BPG<—>PEP dC ,
ch[ c(_;t,ATP _ _ _cht cc)lt,ADP
4 + ¢PEP<—)Pyr - 2¢FFA<—>FAC - ¢ATP<—)ADP + ¢PCr<—>Cr - ¢AMP<—>ADP d
V dCcyt,AMP _
eyt dt - ¢AMP<—>ADP
dc._ . ,
otPi _ _ rf _ _
cht &t =—J cytomit,Pi ¢Gb/<—>G6P + 2¢06P<—>Gly ¢GA3P<—>133PG + ¢Gr3P<—>Tgl + 2¢FFA<—>FAC + ¢ATP<—>ADP
dC
cyt,CoAd _ f _
I/cyt dt - cht(—)mil,CoA + 3¢Gr3P(—>Tg1 ¢FFA<—>FAC
1% dCcyt,NADH __7f + _ _ -V dCcyt,NAD+
eyt dt - cyt<>mit,NADH | NAD* ¢GA3P<—>13BPG ¢Pyr(—)Lac ¢GA3P<—)GV3P - cyt dt
dC f +¢G1c<—>G6P + ¢F6P<—>F16BP + ¢GA3P<—>13BPG
eyt ,H* bl<>cyt, H* 2303 3
I/cyt dt - Jf ﬂ eyt HY _¢PEP<—>Pyr - ¢Pyr<—>Lac + ¢Tgl(—>Glr - ¢GA3P(—)GV3P
- cyt<>mit , H* ot +2 + _ _ yleak
¢FFA<—>FAC ¢ATP<—>ADP ¢PCr<—>Cr evtesmit,H*

where S, = 6.65 mM/pH is buffering capacity of cytosol for protons



Tissue CelsMitochondrial Domain:

dcrftt 02 P
MI1. an,oz dt = cht(—)m[t,02 - 0~5¢02<—>H20,NADH - 0'5¢02<—>H20,FADH2
dc’
mit,CO2 __ gp
M2 Vmit,COZ dt - cht(—)mit,COZ + (¢PYR<—>ACOA + ¢C1T<—>AKG + ¢AKG<—>SCOA)
dC .
mit,Pyr __ yf _
M3. I/mit - cht(—)m[t,Pyr ¢Pyr<—>ACoA
dt
dC
mit, FAC __ 1f _
M4. Vmit dt - cht(—)mit,FAC ¢FAC(—)ACOA
!
dC . cht(—)nzit,NADH/NAD+ + ¢Pyr<—>ACaA + 7¢FAC<—>AC0A + ¢Cit<—)AKG dC . +
MS V mit, NADH __ _ _V mit,NAD
. mit dt - - mit
+ ¢AKG(—)SC0A + ¢Mal<—>0xa - ¢02<—>H 20,NADH
dC . dcC .
mit, ATP g f _ mit,ADP
Mé6. I/mit - cht(—)mit,ATP/ADP + ¢SCOA(—)SMC + ¢ADP(—>ATP - Vmit
dt dt
dC
mit,Pi _ 71f _ _
M7 Vmit dt - Jcit(—)mit,Pi ¢SCOA<—>Suc ¢ADP<—>ATP
dcC .
mit,CoA __ 1f _ _ _
M8 Vmit dt — Y eytomit,CoA ¢Pyr<—>ACoA 7¢FAC<—>AC0A + ¢ACOA<—)Cit ¢AKG(—)SCOA + ¢SCUA<—>Suc
dC .
mit,ACoA __ _
M9. Vmit dt - ¢Pyr<—>ACnA + 8¢FAC<—>AC0A ¢ACOA<—>C[[
dC
mit,Cit __ _
MIO Vmit dt - ¢AC0A<—>C1‘[ ¢Cit<—>AKG
dcC
mit, AKG __ _
MIL Vmit df - ¢Cit<—)AKG ¢AKG(—)SCUA
dcC .
mit,SCoA __ _
MI2. Vmit dt - ¢AKG<—)SCOA ¢SCOA<—)SUC
dC
mit,Suc __ _
M13 Vmit dt - ¢SCOA(—)SuC ¢Suc<—>Mal
dcC .
mit,Mal __
M14' Vmit - ¢Suc<—>Mal - ¢Mal<—>0xa
dt
dcC . d
mit,Oxa __ _ _ -
MIS I/mit dt - ¢Mal<—>0xa ¢ACOA(—)C[[ - Vmus dt I:Cmit,Cit + Cmit,AKG + Cmit,SCoA + Cmit,Suc + C

mit,Mal ]



dC

dcC . A
mit, FADH2 __ _ _ mit , FAD
M1e. Vmit - 7¢FAC<—)AC0A + ¢Suc<—>Mal ¢02%H20,FADH2 - Vmit
dt dt
leak
V deit,H+ 7 2303 J(r_vt(—)mit,H+ + ¢Pyr<—>ACaA + 7¢FAC(—)AC0A + ¢ACOA<—>Cit + ¢Mal(—)0xa
mit T romit, H mit ,H*
M17. dt ﬂmit _(1 0+ 1)¢024>H2(),NADH - 6¢02aH20,FADH2 + (3 - 1)¢ADP<—>ATP

where B =25 mM/pH is buffering capacity of mitochondria for protons

dALP leak

CIMM 7 - 10¢OZHH20,NADH + 6¢02aH20,FADH2 - 3¢ADPHATP Y oremi H*

MI18.
where C,,, = 6.75*10~ mmol/mV is the capacitance of the IMM

APPENDIX C: RESTING STEADY-STATE FLUX RELATIONSHIPS

By setting the time derivatives of the mass balances (Appendix B) equal to zero, we can obtain
the resting steady-state flux relationships. The fluxes from these relationships can be arranged for
sequential solution as shown in the table below in which the independently known fluxes (in pa-
rentheses) are listed in Tables 3. With a few exceptions, these relationships are obtained directly
from the mass balances indicated in the right column. An additional relationship is used for the

metabolic reaction flux associated with ATP synthase in mitochondria:

0 0 0
Puit, ADP>ATP = 2'5¢02<—>H20,NADH +1 '5¢02<—>H20,FADH2 (C1)

The basis for this relationship is that in oxidative phosphorylation, 1 mole of NADH can produce
2.5 moles of ATP and 1 mole FADH; can produce 1.5 moles ATP.

To compute the ATPase in cytosol, we note that at rest, the steady-state metabolic fluxes

associated with adenylate kinase and creatine kinase are zero:

¢2Cr<—>Cr =0 and ¢2MP<—>ADP =0 (C2)

Therefore, the steady-state metabolic flux associated with ATPase in cytosol (C20, Appendix B)

can be simplified to

0 _ 70 0 0 0
f cyt,ATP« ADP ~— f 13BPG« PEP +f PEP« Pyr "~ f Gle« G6P ~ f G6P« Gly

. ; o (C3)
B fF()P« F16BP ~ 2fFFA« FAC ™ Jc« m,ATP/ ADP
Metabolic Reactions Flux Relations Arranged for Sequential Solution Mass Balance
(Appendix B)
Hexokinase f glc« G6P = JZ::OC,GIC ¢l
Phosphoglucose isomerase f 26 re rer = g,c« G6P C10



Phosphofructokinase

Aldolase + TPI

Lipases

Acyltransferase

Gr3P dehydrogenase
GA3P dehydrogenase
Phosphoglycerate kinase
Pyruvate kinase

Lactate dehydrogenase
Alanine aminotransferase
Acyl-CoA synthetase

ce>m Pyruvate transport

com Fatty Acyl-CoA transport

Pyruvate dehydrogenase
Beta oxidation

Citrate synthase
Isocitrate dehydrogenase
AKG dehydrogenase
SCoA synthetase
Succinate dehydrogenase
Malate dehydrogenase

c<>m NADH/NAD" transport

Oxidative phosphorylation
(NADH)

Oxidative phosphorylation
(FADH>)

](‘0 =f0
F6P« F16BP G6P« F6P
fO _ fO
F16BP« GA3P Gle« G6P
0 _ p,0
f Tgl« Glr - Jb« ¢,Glr
fO :fO
Gr3P« Tgl Tgl« Glr

fo =fe
GA3P« Gr3P Gr3P« Tgl

0 _ 0 0
f GA3P« 13BPG — 2f F16BP« GA3P ~ f GA3P« Gr3P

fi =/s
13BPG« PEP GA3P« 13BPG

F ey =1
PEP« Pyr 13BPG« PEP

0 _ 1,0
f Pyr« Lac - - Jb« ¢,Lac
0 _ p,0
nyr« Ala — ~ Jb« c,Ala
0 _ 7/0 0
f FFA« FAC — J, b« ¢,FFA + 3f Tgl« Glr

/0 —¢0 0 0
c« m,Pyr f PEP« Pyr ~ f Pyr« Lac ~ f Pyr« Ala

f.0 _ g0 0
J, c« m,FAC _f FFA« FAC ~ 3f Gr3P« Tgl

fO — Jf,O

Pyr« ACoA c« m,Pyr

fO — 70
FAC« ACoA c« m,FAC

0 _ ,0 0
f ACoA« Cit _f Pyr« ACoA + SfFAc« ACoA
0 _ ,0
f Cit« AKG ~— f ACoA« Cit
0 _ 70
f AKG« SCoA _f Cit« AKG
/s =/}
SCoA« Suc AKG« SCoA
0 _ r0
f Suc« Mal _f SCoA« Suc

0 _ r0
f Mal« Oxa _f Suc« Mal

f0

0 _ 10 0 0
f02<< H,0,NADH B nyr« ACoA +fCit« AKG +fAKG« SCoA

0 0 /50
al« Oxa « o. X *
+fMl O. + 7fFAC ACoA + JH m,NADH | NAD

0 — 10 0
fOz« H,0,FADH2 _fSuc« Mal + 7fFAC« ACoA

10

+ gk

b« c,Pyr

:fO _ fO _ fO
¢« m,NADH | NAD"* GA3P« 13BPG Pyr« Lac GA3P« Gr3P

Cll

Ci2

(68]

Cié6

Ccl7

Ci3

Cl4

Cil5

c3

c4

c6

2

Ci8

M3

M4

M9

MI10

Mlil

M2

MI3

Mi4

C24

M5

Ml6



. 0 0 0
ATPase (ATP synthesis) ¢m,ADP<—>ATP = 2‘5¢02<—>H20,NADH + 1'5¢02<—>H20,FADH2

0 = 0 0 M6
c<>m ATP/ADP transport Ve m,ATP/ADP — ~ (fADP« ATP +f SCod« Suc)
0 = £0 0 0 C20
ATP ATP hvdrolvsi fc,ATP« ADP f13BPG« PEP +fPEP« Pyr "~ fGlc« G6P
ase (. ydrolysis) fo fo 2f0 779
= J G6P« Gly~ J F6P« F16BP ~ FFA« FAC =~ * ¢« m,ATP/ ADP
. f0  _ ¢0 0 M7#
c<>m Pi transport Jc« m,Pi fADP« ATP +fSCoA« Suc
f0 — £0 0 0 M8*
Jc« m,CoA fAKG« SCoA + 7fFAC« ACoA +nyr« ACoA
ceo>m CoA transport 0 0
- fACoA« cit - fSCoA« Suc
10 = *(£0 0 MI1##
com O transport Jeimor =05 (foz« H,0,NADH tf Oy« HQO,FADHZ)
/0 — 0 0 0 M2 **
ce>m CO; transport Jiimeor = - (nyr« acoa VS cire ake TS ke scon)
leak,0  _ 0 0 0 MIS8
com H' leak J e« mH" 107 0y« H,0,NADH + 6f02« H,0,FADH?2 ~ 3fADP« ATP
comHY mit, H* \7 Pyr<>ACoA FAC«>ACoA
coo>m H' transport B M17
0 0 0 0
+ ¢AC0A<—>Cit + ¢Ma1<—>0xa - ¢02—>H20,NADH - ¢ADP<—>A TP)
: 2.303
£O 0 _ g0 4003 0 0
‘]bHch - JCH,,,,,{ CC_V,,H+ (+¢Glc<—>G()P + ¢F6P<—>F16BP
cyt
b<>c H' transport Cc25

0 0 0 0 0
+ ¢GA3P<—>13BPG - ¢PEP<—>Pyr - ¢Pyr<—>Lac + 3¢Tgl<—>Glr - ¢GA3P<->Gr3P

0 0
+ 2¢FFA<—>FAC + ¢ATP<—>ADP -J

leak ,0 )
comH*

com: cyt <> mit or cytosol <> mitochondria; b<>c: bl<>cyt or blood<>cytosol

#c<>m Pi transport can also be obtained from Eq. (C22); but it will give the same result
*c<>m CoA transport can also be obtained from Eq. (C23), but it will give the same result
#ttb<>c O, transport flux at rest = c<>m O; transport flux at rest (Eq. C8).

**b<>c CO, transport flux at rest = c<>m CO, transport flux at rest (Eq. C7).

APPENDIX D: GENERAL FLUX EXPRESSION FOR FACILITATED TRANSPORT

In a carrier-mediated (facilitated) transport of uncharged substrate molecules (e.g., glucose, lac-
tate, pyruvate, free fatty acid) through a biological membrane (e.g., sarcolemma), a substrate
molecule S first binds with a carrier molecule C to form a molecule of the carrier-substrate com-
plex CS which then diffuses passively (freely) through the membrane. Simultaneously, the car-
rier molecules used to shuttle the substrate molecules into the cells rediffuse freely from intracel-

lular side to extracellular side of the membrane (see Reference (9), Chapter 2). Such facilitated
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substrate transport process can be considered to be in pseudo-steady state. The associated chemi-

cal reactions can be expressed as
C,+S8,«—CS, and (S, «—C, +S, (D1)

The binding of the substrate molecules (S) with the carrier molecules (C) is usually fast so that

the chemical equilibrium condition can be assumed to prevail. This gives

M, [CS],, =[CL,[S], and M,[CS], =[C],[S], (D2)

where M¢x and M;j, are equilibrium constants. Furthermore, for a closed system:

[CS]., +[CS], +[CT, +[C],, =[C],, (D3)

n ex

The transport fluxes of the carrier-substrate complex (CS) and free carrier (C) through the mem-

brane are based on passive diffusion (Fick’s principle):

JCS _ DCS

ex<>in

(ICS1, ~[CS],) and JE =%([C],-n—[C]ex) (D4)

ex<>in
m m

where D¢g and D¢ are molecular diffusion coefficients and d,, is thickness of the membrane. Un-

der steady-state conditions, the transport fluxes are equal:

I =, or 2([CS1, ~[CS),) =25 (1€, ~ICL) (D5)

ex<>in ex<>in ex<>in

J

m m

The system of equations (D2), (D3) and (D5) is equivalent to

Dy ([CLX[SLX [Clin[S]inJ De _
- - [C]in - [C]ex) - 0
d M M, d, (D6)

[C]ex[S]ex [C]in [S]in —
e e S 4[], +[C), =[C,,

ex m

These can be solved simultaneously to obtain the free carrier concentrations [C]., and [C];,. Us-
ing the reasonable assumptions D¢s = Dc = D and M;, = M,, = M,,, the system of equations (D6)
can be solved to yield

M m_ [C]mt

_ Mm'[c]mt
2(M,, +[51,,) = &7

o T2, 4151

Substituting equations (D7) into equations (D5), we have the reversible carrier-mediated facili-

tated transport flux given by

Jevefn:Tmax[ Y Y ]=Tm( B DBl ] (D8)
“ M, +(5), M, +18L, ) =\, +IS] M, A IS,
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where T, =D[C],,/2d, is the maximal transport rate of carrier-mediated facilitated transport.

The flux expression (D8) is of the form of Michaelis-Menten equation for enzyme kinetics and

satisfies thermodynamic equilibrium conditions [S]x = [S]in-

The transport of glucose, lactate, pyruvate, free fatty acid, and H'" across the sarcolemma
(cell membrane) and the transport of pyruvate, fatty acyl-CoA, CoA, Pi, and H" across the inner
mitochondrial membrane are considered to be carrier-mediated (facilitated) transport. The anti-
transport of ATP and ADP across the inner mitochondrial membrane occurs through the adenine
nucleotide translocase (ANT) and is phenomenologically modeled here via a facilitated transport
flux expression in terms of the phosphorylation potential [ATP]/[ADP]. The hypothetical anti-
transport flux of NADH and NAD" across the inner mitochondrial membrane, which is propor-
tional to the effective flux through the malate-aspartate and glycerolphosphate shuttle systems, is
phenomenologically modeled here via a facilitated transport flux expression in terms of the re-
dox potential [NADH]/[NAD']. The inter-domain transport of all other species is considered to

be through passive diffusion.

APPENDIX E: GENERAL FLUX EXPRESSION FOR METABOLIC REACTIONS

Consider a general multi-reactant multi-product enzymatic reaction which incorporates several
elementary enzymatic reactions. The enzyme “E” may represent a “hypothetical” multi-enzyme
complex. The kinetics of this lumped enzymatic reaction is highly complex (8). For simplicity
and for developing a framework for large-scale computational models, we assume here that the

reaction is irreversible and proceeds in a single step as represented by

N

Ny
E+;a,»S,»< i >C3 i >E+;ﬁj1?, (E)
where S;’s are the reactants, P;’s are the products, C is an intermediate complex that incorporates
the enzyme E, oi’s and f3;’s are the stoichiometric coefficients, and k’s are the rate constants.
Since the total enzyme concentration is constant, we get the stoichiometric relationship: [E]i =
[C] + [E], which can be applied to reduce the number of state variables. The rates of production
and utilization of the complex C are given by

P(C) =k [ET[[1S.1% +kLEI[ [IPY".  U(C)=k [Cl+k,[C] (E2)

i=1 Jj=1
Now considering a quasi-steady state approximation for the complex C (see Reference (8), Chap-

ter 2), we have
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%:P(C)—U(Cho = kH[E]lN_S[[S,-]“"+k,2[E]]]LP[[P,-]”":k,l[C]+k+2[C] (E3)

J=1

which can be rearranged to give
Ny Np p
k TS +k,] [P T”

_ i=1 =l E4
[C] KTk, [£] (E4)

The net reaction velocity or flux in the direction of product formation is given by

Ng Np
1k+2H[S,-]“' —k kL[ [PY
i=1

b =~ = H[P - Tk, = [£] (E5)

Dividing Eq. (ES) by [E]wt, and using the stoichiometric relationship, we have

ko TIIS T —k kLT [P Y
bt _ P9 _ 1_1[[ : H L£] (E6)
[El,  [El, ktk, [CI+E]

Substituting Eq. (E4) for [C] into Eq. (E6), we have

Ng Np
kako [0S T~k kLT[R
¢net = ¢f - ¢b = A Ng = Ny [E]mt (E7)
b+ +k [0S + kL[ TP
i=1 j=1

Now, if we define the parameters

VI =kolE,) Vi =k [E,]; KS=Fatke g Ktk (E8)

max max k
+1 -2

then Eq. (E8) for net velocity or flux of the reaction has the following form:

et =9y [ma"r[[ 1= “’a"H[P]ﬂ’}{HK—H[S] +—5 H[P]ﬁ’} (E9)

mll m]l m i=l m]l

To be thermodynamically feasible, the flux expression (E9) must satisfy Haldane constraint re-

lating forward and reverse velocities to equilibrium constant (Reference (8), Chapter 2):

v/ K’ S
k=K Ko =T1RL / [ LS., = exp(-AG, / RT) (E10)
max m J=1 =1

where K¢ is the equilibrium constant and AGy is the standard Gibbs free energy change.
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Any multi-substrate multi-product irreversible enzymatic reaction can be considered as a
special case of reaction (E1) in which the reverse reaction is considered negligible (i.e., k» = 0

or K, and K" are large). The resulting forward flux expression can be derived from Eq. (E9)

by setting 1/K” = 0 which is given by

4=V {%ﬁ[&]‘l}[néﬂ[s{r} (E1D)

m i=1 m i=1

The metabolic reaction flux expressions (E9) or (E11) include the metabolic energy controller
pairs ATP-ADP or ATP-AMP (phosphorylation pair) and NADH-NAD" (redox pair) as the co-

substrates and/or co-products. The maximal forward and reverse reaction velocities ¥/ and

v’ can be further modified to account for activation and/or inhibition of the metabolic reaction

flux by other metabolites in the biochemical pathways. The flux expressions for the individual

lumped metabolic reactions are given in Appendix F.

APPENDIX F: METABOLIC REACTION FLUX EXPRESSIONS

Reactionsin Cytosol

1. Glycogen Phosphorylase Gly,,, +Pi < Gly, + G6P
Camp y CGly,M Cpi CGlyn Caep
e Gly>G6P - " Gly«<G6P Ki
¢ _ C’ATP Gly—>G6P Gly«G6P
GlyoG6P —
e KCtrl + CAMP CGly,,+l CPi CGlyn CG6P
Gly<>G6P 1+ +
ATP KG]y—)G()P KGly<—G6P

This is a sum of 2 enzymatic reactions Gly,+; + Pi <> Gly, + GIP and G1P <> G6P catalyzed by
the enzymes glycogen phosphorylase and phosphoglucomutase (see Ref. (7), Ch. 20; Ref. (10),
Ch. 23). The activity of glycogen phosphorylase is regulated by AMP and ATP; AMP acts as a
positive allosteric effector (activator) and ATP acts a negative allosteric effector (inhibitor) by
competing with AMP. Thus, this reaction is assumed to be controlled by the concentration ratio
Camp/Carp. This reaction is also known to be regulated by Ca®" and epinephrine which are not
explicitly included in this model of muscle metabolism.

2. Glycogen Synthase Gly, + G6P+ATP <> Gly, , + ADP+2 Pi
V CGly" CGe.P CATP _ CGlyn+l Clzi CADP
¢ cerma KGépﬂGly alreay KG6PeGly
aeredy 1+ CGly,, CGéP CATP + CGly,,+l Clzi CADP
K G6P—Gly KG6P<—Gly
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This is a sum of 4 enzymatic reactions G6P <> G1P, G1P + UTP «» UDP-Glc + 2 Pi, UDP-Glc +
Gly, <> UDP + Glyy:1, and UDP + ATP < UTP + ADP catalyzed by the enzymes phosphoglu-
comutase, UDP-Glc pyrophosphorylase, glycogen synthase, and nucleoside diphosphokinase
(see Ref. (7), Ch. 20; Ref. (10), Ch. 23). Insulin can activate the glycogen synthesis reaction. The
negative allosteric regulator (inhibitor) of the reaction includes Ca®" which is not explicitly in-
cluded in this model of muscle metabolism.

3. Hexokinase Glc+ATP <> G6P+ ADP+H"
v Gl CoaCanCyr
KCtrl Gle—>G6P K Gle«G6P K
¢ — Glc>G6P Glc>G6P Glc«G6P
Glc>Go6P Ctrl
KGlc<—>G6P + CG6P 1+ CGlcCATP + CG6PCADPCH‘
Glc—>G6P KGIC(*GGP

This is a sum of 2 elementary reactions Glc + Pi <» G6P (unfavorable) and ATP <» ADP + Pi +
H" (favorable) catalyzed by the enzyme hexokinase (see Ref. (7), Ch. 15; Ref. (10), Ch. 19). The
enzyme is considered to be inhibited by G6P (uncompetitive).

4. Phosphoglucose Isomerase G6P <> F6P
C C
VGéP—>F6P % - VG6P<—F6P %
_ G6P—F6P G6P<«F6P
¢G6P<—>F6P - C C
1+ GeP_ F6P
Kooporer  Kaeperer
5. Phosphofiructokinase F6P + ATP <> F16BP+ ADP + H"
V CF6PCATP _ V CVF16BPC’ADP(7H+
C F6P—F16BP K FoP«F16BP K
¢F(,p<_>F16]3p — |: o AMP :| Féf’*)FlC(:BP C C CF6P<—F16BP
KF6P<—>F16BP + CAMP ] + —F6PZATP F16BP ~ADP g+

K

F6P—F16BP F6P<«F16BP

The enzyme phosphofructokinase is the most important control element in the glycolytic path-
way. This enzyme is known to be activated by AMP (see Ref. (7), Ch. 15; Ref. (10), Ch. 19).

6. Glyceraldehyde 3-Phosphate Formation F16BP <> 2 GA3P
V CF16BP V CéA3P
F16BP—>GA3P K ~ Y F16BP<«GA3P K
¢ — F16BP—>GA3P F16BP<~GA3P
F16BP<>GA3P C CZ
1 + F16BP + GA3P
KFIGBP%GA3P KF16BP&GA3P

This is a sum of 2 enzymatic reactions F16BP <> GA3P + DHAP and DHAP < GA3P catalyzed
by the enzymes aldolase and triose phosphate isomerase (see Ref. (7), Ch. 15; Ref. (10), Ch.
19). Because these reactions are almost in equilibrium, they are combined to one reaction.

7. Glyceraldehyde 3-Phosphate Dehydrogenase  GA3P + Pi+ NAD" <> 13BPG + NADH+H"
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C’GA?)P(:’ C C13BPG CNADHC

v Pi~'NAD" _ v
GA3P—13BPG GA3P«13BPG
K K

uHt

¢ — GA3P—13BPG GA3P«13BPG
GA3P-I13BPG —
CGASPCPiCN AD* G 3BPG Ciaps CH+
1+ +
KGA3P—>13BPG KGA3P<—13BPG
8. Phosphoglycerate Kinase 13BPG + ADP <> PEP + ATP
V C13BPGCADP _ V CPEPCATP
13BPG—PEP K 13BPG<«PEP K
¢ _ 13BPG—>PEP 13BPG<«PEP
13BPG«>PEP —
1+ C13BPGCADP + CPEPCATP
K13BPG—>PEP K13BPG(—PEP

This is a sum of 3 enzymatic reactions 13BPG + ADP < 3PG + ATP, 3PG < 2PG and 2PG <
PEP catalyzed by the enzymes phosphoglycerate kinase, phosphoglycerate mutase and enolase
(see Ref. (7), Ch. 15; Ref. (10), Ch. 19). Because these reactions are almost in equilibrium, they
are combined to one reaction.

9. Pyruvate Kinase PEP+ADP+H" <> Pyr+ ATP
Vorpspyr CrarCaveCure _ PEP«Pyr “onCar
¢pEp<_>pyr =|: — CF16BP :| KPEPﬁPyr KPEPePyr
KPEP(—)PYR + CFI(;BP 1+ CVPEPC’ADPC1H+ + CPYFCATP
KPEPaPyr KPEPePyr

Pyruvate kinase is another key regulatory enzyme in the glycolytic pathway. This enzyme is
known to be allosterically activated by F16BP (see Ref. (7), Ch. 15; Ref. (10), Ch. 19). Pyruvate
is subsequently transported into the mitochondrial matrix where it is oxidized to produce ACoA.

10. Lactate Dehydrogenase Pyr+ NADH +H" <> Lac+NAD"
174 CPyr CNADH CH+ CLac CNAD*
Pyr—Lac K - Pyr<Lac K
¢P _ Pyr—Lac Pyr«Lac
r<>Lac —
Y 1 + CPerNADH CH’ + CLacCNAD‘
KPyra Lac KPyreLac

This is an important reaction in skeletal muscle cellular metabolism and energetics. When the
oxygen availability is limited (e.g., during muscle ischemia or intense muscle activities), NADH
in cytosol can accumulate and reduce pyruvate to lactate with the help of the enzyme lactate de-
hydrogenase (see Ref. (7), Ch. 15; Ref. (10), Ch. 19).

11. Alanine Formation (Alanine Aminotransferase) Pyr & Ala
V C’Pyr _ V CA]a
Pyr—Ala K Pyr<—Ala K
¢ _ Pyr—Ala Pyr<Ala
Pyre>Ala
1+ CPyr + CAla
KPyrﬁAla KPyr(—Ala
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12. Lipases (Triglycerides Hydrolysis) Tgl <> Glr+3 FFA+3 H'

CTgl CGlr C11§FA C]i ¢
VTgHG]r K - VTgleGlr K
¢—|- _ Tgl->Glr Tgl«Glr
lGlr —
¢ 1+ C'Tgl + CGer;FACs{‘
KTgl%Glr KTgl(—Glr
13. Glycerol 3-Phosphate Dehydrogenase GA3P+NADH+H" & Gr3P+ NAD"
v CGA}PCNADH CH o CvGr}PC’NAD‘r
GAIPGI3P g GA3PGI3P g
¢GA3P uap = GA3P—Gr3P GA3P«<Gr3P
o 1+ (:1GA3PCVNADHCVH‘r + C'Gr?aP(:‘NADJr
K K

GA3P—>Gr3P GA3P«Gr3P

This reaction serves as the connection between glycolysis and lipid metabolism pathways. GA3P
is ultimately utilized in the synthesis of triglycerides (see Ref. (7), Ch. 21).

14. Acyltransferase (Triglyceride Synthesis) Gr3P+3 FAC < Tgl+3 CoA +Pi
V CGr3P CSAC V CTgl CéOA CPi
Gr3P—>Tgl K TV Gr3P«Tgl K
¢ _ Gr3P—Tgl Gr3P«Tgl
Gr3Po>Tgl — 3
1+ CGr3PC}§AC + CTgICCOACPi
KGr3P—>Tg1 KGr3P<—Tg1

This is a sum of 4 enzymatic reactions Gr3P + FAC <> LPPA + CoA, LPPA + FAC <> PPA +
CoA, PPA <> DAG + Pi, DAG + FAC < Tgl + CoA catalyzed by the enzymes Gr3P acyltrans-
ferase, LPPA acyltransferase, PPA phosphatase, DAG acyltransferase (see Ref. (7), Ch. 21).
The synthesis of triglycerides from glycerol is neglected in this model as the activity of the en-
zyme glycerol kinase is negligible in skeletal muscle.

15. Acyl-CoA Synthetase FFA + CoA +2 ATP <> FAC+2 ADP+2Pi+2H"
CFFACCOACZZXTP CFAccziDpclzicyzﬁ
VFFA—)FAC K— ~ VY FFA«FAC K
¢FFAHFAC — FFA—>FAC - . - FF2A<—FAC
1+ CFFACCOACATP + CFACCADPCPiCH+
K K

FFA—-FAC FFA<FAC

This reaction is also called as fatty acid activation and the enzyme as fatty acid thiokinase. The
activated fatty acid is transported into the mitochondrial matrix through carnitine shuttle which is
subsequently oxidized into acetyl-CoA through several enzymatic reactions (see Ref. (7), Ch. 21;
Ref. (10), Ch. 24).

16. ATPase (ATP Hydrolysis) ATP <> ADP +Pi+H"
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CATP CADPC C

Pi—Hg*
VATP—)ADP K _VATP<—ADP K
¢ _ ATP—ADP ATP<ADP
ATP<>ADP —
1+ CATP + C'ADPC'PiC'HJr
KATP—)ADP KATP(—ADP

This reaction is the primary source of energy supply for muscle contraction (see Ref. (7), Ch. 14;
Ref. (10), Ch. 17). It is known to be activated by Ca*" which is not explicitly considered in this
model of muscle metabolism.

17. Creatine Kinase PCr+ ADP+H" < Cr+ ATP
% CPCrCADPCH+ v CCrCATP
PCr—Cr K Y pCreCr K
— PCr—>Cr PCr«Cr
Cr<Cr
1+ CPCrCADPCH* + CCrCATP
K K

PCr—Cr PCr«Cr

This is a buffer reaction and functions to maintain ATP homeostasis during muscle contraction

(see Ref. (7), Ch. 14; Ref. (10), Ch. 17). It is the source of immediate energy supply during the
transitions from rest to exercise.

18. Adenylate Kinase ATP+ AMP < 2 ADP
2
v CATPCAMP i 7 CADP
AMP—>ADP K AMP « ADP K
¢ — AMP—ADP AMP<«ADP
AMP <> ADP 2
1+ CATP CAMP + CADP
AMP—>ADP K AMP<«ADP
Reactionsin Mitochondria
19. Pyruvate Dehydrogenase Pyr + CoA + NAD" <> ACoA +CO, + NADH + H"
Cop ‘ CPerCOACN AD" ‘ CACoACCOZCNADH CH+
¢ _ CATP Pyr—>ACoA KPyr‘)ACOA Pyr<—ACoA KPy“;ACOA
ProAcoR KE;L)ACOA + CADP 1+ CPerCoACNAD+ n CACoACCOZCNADHCH+
CATP KPyr%ACoA KPyr(—ACoA

This is the first reaction inside the mitochondrial matrix in which ACoA is formed from the oxi-
dative decarboxylation of pyruvate leading to the TCA cycle (see Ref. (7), Ch. 16; Ref. (10), Ch.
20). The enzyme pyruvate dehydrogenase is known to be allosterically activated by ADP and
inhibited by ATP. Thus this reaction is assumed to be controlled by the concentration ratio
Capp/Catp. The enzyme is also known to be inhibited by ACoA and NADH which are included
as product inhibitors. The enzyme is also known to be activated by Ca”>" which is not explicitly
included in this model of muscle metabolism.

20. Fatty Acyl-CoA Oxidation FAC+7 CoA+7 NAD' +7 FAD <
(p-Oxidation) 8 ACoA +7 NADH +7 FADH, +7 H'
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CFAC CCOAC CFAD CACOA CNADH CFADHZ CH*

v NAD" _
FAC—ACoA K FAC<«+ACoA K
¢ — FAC—>ACo0A FAC<—ACo0A
FAC&ACoA —
1 + CFAC CCOA (jNADJr CFAD + CACOA CNADH CFADHZ (:’H‘r
K K

FAC—ACoA FAC<ACoA

This reaction producing ACoA from the activated fatty acid inside the mitochondrial matrix is
highly complex. It is the result of combining 7 cycles of reactions in which each cycle consists of
4 enzymatic reactions catalyzed by the enzymes acyl-CoA dehydrogenase, enoyl-CoA hydratase,
beta-hydroxyacyl-CoA dehydrogenase, and acyl-CoA acetyletransferase (thiolase) (see Ref. (7),
Ch. 21; Ref. (10), Ch. 24).

21. Citrate Synthase ACoA +0Oxa < Cit+ CoA+H"
CADP Vv CACOACOxa _ CCitCCoACH*
C ACoA—Cit K ACoA«Cit K
¢ — ATP ACoA—Cit ACOA«Cit
ACoACit
° l K./SglA o CADP 1+ CACoACOxa T CCitCCoACH+
O0A L1

CATP KACoA»Cit KACerCit

This is the first reaction in TCA cycle. The enzyme citrate synthase is known to be allosterically
activated by ADP and inhibited by ATP (see Ref. (7), Ch.16; Ref. (10), Ch.20). Thus the reaction
is assumed to be controlled by the concentration ratio Capp/Carp. The enzyme is also known to
be inhibited by SCoA which is included as a product inhibitor.

22. Aconitase + Isocitrate Dehydrogenase Cit+ NAD" <> AKG + CO, + NADH
Capp CCitCNAD* _ CAKGCCO2 Crapn
Cit—>AKG CiteAKG
p _ Core K isaka K ive ako
Cit<>AKG
' KCtrl + CADP 1 CCitCNA]y CAKG Ccoz CNADH
CitoAKG ™~ + +
ATP KCiHAKG KCiteAKG

This is a sum of 2 enzymatic reactions Cit <> ICit and ICittNAD" < AKG+CO,+NADH cata-
lyzed by the enzymes aconitase and isocitrate dehydrogenase. This reaction is known to be acti-
vated by ADP and inhibited by ATP (see Ref. (7), Ch. 16; Ref. (10), Ch. 20). Thus this reaction
is considered to be controlled by the concentration ratio Capp/Catp. This reaction is also known
to be activated by Ca®" which is not explicitly included in this model of muscle metabolism.

23. a-Ketoglutarate Dehydrogenase AKG +CoA + NAD" <> SCoA + CO, + NADH
% CakcCoon CN AD' _ Cscon Ccoz Chapn
AKG—SCoA K ¥ AKG«SCoA K
¢AKG(_>SC0A — AKG—>SCoA AKG<«SCoA
1 + CAKG CCoA CNAD' + CSCOA CCOZ CNADH
KAKG*)SCOA KAKG(—SCOA
24. Succinyl-CoA Synthetase SCoA + GDP + Pi <> Suc + CoA + GTP
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C o C Ci CuCCO C
KCOA—)Suc%—V ~Suc ~CoA ~ ATP.

SCoA «Suc K
SCoA —Suc SCoA<«Suc

¢ SCoA<<>Suc C C
! SCoA ~ADP CPi CSuc CCOA CA P

SCoA—Suc K

SCoA «Suc

Because the reaction GTP+ADP <> GDP+ATP is in fast equilibrium, we assume the GTP/GDP
ratio to be proportional to the ATP/ADP ratio (see Ref. (7), Ch. 16; Ref. (10), Ch. 20).

25. Succinate Dehydrogenase Suc + FAD <> Mal+ FADH,
1% CSucCFAD _ CMal CFADHz
Suc—Mal Suc<«-Mal
¢ — " KSuc—)Mal " KSuc(—Mal
Suc<«>Mal - CSuCCFAD . CMaICFADH2
K K

Suc—Mal Suc«Mal

This is a sum of two enzymatic reactions Suc+tFAD«<>Fum+FADH; and Fum«<Mal catalyzed by
the enzymes succinate dehydrogenase and fumarate (see Ref. (7), Ch. 16; Ref. (10), Ch. 20).

26. Malate Dehydrogenase Mal+NAD" <> Oxa+NADH +H"
V C’Mal(:’NADJr _ COxa CNADH (jHJr
¢ B Mal—Oxa KMaHOXa Mal<«Oxa KMaleoxa
MaleOxa 1 + CMaICNAD‘ + C10)(;1 NADH CWHJr
KMal—)Oxa KMal(—Oxa
27. Complex I+III+1V NADH+H" +0.5 0, <> NAD* +H,0+10 AH"
10AG,,, CruaonCo, Cyr- Canp'
eXp| — 0,—H,0,NADH - V02<—H20,NADH
4 _ RT K02—>H20,NADH 0y« H,0,NADH
0, & H,0,NADH 1 Coron ngs CH+ . CNAD*

K

KOZHHZO,NADH 0, H,0,NADH

This lumped reaction in the electron transport chain involving NADH-NAD" pairs requires
pumping of 10 protons from the mitochondrial matrix into the inner membrane space (see Ref.
(7), Ch. 19; Ref. (10), Ch. 21). Thus the flux of the forward reaction is modified here to depend
on the proton motive force defined by AG,, = FA¥ +RTIn(C,, /C,, ) where F'is the Faraday’s

constant and AY is the mitochondrial membrane potential.

28. Complex II+111+1V FADH, +0.50, <> FAD+H,0+6 AH"
6AGH+ v CFADHz C((;f CFAD
CXp| — RT 01> H,0.FADH?. g7 Vo, w0 rapm2
é _ 0y—>H,0,FADH?2 0y« H,0,FADH?2
0, >H,0. 2 = ,
e 1+ CFADH: ngs CFAD

K02—>H20,FADH2 K02<—H20,FADH2

This lumped reaction in the electron transport chain involving FADH,-FAD pairs requires pump-
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ing of 6 protons from the mitochondrial matrix into the inner membrane space (see Ref. (7), Ch.
19; Ref. (10), Ch. 21). The forward reaction flux is modified here to depend on the proton motive
force AGys.

29. ATP Synthesis (FFy-ATPase or Complex V) ADP+Pi+H +3AH" < ATP
3AG,, CippCriC... C
exXp (“‘ RTH jVADPaATP % —Vippeate %
¢ADP AP — ADP—>ATP ADP<«<ATP
1+ C1ADPC'PiC'H+ + CATP

K

ADP is phosphorylated to ATP inside the mitochondrial matrix via the F;Fo-ATPase (Complex
V) reaction (see Ref. (7), Ch. 19; Ref. (10), Ch. 21). This requires 3 protons to be pumped out
from the inner membrane space into the mitochondrial matrix. The forward reaction flux is
modified here to depend on the proton motive force AGy.

K

ADP—ATP ADP<«ATP
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